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Summary

Nowadays, body armour protects the body against virtually any kind of small-calibre ammunition.
However, even if the penetrating effects of the bullet may be prevented, serious and even lethal
injuries can occur. This type of injury, caused without penetration, is called blunt trauma. In animal
experiments it was found that pressure waves play an important role in the occurrence of blunt
trauma, but the injury mechanism and thresholds are still unknown.

At TNO Prins Maurits Laboratory these pressure waves are studied with a physical blunt trauma
model consisting of a tissue model material protected by a body armour, which is shoot at. With the
optical technique shadowgraphy the pressure waves are visualised and with pressure transducers the
pressure profiles are measured. A limitation of this experimental set-up is that it does not provide
three-dimensional quantitative pressure field information. Therefore, during this master's project a
finite element model was developed in Madymo to calculate the three-dimensional pressure field.
Blunt trauma experiments with silicone gel as model material were performed to check the results of
the Madymo model. From the pressure measurements at four positions, the pressure wave velocity
was determined as 1110 mls. Except for geometrical pressure attenuation, also an additional
decrease of pressure amplitude occurred due to material damping of the silicone gel.

From one-dimensional simulation of a long and slender beam it was concluded that it is possible to
simulate high-frequent pressure waves in Madymo. Based on the findings of this one-dimensional
simulation, a three-dimensional finite element model was developed in Madymo. Because of the
very complicated and not exactly known phenomena in the body armour during impact, a finite
element model was made of the silicone gel only. A surface load, produced by the back-up plate of
the armour, was used as input load. Because of the lack of a suitable material model, the silicone gel
was modelled elastic.

In contrast with the one-dimensional simulations, where the pressure wave propagated as one pulse
through the medium, in the three-dimensional model large pressure oscillations were present.
Because of the elastic material behaviour, the amplitude of the peaks only decreased due to
geometrical effects. Similar oscillation effects were found by Kennedy et al. (1969) by studying
wave propagation in a circular bar with free surfaces loaded by a radially distributed end stress.

A parametric study was performed to study the influence of parameters in the model. Numerical
parameters did not influence the trend of the pressure field. The pressure pulse duration and the
kinematic boundary conditions influenced the frequency of the pressure oscillations.

From the comparison of the experimental and numerical pressure results, it was concluded that the
input pressure of the Madymo model was too low and the pulse duration was too large. To know the
exact shape and duration of the input pressure, it should be measured directly behind the body
armour in the experimental set-up. In the experimental results, no oscillations were present and more
damping occurred due to material damping.

With the optical calculation program CodeV, shadowgraphy images were generated of the three
dimensional pressure field in Madymo and compared with the experimental images. Large
differences were present between the experimental and numerical images. To use the coupling of
Madymo and CodeV to get more insight in the generation and interpretation of shadowgraphy
images, first more resemblance of the pressure signals should be achieved.
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Samenvatting

Tegenwoordig beschennen kogelwerende vesten tegen praktisch alle soorten klein-kaliber munitie.
Maar zelfs als het lichaam beschennd wordt tegen penetratie van de kogel, kan toch emstig en zelfs
dodelijk letsel ontstaan. Dit type letsel, veroorzaakt zonder penetratie, wordt 'blunt trauma'
genoemd. In dierexperimenten is aangetoond dat drukgolven een belangrijke rol spelen in het
ontstaan van 'blunt trauma'. De letselmechanismen en drempelwaarden zijn echter nog onbekend.

Bij TNO Prins Maurits Laboratorium worden deze drukgolven onderzocht met behulp van een
fysisch blunt trauma model. Dit model bestaat uit een weefselsimulant dat beschennd wordt door
een kogelwerende plaat waarop geschoten wordt. Met de optische techniek schaduwgrafie worden
de drukgolven zichtbaar gemaakt en met drukopnemers worden de drukprofielen gemeten. Een
beperking van deze experimentele opstelling is dat het geen drie-dimensionale kwantitatieve
infonnatie over het drukveld oplevert. Daarom is in dit afstudeerproject een eindige elementen
model ontwikkeld in Madymo, waannee het drie-dimensionale drukveld kan worden berekend.
Blunt trauma experimenten zijn uitgevoerd om de resultaten van het Madymo model te controleren.
Als weefselsimulant is siliconengel gebruikt. Uit de drukmetingen op vier posities, is de
drukgolfsnelheid bepaald als 1110 mls. Behalve geometrische demping, trad ook een extra afuame
van de drukamplitude op door materiaaldemping van de siliconengel.

Uit een-dimensionale simulaties met een lange, dunne balk bleek dat het mogelijk is om hoog
frequente drukgolven te modelleren in Madymo. Op basis van de resultaten van een-dimensionale
simulaties is een drie-dimensionaal model ontwikkeld. Omdat in de kogelwerende plaat erg
complexe fenomenen optreden, die niet precies bekend zijn, is een eindige elementen model
gemaakt van alleen de siliconengel. Als ingangsbelasting is een oppervlaktebelasting gebruikt,
veroorzaakt door de kogelwerende plaat. Vanwege het ontbreken van een geschikt visco-elastisch
materiaalmodel in Madymo, is de siliconengel elastisch gemodelleerd.

In tegenstelling tot de een-dimensionale simulaties, waarbij de drukgolf als een enkele puIs door het
medium propageerde, treden in het drie-dimensionale model grote drukoscillaties op. Vanwege het
elastische materiaalgedrag, neemt de amplitude van de drukpieken alleen af door geometrische
effecten. Dergelijke oscillatie effecten werden ook geconstateerd door Kennedy et al. (1969) bij het
bestuderen van golfvoortplanting in een ronde staaf met vrije oppervlakken en belast met een radieel
verdeelde belasting aan het uiteinde.

am de invloed van parameters in het model te onderzoeken is een parameterstudie uitgevoerd.
Numerieke parameters beYnvloedden de trend van het drukveld niet. De pulsduur en de kinematische
randvoorwaarden hadden invloed op de frequentie van de drukoscillaties.

Uit de vergelijking van de experimentele en numerieke drukresultaten kan worden geconc1udeerd dat
de ingangsdruk van het Madymo model te laag was en de pulsduur te lang. am de precieze vonn en
duur van de ingangsdruk te bepalen, zouden drukmetingen moeten worden uitgevoerd direct achter
de kogelwerende plaat in de experimentele opstelling. In de experimentele resultaten traden geen
oscillaties van de druk op en nam de druk sterker af door materiaaldemping.

Met het optische rekenprogramma CodeV zijn schaduwplaatjes gegenereerd van het drie
dimensionale drukveld in Madymo. Uit vergelijking met de experimentele plaatjes blijkt dat er grote
verschillen zijn. am de koppeling tussen Madymo en CodeV te gebruiken om meer inzicht te krijgen
in het ontstaan en interpreteren van schaduwplaatjes, moeten eerst de druksignalen beter
overeenkomen met de experimentele drukdata.
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List of symbols

6 phase angle [']
e linear strain [-]
e linear strain tensor [-]
A Lame parameter [Pal
A* wave length [m]

f1 Lame parameter [Pal
v Poisson's ratio [-]
p density [kg/m3

]

u Cauchy stress tensor [Pal
(J stress [Pal
OJ angular velocity [rad/s]

A attenuation factor [-]
A cross-section area [m2

]

B bulk modulus [Pal
B* complex bulk modulus [Pal
C Courant number [-]
C phase velocity [m/s]
Co phase velocity [m/s]
CFEM phase velocity in the discrete mesh [m/s]
cp pressure wave velocity [m/s]
Cs shear wave velocity [m/s]
Cth theoretical phase velocity [m/s]
d unit vector in the direction of propagation [-]
E Young's modulus [Pal

f arbitrary, twice-differentiable function [-]

f frequency [Hz]
F force [N]
G shear modulus [Pal
G* complex shear modulus [Pal
k wave number (2rrJ'A) [-]
L length [m]
n number of elements [-]
p unit vector in the direction of motion [-]
T pulse duration [s]
To start time [s]
T e end time [s]
t time [s]
At time step [s]
u displacement vector [m]
v velocity [m/s]
x position [m]
Ax element size [m]
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1 Introduction

During the last decades a lot of research has been carried out to missile-protective clothes.
Nowadays ceramic-faced composite body armour is standard equipment in armed conflicts. It
protects the bearer against virtually any kind of small-calibre ammunition. However, even if the
penetrating effects of the bullets may be prevented, considerable amounts of energy can be
transported through the protective layers into the human body. This can result in serious and even
lethal injuries to adjacent and distant tissues and organs. This type of injury, caused without
penetration, is called blunt trauma. It is assumed that in the underlying mechanism pressure waves
play an important role.

At TNO Prins Maurits Laboratory (TNO-PML) these pressure waves are subject of study. A simple
physical model consisting of a tissue model material protected by a body armour is used as a target.
With the optical technique shadowgraphy it is possible to visualise the pressure waves. At one point,
distant from the point of impact, also the pressure profile is measured. A limitation of this
experimental set-up is that, except for the pressure measurement at one point, it only provides
qualitative information of the pressure field.

To supply in the need of quantitative insight in the three-dimensional behaviour of pressure waves in
blunt trauma situations, a finite element model of the physical model was developed in this thesis. In
the finite element code Madymo the three-dimensional pressure field in the tissue model material
was calculated after impact. The experiments at TNO have been adapted somewhat and were used to
check the results of the simulations in Madymo. From the physical model towards the finite element
model, it was necessary to make assumptions and simplifications. Through variation of parameters,
the influence of certain parameters and assumptions made was tested (see figure 1.1).

Reality: impact on body armour, El
resulting in pressure waves in Chapter 2
the human body

Physical model I Chapter 5 I
14--- Parametric study (chapter 7)

L- F_E_M_m_o_de_l_in_M_a_d_ym_O ---l1 Chapter 6 I

Validation of
FEMmodel
(chapter 8)

Figure 1.1: Different steps from real impact on a body armour towards a finite element model
in Madymo.

The outline of this thesis is as follows (see also figure 1.1). First the importance of pressure waves in
the occurrence of blunt trauma is examined through a literature study. In chapter 2 an overview of
injury research is given. In chapter 3 the elastic wave equation is given and the analytical solution
for the one-dimensional case is derived. Also visco-elastic wave propagation is discussed.

Because of the high frequencies and high pressures of the pressure waves after impact, first a one
dimensional study of a long and slender beam is carried out in Madymo to get insight in the
possibilities of modelling such waves in Madymo. The numerical results are compared with the
analytical solution derived in chapter 3. From this one-dimensional study, recommendations with
respect to the element size were made. This one-dimensional study is described in chapter 4.

In chapter 5 the blunt trauma experiments at TNO are described, including the results. In chapter 6,
the three-dimensional finite element model of the blunt trauma experimental set-up in Madymo is
described in detail. Because of the late availability of the results of the experiments, the input of the
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finite element model was based on earlier experiments. The results of the simulations are presented.
In chapter 7 the results of a parametric study are described. After this extensive study of the finite
element model, the results are compared with the experimental results in chapter 8. In chapter 9 a
general discussion of the results of this thesis is presented. Finally, in chapter 10 some
recommendations are given.

2



2 Blunt trauma research

2.1 Types of blunt trauma research

Body annour is designed to protect the human body against small-calibre ammunition. However,
even if the penetrating effects of a bullet may be prevented, considerable amounts of energy will be
transported into the human body. This phenomenon may lead to injury and is called blunt trauma. It
is believed that pressure waves transmitted into the body at impact are the responsible mechanism
[Harvey et a1., 1947]. These pressure waves rapidly propagate through the body and may induce
damage to adjacent and distant organs and tissues [Liu et a1., 1990, Tan et a1., 1998, Wehner et a1.,
1982].

To be able to minimalise the occurrence of blunt trauma after impact on body annour, it is very
important to understand the impact process well. For this reason a lot of impact research has been
carried out over the last decades and is still going on. The types of research are very diverse, but can
roughly be divided into two categories: injury investigation and analysis of physical phenomena
during blunt trauma including body annour investigation. The different character of these types of
research will be explained next with the use of the load/injury mode1.

In figure 2.1 the load/injury model [Wismans et a1., 1994] is presented. The model schematically
shows the steps from external mechanica110ading of a biological tissue to the actual occurrence of
injury of the tissue. Due to a mechanical load, a body region will experience mechanical and
physiological changes: the so-called biomechanical response. Injury will take place if the
biomechanica1 response is of such a nature that the biological system defonns beyond a recoverable
limit, resulting in damage to anatomical structures and alteration in nonna1 function.

External mechanica110ad

2

Local biomechanical response

1 Injury tolerance level
(threshold)

Figure 2.1: The load/injury model [Wismans et al., 1994] (see text for explanation).
(1: relationship determined in animal experiments, 2: relationship determined in
physical and mathematical models.)

The application of the load/injury model in practice is complicated. In the case of injury-producing
circumstances, no human volunteers can be used to get more insight in the occurrence of injuries. To
avoid this problem, animal experiments are executed. During these experiments only the applied
external mechanical load can be measured and the resulting injury determined (arrow 1 in figure
2.1). The steps in between are often not known. Some reasons are the short duration of the
phenomena and problems with accessibility (for example the brain inside the skull). To know more
about the local response due to the external applied load, physical and mathematical models can be
used (arrow 2 in figure 2.1).
Both types of research will be described in more detail in this thesis. In paragraph 2.2 a summary is
given of the research after injuries associated with pressure waves in the body. The physical blunt
trauma model at TNO Prins Maurits Laboratory will be described in chapter 5.
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2.2 Injuries associated with pressure waves in the body

In this paragraph an overview is given of ballistic injury research of the last decades. First the
difference between several types of trauma is given (2.2.1). Next the frequently used experimental
set-up, the Swedish Trauma Model, is described (2.2.2). The injuries of interest of all impact studies
can roughly be divided into two categories: injuries to intestines and injuries to brain and nervous
system. These types of injuries are described in paragraphs 2.2.3 and 2.2.4. More details can be
found in Appendix A.

2.2.1 Types of trauma

Trauma can be divided into two categories: penetrating and blunt trauma. Penetrating trauma occurs
when a sharp object hits the body and enters it. Blunt trauma happens when a blunt object hits the
body and does not penetrate it. Both types of trauma can again be divided into adjacent and distant
injuries. Adjacent injuries are the injuries near the point of impact or the wound tract. Distant
injuries are those at some distance of the point of impact or the wound tract. It is believed that
pressure waves are the responsible phenomenon for distant injuries during ballistic impacts [Cripps
et aI., 1997, Suneson et aI., 1990 and 2000, Yu-yuan, 1990].

This overview of impact research on animals focuses on the distant effect of pressure waves in the
body.

2.2.2 Swedish Trauma Model

Early trauma models were only useful for the study of penetrating missile wounds and specific
surgical problems. The first one who described the missile wound for the study of effects other than
those closely and directly related to the wound tract itself was Rybeck (1974). His experimental set
up was further developed by the group Janzon, Lewis, Rybeck, Sandegard and Seeman into what is
often called the Swedish Trauma Model [Schantz, 1982]. In figure 2.2 the principle of the Swedish
Trauma Model is shown. Below the different parts of the model are described.

Gun J

p-----.,~~

Wire gauges

~
Target

'(~~~
, ) \0

- ~

Wallboard packing

_1 --'-_

Figure 2.2: Principle ofthe Swedish Trauma Model [Suneson, 1990].

Electrically fired rifles, fixed in an adjustable but firm benchrest, are used. Smooth polished
spherical bullets are used, because they have a constant cross sectional area even if they rotate. The
bullets will transfer energy to the tissues in a regular and reproducible manner during penetration.
The velocity of the bullets is up to 1500 mls. The distance between the rifle muzzle and the target is
0.6 m. More details about the weapons and ammunition used can be found in Schantz (1982).

The impact velocity and exit velocity are measured. After leaving the animal, the bullet is collected
in a pile of soft wallboards. The number of boards penetrated can also be used as a coarse method to
obtain the exit velocity.

The anaesthetised experimental animal used as target is suspended in a rigid frame. Anaesthesia
must be deep enough to cause complete muscle relaxation to avoid changes in position caused by
muscle contractions or other movements.
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2.2.3 Injuries to intestines

Several studies are carried out to examine the relationship between missile impact and injuries to
intestines. Cripps et al. (1997) examined intestinal injuries after blunt abdominal impact at projectile
velocities from 16 to 86 mls. Large bowel contusions were found at both low and high impact
velocities and both small and large compressions of the abdomen. Small bowel contusions were only
present at velocities above 40 mls. They hypothesised that injury to the large and small bowel may
have different mechanisms. The predominant mechanism for small bowel injury considered by
Cripps et al. (1997) is the generation and propagation of pressure waves. The principal injury
mechanism for large bowel injuries may be propagation of shear waves [Cripps et aI., 1997].
Suneson et al. (2000) also mainly found intestinal injuries after exposing pigs to a detonating high
explosive charge with pressures up to 300 kPa.

Tikka et al. (1982) shot pigs in the medial part of the thigh. The transferred energy varied from 35 to
1060 J. Intra-abdominal pressure changes up to 100 kPa were measured, but no damage to intra
abdominal organs was found.

Gustafsson et al. (1997) and Liden et al. (1988) examined the influence of projectile impact on lung
tissue. Gustafsson shot pigs in the right hind leg with a velocity of 1494 mls and measured the Pt0 2

of the lungs. No definition of P t0 2 was given. A reduction of the oxygenation of the lung tissue
occurred after impact. This reduction did not reverse to baseline. This finding may represent an early
phase in the development of an ARDS-like condition (Adult Respiratory Distress Syndrome), which
in peacetime affects maybe 150,000 patients per year in the USA and has mortality of 50% to 70%
[Gustafsson et aI., 1997]. Liden et al. (1988) shot pigs on the left thoracic wall protected by a body
armour. The most important injury was lung injury. Other injuries were injuries to the skin, rib
fractures and a ruptured spleen. They concluded that non-penetrating bullets can cause severe and
even fatal injury to a body protected by a body armour.

Lai et al. (1996) examined the occurrence of injury to vascular endothelial cells in dogs with gunshot
wounds in thigh, abdomen or chest. They indeed ascertained injury to vessels.

2.2.4 Injuries to brain and nervous system

Studies are executed to the adjacent and distant effects of missile impact to the brain and nervous
system. Suneson et al. (1990) examined the influence of high-energy missile impact on both the
peripheral and central nervous system. The study used anaesthetised pigs shot in the left thigh
according to the Swedish Trauma Model. The average projectile velocity was 1539 mls. Pressure
transducers were implanted in the cerebral tissue, right thigh, upper part of the abdominal cavity,
right common carotid artery and neck muscle. They found that pressure waves occurred in the bodies
that moved close to the speed of sound in water (1450 mls). In the thigh muscle peak pressures up to
3 MPa were registered. The amplitudes in the brain are reduced compared with the thigh (about 300
kPa), but seemed to be of sufficient magnitude to cause both acute changes and changes persisting
for at least 48 hours. With the use of light and electron microscopy, they found myelin deformations,
scattered degenerating Schwann cells, microtubular diminution and axonal shrinkage. The largest
axons seemed to be the most prone. They concluded that the large amplitudes and high frequencies
of the bursts of oscillating pressure waves of short duration might be the cause of changes in both the
peripheral and central nervous system. There was a concordance between the positive pressure peaks
in the right sciatic nerve and pressure peak levels and damage in other parts of the body.

Goransson et al. (1988) also studied the effect on the brain of pigs after shot in the hind leg. They
found a depression (flattening) of the EEG immediately after impact conceivably caused by pressure
waves. Similar effects on the central nervous system might be the cause of acute behavioural and
mental blockage reported in man by nonfatal wounds from missile of this type [Goransson et aI.,
1988]. Suneson et al. (2000) also found a flattening of the EEG of pigs after they were exposed to a
detonating high-explosive charge.
Tan et al. (1998) examined cerebral injuries after maxillofacial high-velocity projectile wounding in
dogs. The projectile velocity was 800 and 1400 mls. They found cerebral injuries like spotty
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haemorrhage and contusion, nerve cell swelling, myelin deformation and cellular organelle
degeneration. The cerebral injury was not only related to the distance between skull base and
trajectory, but also to the impacting energy of the projectiles.

Yu-yuan (1990) shot pigs in lumbar spines L4 and L5 with a velocity of 750 mls. The severity of
wounding depended on the magnitude of the pressure. If the pressure in the spinal canal exceeded
2 MPa, it was possible to cause complete paraplegia, even if the nerves were not hit. At pressures
below 0.6 MPa incomplete paraplegia recovered in some animals. Adjacent organs were also
damaged.

A study with an isolated sciatic nerve of an oxfrog placed in gelatine showed that shock waves
generate electrical activity if the intensity is more than 750 kPa [Wehner, 1982].

More details about the experiments are presented schematically in Appendix A.

2.2.5 Conclusion

In the several studies described above, it is demonstrated that due to the ballistic impact, injuries can
occur both adjacent and distant to the wound [Cripps et al., 1997, Gustafsson et al., 1997, Lai et al.,
1996, Liden et al., 1988, Suneson et al., 1990 and 2000, Tan et al., 1998, Yu-yuan, 1990]. Pressure
waves propagating through the body as a consequence of the impact were expected to be a causative
factor [Cripps et al., 1997, Suneson et al., 1990 and 2000, Yu-yuan, 1990]. Especially pressure
waves with large amplitudes, high frequencies and short duration can cause damage [Suneson et al.,
1990].

So far, less is known about thresholds for the different organs above which injuries occur. Yu-yuan
(1990) found that pressures exceeding 2 MPa in the spinal canal can cause complete paraplegia and
for pressures below 0.6 MPa incomplete paraplegia could recover. Wehner (1982) concluded that
shock waves generate electrical activity in an isolated nerve at an intensity above 750 kPa. However,
he did not relate this electrical activity to injury. Suneson (1990) concluded that even pressures of
300 kPa in the brain were high enough to cause injury.

Now pressure wave propagation is proved to be of such importance in the occurrence of blunt
trauma, it will be examined analytically, numerically and experimentally in more detail in this
report.
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3 Analytical description of wave propagation

In this chapter the pressure and shear wave equations will be presented and the corresponding
propagation velocities in an unbound elastic medium will be derived (paragraph 3.1). The solution of
the pressure wave equation will be derived for the one-dimensional elastic case (paragraph 3.2). In
paragraph 3.3 visco-elastic wave propagation will be discussed.

3.1 Pressure and shear wave equation

In the absence of body forces the balance of momentum holds:

(3.1)

p mass density [kg/m3
]

(j Cauchy stress tensor [Pa]
u displacement vector [m]

The relationship between strain and displacement equals:

(3.2)

e linear elastic strain tensor [-]

Linear elastic material behaviour can be described by Hooke's law given by:

(3.3)

A, Lame parameter [Pa]
J1 Lame parameter [Pa]

By combination of equations (3.1), (3.2) and (3.3) the three-dimensional wave equation for unbound
linear elastic media can be derived (see Appendix B) and equals:

with

~ = V . ii (dilatation)

OJ =! (V xii) (rotation)
2

(3.4)

(3.5)

(3.6)

The wave equation (3.4) describes the propagation of two types of waves through the medium: shear
waves (particle motion perpendicular to the direction of wave propagation) and pressure waves
(particle motion in the same direction as the wave propagation).

The pressure wave equation can be derived by taking the divergence of equation (3.4) and equals:

(3.7)

t time [s]

7



In this equation cp represents the propagation velocity of the pressure wave, which equals:

C =JA+ 2,u
P P

(3.8)

The wave equation for shear waves can be derived by taking the cross-product of the gradient
operator and equation (3.4) and equals:

(3.9)

The propagation velocity Cs of the shear wave equals:

(3.10)

3.2 ID solution of the pressure wave equation

In this paragraph the solution of the one-dimensional pressure wave equation is derived. The one
dimensional case of pressure wave equation (3.7) in x-direction equals:

(3.11)

The general solution ofthis wave equation is (see also Appendix B):

(3.12)

fj, h arbitrary, twice-differentiable functions [-]
k wave number (271:/A*) [-]
A* wavelength [m]

fj describes a wave propagating in positive x-direction and h one propagating in negative x
direction.

A long and slender beam with a transient loading at one end will be taken to create only strains in
one dimension. This one-dimensional situation of the strain can be created in two ways: the
Poisson's ratio can be set to zero or the motions in y- and z-direction can be suppressed. The
solution for the latter case will be derived next. The solution for the case that the Poisson's ratio
equals zero can be obtained by setting the Poisson's ratio to zero in the solution (3 .14b).

When a force is applied in x-direction, according to Hooke's law, the strain in x-direction holds:

(3.13)

A surface of cross-section [m2
]

Fxx applied force amplitude [N]
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If the force is applied as a function of time, the analytical solution for the strain equals:

(3.14a)

Instead of the Lame parameters, linear elastic material behaviour is often described in terms of the
material parameters Young's modulus E and Poisson's ratio v or bulk modulus B and shear modulus
G.
Expressions (3.15) and (3.16) show the relationship between the different material parameters.

E
and A= vEJi= (3.15)

2(1 + v) (1 + vXl- 2v)

2
and G=JiB=A+-Ji (3.16)

3

The analytical solution for the strain expressed in terms of the bulk modulus and shear modulus or
Young's modulus and Poisson's ratio then equals:

( ) Fxx(l+vXI-2v) (( )) Fxx (( ))
[; x, t = () f k x - cot = ( Jf k x - cot

A El-v A B+~G
3

(3. 14b)

In chapter 4, this one-dimensional strain problem will be used as test problem for the finite element
code Madymo.

3.3 Visco-elastic wave propagation

Because the silicone gel, which is used as tissue model material in the physical model at TNO-PML,
is a linear visco-elastic material, visco-elastic wave propagation will be discussed in this paragraph.

Visco-elastic materials have a time-dependent material behaviour. Visco-elasticity affects the
propagation of waves. Time-harmonic waves are subjected to dispersion and attenuation due to the
visco-elastic constitutive behaviour.

The solution for a propagating time-harmonic displacement wave in positive x-direction can be
written in complex notation as: [Achenbach, 1973]:

(3.17)

A amplitude [m]
OJ angular frequency [rad/s]

d unit vector in the direction of displacement [-]
k wave number [-]
p unit vector in the direction of propagation [-]

t time [s]
u displacement vector [m]
x position vector [m]

For linear visco-elastic material behaviour the wave number k is a complex number. Equation (3.17)
can then be written in the form:

with

9
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This equation shows that the amplitude of the wave decreases as a function of the imaginary part of
the wave number and the travelled distance. This phenomenon is called attenuation.

For pressure waves it holds that J =±p . It can be obtained for the complex pressure wave number
kp that [Achenbach, 1973]:

k = p OJ
p B*(OJ)+4/3G*(OJ)

p density [kg/m3
]

B* complex bulk modulus [Pal
G* complex shear modulus [Pa]

Both moduli B* and G* can be written in the form:

G* (OJ) = G'(OJ) + iG"(OJ)

B*(OJ) = B'{OJ) + iB"(OJ)

(3.19)

(3.20)

(3.21)

In these expressions G'(m) and B'(m) are storage moduli and G"(m) and B"(m) are loss moduli.

In the material type for lineair visco-elastic material, that will be used in Madymo in this thesis, only
the shear modulus can be inserted as a complex modulus. The bulk modulus is modelled elastic. The
complex wave number (3.19) then becomes:

k = p OJ
p B + 4/3G'(m)+ i4/3G"(m)

(3.22)

From experimental data of silicone gel [Brands et aI., 1999], the bulk modulus B is known and
equals 1.0961.109 Pa. The moduli G' and G" are in the order of 104 Pa. Because the bulk modulus is
an order 105 larger than the complex shear modulus, the complex part of the pressure wave number
can be neglected. As a consequence, no attenuation should occur, when modelling silicone gel in
compression situations with this material type in Madymo.
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4 Numerical simulation of ID elastic wave propagation in
a slender beam

To get more insight in the possibilities of simulating pressure wave propagation in Madymo, a one
dimensional slender beam with elastic material behaviour was simulated in Madymo, according to
Brands (1999). The results were compared with the analytical solution as derived in paragraph 3.2.
Based on the results of these simulations, the number of elements needed per wavelength can be
determined. The number of elements per wavelength is based on the error made during simulation
and the maximum number of elements that can be simulated in Madymo.
Although the problem is one-dimensional, the dimensions and pressure pulse are chosen so, that they
resemble the blunt trauma experimental conditions at TNO-PML.

First some numerical aspects of pressure wave propagation are discussed in the next paragraph. In
paragraph 4.2 the one-dimensional model problem, the elastic beam, is described. In paragraph 4.3
the Madymo model of this one-dimensional elastic beam is described. The results of the simulations
in Madymo are presented in paragraph 4.4 and compared with the analytical solution. In paragraph
4.5 the results are discussed. Finally, in paragraph 4.6 the number of elements needed per
wavelength is chosen, based on the results of the simulations with the one-dimensional beam.

4.1 Numerical aspects of wave propagation

When simulating wave propagation in the finite element code Madymo, numerical stability and
numerical accuracy play an important role. Both are influenced by the spatial and temporal
discretisation that are used. The aspects of stability and accuracy are described below.

4.1.1 Numerical stability

The time-integration method used in Madymo is the central difference method. This is an explicit
integration method. This means that the relevant parameters at a time increment are calculated with
information from earlier time increments. No iteration is performed during one time increment. The
result is a low computational time per time increment.

The central difference method is conditionally stable (stable for a time step below a maximum
value). The maximum time step size is limited by the Courant criterion, which is defined as:

c = c· L1tmax ::;; 1
Llx

C Courant number [-]
c phase velocity [mls]
L1tmax largest time step [s]
L1.x element size [m]

(4.1)

The criterion requires that during one time step the fastest wave in the model should propagate
through less than one element in the mesh. If a smaller time step is taken than the maximum time
step in the Courant criterion, higher frequency components can be simulated in the finite element
model. In Madymo the maximum Courant number allowed equals 0.8475.

4.1.2 Numerical accuracy

The accuracy of a simulation is determined by both the spatial and temporal discretisation. On the
one hand the time step must be small enough to get an accurate solution, but, on the other hand, it
should not be smaller than necessary to prevent excessive computational times. In the case of the
central difference method the maximum time step size is limited by the critical time step size tmax, as
defined in the Courant criterion (4.1).

11



Numerical dispersion

Dispersion is the phenomenon that different frequency components in a wave front propagate with
different phase velocities. In general, a wave is a superposition of several frequency components.
Due to dispersion the shape of such a wave will change during propagation.

A relationship between the theoretical and numerical phase velocity is given by [Belytschko, 1977]:

C FEM

cth

. (ll"Ax)SlllV
ll"Ax
,.1.*

(4.2)

A* wavelength [m]
CFEM phase velocity in the discrete mesh [m/s]
Cth theoretical phase velocity [m/s]
L1X element size [m]

Dispersion relationship (4.2) is shown graphically in figure 4.1.

The relationship holds for constant strain elements with lumped mass matrices as are available in
Madymo. It means that the phase velocity in the discrete mesh depends on the element size and the
wavelength. No wave propagation will occur when L1X = A*. An upper bound for the frequency in the
mesh for which no waves will propagate can be determined from equation (4.2) as:

C
fmax = Ax (4.3)

1
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Figure 4.1: Dispersion as a function ofrelative mesh density LlX/A *.

With the use of equation (4.2), the element size can be determined for a specific error in the phase
velocity. If an error of 1% in the phase velocity is acceptable, 13 elements per wavelength are
necessary. The corresponding time step can be determined with the Courant criterion (4.1).

Spurious reflection

In a uniform finite element mesh, elastic waves propagate without reflection. However, due to
nonuniformity in the mesh distribution, spurious reflections can occur in the computed solution.
These reflections are purely numerical and are no physical phenomenon. To avoid spurious
reflections, an 'as uniform as possible' mesh has to be used [Bazant, 1978].
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In the three-dimensional finite element model of the physical blunt trauma model at TNO, this is no
problem. The block of tissue simulant is rectangular and as a consequence can easily be divided in
cubic elements of the same size. The effects of spurious reflection are therefore not examined.

4.2 Model description

In this paragraph the model description of the one-dimensional elastic beam will be given. This
model will be used to investigate the possibilities of simulating pressure wave propagation in
Madymo.

Geometry and boundary conditions

A long and slender beam is chosen to study pressure wave propagation. The length of the beam is
0.125 m, as is the length of the original physical blunt trauma model at TNO-PML.
To create a one-dimensional strain situation, the motions in y- and z-direction of the faces of the
beam are suppressed. Only wave propagation in x-direction is possible. This situation is
schematically shown in figure 4.2.

pet)

Figure 4.2: Cross-section ofbeam.

Pressure pulse

A pressure pulse is prescribed as a function of time as input of the frontal plane of the beam. During
a blunt trauma experiment the pressure at the end of the experimental set-up is measured. From these
pressure data, the duration of the pulse can be calculated. It is assumed that the duration of this
pressure pulse equals the duration of the pressure pulse direct after impact. A typical pressure pulse
measured during a blunt trauma experiment is presented in figure 4.3.
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Figure 4.3: Pressure as a function oftime ofexperiment 'blunt 161 ' with Sylgard silicone gel.

The duration of this pulse is 58 Ils. From experimental animal data it is known that the pressure just
behind the body-armour, thus at the beginning of the experimental set-up, is in the order of 20 MPa
[Van Bree et aI., 2000].
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In the model, the shape of the pressure pulse used is taken from Brands (1999):

{
p(t) = Pmax sin 4 (27ift)
p(t) =0

Pmax maximum pressure amplitude [Pa]
f frequency [Hz]
t time [s]

ost s(1/2/)

t < 0, t > 1/(2/)
(4.4)

The maximum pressure amplitude of this pressure pulse is set to 20 MPa. The frequency of the pulse
is taken to be 8.621'103 Hz, such that the pulse duration becomes 58 IlS. With this pressure pulse, it
is possible to compare the results of the simulations with the analytical solution (3.14), which equals:

( )_ Fxx (1 + vXl- 2v) . 4 [27if ( )J[; x,t -- ( ) sm -- x-cot
A El-v cp

Fxx . 4[27if ( )J
( )

sm - x-cot
A B+i G c p

3

Material parameters

(4.5)

The tissue model material used in the blunt trauma experiments is silicone gel. The pressure wave
velocity equals 1048 ± 43 mls [Stelwagen, 2000]. To study pressure wave propagation, a typical
pressure wave velocity of 1000 mls is taken. The material parameters can be calculated with
equation (3.8):

c =JA+2,Ll =JB+4/3G
p P P

(3.8)

The density of silicone gel equals 970 kg/m3
• The shear modulus is taken to be 1000 Pa, which is a

realistic value for silicone gel. Then the bulk modulus can be calculated (9.69998'108 Pa). The order
of the shear and bulk modulus differ a lot for silicone gel. As a consequence, the difference between
the propagating velocities of the shear wave and pressure wave equals a factor 1000 (see equations
(3.8) and (3.10)). The effects of both waves are separated in time and place and the pressure wave
can therefore be studied without being influenced by the shear wave. Values of the material
parameters are summarised in table 4.1.

Table 4.1: Material parameters used in one-dimensional simulations with the elastic beam
Parameters Symbol Value
Density {J 970 kg/m5

Poisson's ratio v 0.49999948
Young's modulus E 3'105 Pa
Shear modulus G 1.105 Pa
Bulk modulus B 9.69998·1O~ Pa

Substitution of the material parameters in equation (4.5) results in an analytical strain amplitude of
-0.0208. The strain is negative, because the material is compressed.
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4.3 Madymo model

A finite element model of the one-dimensional beam is made in Madymo 5.4.1. This Madymo model
is described next.

Geometry and kinematic boundary conditions

The slender beam is modelled with cubic elements. Only one element per cross-section of the beam
is used. The motions of the nodes of all elements are suppressed in both y- and z-direction.

Element size and time step

In paragraph 4.1 it was determined that 13 elements per wavelength are required to simulate a wave
propagating with a maximum error of the wave velocity of 1%. This holds for only one frequency
component. The pressure pulse used here contains a lot of frequency components, so smaller
elements are necessary to simulate the propagation of high frequent components well. Brands (1999)
found that 16 elements per basic wavelength of the pressure pulse are required in Madymo to
simulate a wave propagating in a slender beam with a maximum error of the wave velocity of 1%.

Is this case, the basic wavelength that occurs can be calculated by the product of wave velocity
(1000 m/s) and pulse duration (58 Ils) and becomes 0.058 m. Then the maximum element size
becomes 0.058/16=3.625,10-3 m. The length of the original experimental set-up for blunt trauma is
0.125 m. At 0.125 m the pressure transducer is placed. In these simulations with a slender beam an
estimate is made of the error at 0.125 m by comparison with the analytical solution. To avoid the
influence of reflections at the end of the beam, the total length of the beam was set to 0.16 m. 45
elements are used along the length of the beam, such that the element size equals 3.5556'10-3 m. The
time step that is necessary can be calculated now with the Courant criterion (equation (4.1)). A
Courant number of 0.5 is chosen, so the time step equals 1.7778'10-6 s. The parameters used in the
simulation are summarised in table 4.2.

Table 4.2: Parameters used in the simulation ofthe lD slender elastic beam.

Parameter Symbol Formula Value
Courant number C (c'Llt)ILlx 0.5
Element size lli Lin 3.5556'10-) m
End time Te Llc 1.6.10-4 s
Frequency f 1/(2'T) 8.621'103 Hz
Length L 0.16m
Maximum force amplitude Fmax Pmax'(llif 2.523·lOL N
Maximum wavelength it*max c·T 0.058 m
Number of elements n Lilli 45
Pulse duration TI2 5.8'10-0 s
Start time To Os
Time step !i.t (C'lli)/c 1.7778'10-6 s

Pressure input

In Madymo it is not possible to prescribe a pressure pulse, however nodal forces can be prescribed.
The total prescribed force as a function of time is determined by multiplying the pressure history
(equation (4.4)) with the element surface. The nodal force then equals one fourth of this total force.

Element type

The element type used, SOLIDI, is an 8-node brick element with tensile, compression and shear
stiffness. The element has only one integration point in the centre of the element. This reduced
integration results in an efficient computation, but introduces so-called zero-energy, or hourglass,
modes. To suppress these hourglass modes, an hourglass stabilisation parameter is introduced, that
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can be varied between 0 and 0.1. In these simulations it is set to O. In the parametric study, described
in chapter 7, the influence of the hourglass parameter is studied.

Material type

The silicone gel that is used in the blunt trauma experiment behaves linear visco-elastic. For this
material, the material type LINVIS is used in Madymo. If only the shear modulus and bulk modulus
are prescribed, it describes elastic material behaviour. In these one-dimensional simulations of the
beam linear elastic material behaviour is assumed, with values for the shear modulus and bulk
modulus according to table 4.1.

4.4 Results

Simulations are carried out with the model described above. The strain is computed numerically
and analytically. The results are shown in figure 4.4.
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Figure 4.4: Strain results at 0, 2.5, 5, 7.5, 10 and 12.5 cm (45 elements).

In the figure the strain results are plotted as a function of time for elements at 0, 2.5, 5, 7.5, 10 and
12.5 cm from the front of the beam. In the figure it is illustrated what strain pulse corresponds with
each position. In the figure also the analytical solution is plotted as a dashed line. It can be seen that
there are differences between the numerical and theoretical strain results. These differences will be
analysed in terms of the maximum strain, strain rate and the general shape of the strain pulse. To
study the influence of element size, the analysis will be carried out with 45, 55, 65, 90 and 180
elements (see table 4.3). The full results of these simulations are presented in Appendix C.

Element size and time step for different meshes, ilt calculated using a Courant
number of0 5

Table 4.3:
..

n ~ fJ.t
[m] [s]

45 3.5556'10-5 1.7778·l0-n

55 2.9091'10-5 1.4545·10·n

65 2.4615.10.5 1.2306·10-n

90 1.7778.10.5 8.8889·1O-n

180 8.8889'10.4 4.4445.10- 1
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Maximum strain

Analytically, the maximum strain equals -0.0208. In table 4.4, the numerical maximum strain is
given for the six positions in each of the five meshes.

Table 4.4: Maximum strain amplitudes at the different positions in the 5 meshes (analytical
value = -0.0208).

x-position rml
nr. of elements 1st elem 0.025 0.05 0.075 0.10 0.125

45 -0.0215 -0.0215 -0.0212 -0.0211 -0.0209 -0.0207
55 -0.0214 -0.0213 -0.0212 -0.0211 -0.0209 -0.0207
65 -0.0212 -0.0212 -0.0212 -0.0211 -0.0209 -0.0208
90 -0.0212 -0.0211 -0.0211 -0.0211 -0.0210 -0.0209
180 -0.0211 -0.0211 -0.0211 -0.0211 -0.0210 -0.0210

In figure 4.5 the ratio between the numerical maximum strain and the analytical value is presented as
a function of element size. In both figure 4.5 and table 4.4 it can be seen that initially all meshes
have an overestimation of the analytical maximum strain. During propagation the maximum strain
amplitude decreases until the maximum strain becomes smaller than the analytical strain at 12.5 cm.
This decrease becomes more important as the element size becomes larger and as a consequence the
difference between the meshes increases.
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Figure 4.5: Ratio between maximum strain amplitude in Madymo and the analytical value as a
function ofelement size.

Strain rate

The strain rate of the rising slope of the strain pulse is determined at the same positions as the
maximum strain. At these positions the time is determined at which the strain equals 20% of the
maximum strain. Linear interpolation is used between the points with values just above and just
beneath the value of 20% of the maximum strain. Also the time is determined that corresponds with
80% of the maximum strain in the same manner. The strain rate is defined as the quotient of the
difference between the corresponding two strain values and the difference between the two times
computed. The analytical strain rate is determined in the same way and equals -1325.3 S-I. Table 4.5
gives the results of the strain rates for the different positions in the 5 meshes. Figure 4.6 shows the
ratio between the numerical strain rates and the analytical value as a function of element size.
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Table 4.5: Strain rates for the different positions in the 5 meshes (analytical value
-1325.3 S·l).

IG of elements
x-position [m]

1st element 0.025 0.05 0.075 0.10 0.125
45 -1389.0 -1301.8 -1212.6 -1131.1 -1060.4 -998.8
55 -1374.1 -1288.7 -1216.3 -1145.1 -1089.4 -1031.4
65 -1369.1 -1293.2 -1218.8 -1155.4 -1095.1 -1044.4
90 -1358.7 -1286.9 -1219.8 -1161.3 -1100.4 -1058.4
180 -1352.1 -1284.7 -1221.7 -1164.7 -1113.4 -1066.0

In both table 4.5 and figure 4.6 it can be seen that in all meshes an underestimation of the analytical
strain rate occurs. The error becomes larger as the element size becomes larger and as the position of
interest is further away from the beginning of the beam. In figure 4.4, it can be seen that in contrast
with the decrease of the rising slope during propagation, the slope during strain decrease, increases
and is larger than the analytical slope.
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Figure 4.6: Ratio between strain rate in MADYMO and the analytical value as a function of
element size.

Shape of strain pulse

Except for differences in maximum strain and strain rate, the shape of the analytical and numerical
strain pulse differs. During propagation an increasing positive strain pulse arises after the prescribed
negative strain pulse.

4.5 Discussion

The decreasing rising slope and the increasing descending slope are caused by numerical dispersion.
This indicates that high frequent components (steep slope) travel less fast through the mesh than low
frequent components (less steep slope). This has already been illustrated by the dispersion
relationship (4.2) and figure 4.1. Due to numerical dispersion the width of the pulse becomes larger
and as a consequence the maximum strain decreases and a positive phase can arise as was seen in
figure 4.4.

Simulations were also carried out with material type !SOLIN. ISOLIN is a material type in Madymo
that describes linear elastic material behaviour. The material parameters E and v are taken as
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presented in table 4.1. From the results it can be concluded that there was only a small difference
between the computed strains. The difference between the two simulations was at most 2%.

4.6 Conclusion

From the strain results of the simulations in Madymo it can be concluded that 16 elements per
wavelength are sufficient to predict the maximum strain amplitude well. The element size equals
3.55.10-3 m. The maximum error of the maximum strain is less than 1.5%. The error in the strain rate
is larger and maximum 25%.

To obtain reasonable computational times, it is decided that the number of elements must not exceed
100,000. When the volume of the silicone gel in the blunt trauma experiment is chosen to be 1 litre,
the number of elements in the finite element model then becomes 24,389. With this choice some
variations of element size is possible with reasonable computational times.
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5 Blunt trauma experiments at TNO

At TNO Prins Maurits Laboratory a physical model is used to get more insight in wave phenomena
during blunt impact and the efficiency of personal armour. The results of experiments will serve as
validation data for the three-dimensional Madymo model to be developed in chapter 6.

5.1 Experimental set-up

Target and weapon

The target consisted of a tissue model material surrounded by transparent polycarbonate plates with
a ceramic-faced composite insert (multi curve 1O"x12") at the front which was shoot at (see figure
5.1). An insert is a separate body armour that is worn in a special vest. The insert was not in contact
with the polycarbonate plates. The plates were fixed to each other with glue and screws. At the front,
the plates were reinforced with a frame of polycarbonate, because the highest pressure peaks will
occur in the beginning of the block. This block of tissue model material surrounded by
polycarbonate was positioned on a frame and fixed with tape (see figure 5.1). The dimensions of the
block of tissue model material were ±150x80x80 mm, with distance 150 mm in the direction of
wave propagation. With these dimensions, the experiment can be simulated in Madymo.

Figure 5.1: Pictures ofthe experimental set-up.

The tissue model material used is silicone gel (Dow Coming,
Sylgard 527, A&B).The silicone gel was extensively
examined by Brands (1999) and proved to be a good model
material for brain tissue. As was described in paragraph 2.2.4,
brain tissue is often injured after impact.The silicone gel
consists of two components that are mixed with each other in
a one to one ratio. After mixture the silicone gel was moulded
in the block formed by four polycarbonate walls and the
insert (see figure 5.2). Between the gel and the insert a thin
plastic foil was used to avoid leakage during moulding.
Another purpose of the plastic was to avoid sticking of the gel
to the insert, so that the insert could be removed and replaced
by another insert. In that way several experiments could be
carried out with the same block of silicone gel. After mixture
the silicone gel was placed in a vacuum chamber for half an
hour to remove air bubbles. After that the gel was hardened at
room temperature for three weeks. After hardening, the last
polycarbonate wall was placed at the end of the silicone gel
(see figure 5.2). This last wall is somewhat smaller than the
width of the block of gel. Eight similar blocks of silicone gel
were made in this way and used for experiments.
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The weapon was positioned at the front of a reinforced tunnel at a fixed distance of 9.5 m. The type
of weapon was a Fall with ammunition 7.62 BALL. The projectiles were fired at a velocity of about
800 mls. The position of the weapon and the target in the tunnel are shown in figure 5.3.
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Figure 5.3: Blunt trauma experimental set-up.

Measurements

The impact velocity of the projectile was measured with two light screens positioned in the bunker
wall just in front of the target.

With the use of the optical technique schadowgraphy the pressure waves in the block of silicone gel
were visualised. The pressure waves in the silicone gel induce local differences in density in the
silicone gel. This results in differences in refractive index. When light travels through the medium,
the direction of the rays of light is changed, due to differences in refractive index. This results in
differences in light intensity on an image plane.
In the experiment, light of an argon laser (514 nm) was transformed into a parallel bundle of light
that illuminated the silicone gel from the side, perpendicular to the direction of wave propagation
through the gel (see figure 5.3). The bundle of light was received by an ultra high-speed camera
(Imacon 486), which can take eight images at very high frame rates. The recording times of the eight
images taken were 80, 90, 100, 110, 120, 130, 140, 150 ).ls. The exposure time was 80 ns.

The pressure profile in the silicone gel, resulting from the impact on the armour, was measured at
four positions with piezo-resistive pressure transducers for high pressures (Endevco 8511A-5K). The
positions and numbering ofthe pressure transducers are schematically shown in figure 5.4.

One pressure transducer (PI) was positioned at the end of the silicone gel. Two pressure transducers
(P3 and P4) were placed at the top of the silicone gel at positions 30 and 80 mm measured from the
front of the polycarbonate plate. With these two pressure transducers, the pressure wave velocity
could be determined and also some insight in pressure amplitude attenuation could be attained.

To check symmetry of the pressure field in the silicone gel, a pressure transducer (P2) was placed at
the bottom at the same position from the front (30 mm) as transducer P3. The pressure transducers
were bolted into the walls of polycarbonate. During moulding the holes in the polycarbonate walls
were also filled with silicone gel to ensure good contact of the pressure transducers with the gel. The
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contact between the transducers and the silicone gel was further improved by applying a small layer
of silicone grease on, the faces of the pressure transducers.

Impact direction
~
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Figure 5.4: Positions ofthe four pressure transducers.

At the frontal face of the insert a triggering foil was positioned. When the projectile hit the foil, the
pressure transducers and the camera started measuring.

5.2 Results

Sixteen experiments were carried out with impact velocities as presented in table 5.1.

Table 5.1: Impact velocities ofthe experiments (* velocity measurement did not work).

Number of experiment Impact velocity Number ofblock
[-] [mls] [-]

236 811.9 1
237 814 2
238 810 2
239 814.8 2
240 -* 3
241 -* 3
242 820 3
243 810.7 4
244 814.6 4
245 821.5 5
246 822.5 6
247 824.6 6
248 815.6 7
249 832.6 7
250 814.3 7
251 -* 8

Not all eight blocks were used for the same number of experiments, because some blocks were
damaged that much that further experiments were not possible. Screws were partially out of the
polycarbonate plates or cracks in the plates occurred. Also the plastic foil between the silicone gel
and the insert was tom during some experiments and the silicone gel was damaged.

The shadowgraphy images of all experiments are presented in Appendix E and the complete pressure
data in Appendix F. Because of the large number of experiments, two typical experiments (240 and
244) will be used next to describe the results of the experiments.
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5.2.1 Shadowgraphy images

In figures 5.5a and b the shadowgraphy images of experiment 240 and 244 are shown.

Figure 5.5a: Shadowgraphy images ofexperiment 240.

Figure 5.5b: Shadowgraphy images ofexperiment 244.

Every picture is depicted mirrored horizontally and vertically with respect to the real experimental
set-up. The impact point is at the right side, so the direction of wave propagation is from the right to
the left. The top of the pictures represents the bottom of the block of silicone gel. The sequence of
the pictures is shown in figure 5.6.

1
1 3 5 7

80llS 100 IlS l20llS 140llS

2 4 6 8
90llS l10IlS l30IlS 150 fls

Figure 5.6: Sequence ofthe shadowgraphy images.

Because of the fixation of the plastic foil between the silicone gel and the insert with non-transparent
tape at the polycarbonate walls, the beginning of the block is not visible in the shadowgraphy
images. The vertical black lines in the images are the screws in the polycarbonate walls.

It is difficult to interpret the shadowgraphy images, because they are a two-dimensional image of a
three-dimensional situation.

In the shadowgraphy images in figure 5.5a and b, a black contour band is present, that is part of a
circle, followed by a much lighter contour band. This black contour band propagates from the right
to the left in subsequent images. It is supposed that this black contour followed by the lighter band is
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caused by the pressure wave front and that the propagation of the wave front can be seen in the
images.

Except for the black contour at the wave front, also curved black contours become visible after three
or four images. It is supposed that these contours are caused by reflections at the polycarbonate
plates. After several images, the pattern of dark and light becomes more and more complicated and
dark.

5.2.2 Pressure data

Figures 5.7a and b show the pressure profiles measured by the four pressure transducers during
experiments 240 and 244. The numbering and positions of the pressure transducers were already
presented in figure 5.4.
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Figure 5.7a: Pressure profile experiment 240.
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Figure 5.7b: Pressure profile experiment 244.

In figures 5.7a and b, it can be seen that pressure signals P2 and P3 start first (± 0.08 ms), followed by
signal P4 (± 0.12 ms) and finally PI (± 0.145 ms). The amplitude of signal P4 is less than half the
amplitude of signals P2 and P3 (± 23 MPa) and is in the order of 10 MPa. The amplitude of signal PI
is again higher and is about 17 MPa.
After the large positive pressure peak, the signals show a small negative pressure phase.

Comparison of pressure signals P2 and P3

In figure 5.7b the signals P2 and P3 start at the same times. In figure 5.7a it can be seen that there is a
small difference in starting times of the two pressure signals. Signal P3 starts somewhat earlier than
signal P2. In both figures, the maximum amplitude of signals P2 and P3 are almost the same, but the
shape of the two signals differs. After reaching its maximum, signal P3 decreases and shows again
one or two peaks in this decrease, while signal P2 has a more flat peak. The similarity of the pressure
signals shows that the experiment was fairly symmetric.

5.3 Discussion

Pressure wave velocity

To determine the wave velocity, for all experiments the beginning of the pressure signals is
determined. This beginning is defined as the time that the pressure amplitude of 1.5 MPa is exceeded
first. In figure 5.8, these starting times are plotted as a function of the distance the wave travelled to
reach the pressure transducer. In the calculation of this distance travelled it is supposed that the point
of impact was at the centre of the insert. A straight line is fitted through the points of figure 5.8. In
this fit, the results of experiment 236 are not taken into account, because its starting times deviate a
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lot with the starting times in the other experiments (see the most left circle at the three positions in
figure 5.8). In the figure also the relationship is shown, with the mean pressure wave velocity of
1048 ± 43 mls as was determined by ultrasonic sound measurements of silicone gel by Stelwagen et
al. (2000).
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Figure 5.8: Time that the pressure wave reaches the different pressure transducers as a function
oftravelled distance (centre impact assumed).

As could already be seen in figure 5.2, at the front of the block, the silicone gel extends and is
somewhat curved to make better contact between the silicone gel and the curved insert and to
prevent contact between the insert and the polycarbonate walls during impact. The total distance the
wave travelled to reach the different transducers is therefore not exactly known. The distance of the
gel that extends is varied until a straight line through the origin was achieved, as is plotted in figure
5.8. The extension proved to be 50 mm. The total length of the block then becomes 0.16 m. This is a
realistic value. One litre of silicone gel is used per block, which in the case of a perfect rectangular
block results in a length of 0.156 m. Because of the curved frontal face of the gel, the length of the
block is somewhat larger than this theoretical length.

The slope of the fitted straight line in figure 5.8 corresponds with the mean pressure wave velocity in
the experiments and equals 1110 mls. This is 62 mls above the mean pressure wave velocity of
silicone gel measured by Stelwagen et al. (2000).

The pressure transducers start measuring when the projectile hits the triggering foil at the frontal
face of the insert. At impact a pressure wave starts propagating through the insert and at the end of
the insert it induces a pressure wave in the silicone gel. The first pressure wave in the insert needs
some time to reach the end of the insert. This time is also measured, but should actually be
subtracted from the signals. The thickness of the insert is 17 mm and the pressure wave velocity of
ceramic is in the order of 5000 mls. This means that it only takes about 3 microseconds to reach the
end ofthe insert. On the time scale of figure 5.8, this is a minor effect and can be neglected.

Pressure attenuation

To get some insight in the pressure attenuation, for all experiments the maximum pressures are
determined of the different pressure signals. The mean amplitude, standard deviation and coefficient
of variation of the maximum pressures of the four pressure signals are presented in table 5.2.
Experiment 236 is not taken into account.

In the table it can be seen that the pressure amplitude decreases from pz (and P3) towards P4. This
attenuation is caused by an increase of travelled distance of the pressure wave. The maximum
pressure ofPI is larger than P4 in all experiments.
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From P2 towards P4, the distance is a factor 1.52 as large, while the pressure amplitude decreases a
factor 2.44. This decrease is faster than for a point source, with a theoretical pressure attenuation
proportional to the inverse of the travelled distance. Therefore, it can be concluded that except for
geometrical attenuation, also damping due to material behaviour occurs.

The measured amplitude of PI is larger than the amplitude of P4, although the travelled distance is
larger. This is caused by reflection at a fixed end, which causes doubling of the pressure signal. Half
the amplitude ofPI is smaller than the amplitude ofp4, as is expected from their positions.

In the table it can be seen that the largest differences in amplitude are present at signal PI. The
amplitudes differ more than 20% in the various experiments, which is twice as large as in the other
signals.

Table 5.2: Mean amplitude fl, standard deviation (J and coefficient of variation of the four
pressure signals ofexperiments 237-251.

Pressure signal !l(Pmax) cr(Pmax) cr(Pmax)/ !l(Pmax)
[MPa] [MPa] [-]

PI 15.73 3.19 0.203
P2 22.20 1.95 0.088
P3 20.47 1.75 0.085
P4 9.08 1.11 0.122

Time duration

For each pressure signal the time duration T of the positive pressure peak is determined. The mean
values, the standard deviations and the coefficients of variation are summarised in table 5.3.

Table 5.3: Mean time duration fl, standard deviation (J and coefficient of variation of the
positive pressure peaks ofthefour pressure si~nals ofexperiments 237-251.

Pressure signal !l(T) cr(T) cr(T)/!l(T)
[!ls] [!lS] [-]

PI 15.9 4.1 0.256

P2 18.4 3.7 0.199
P3 24.6 4.5 0.181
P4 17.8 1.8 0.098

In the table, it can be seen that the time durations of the different pressure signals differ. The time
duration of signal Ph at the end of the gel, is smallest. This can be explained by the fact that the
pressure wave reaches this transducer perpendicular. All the other transducers are reached under a
certain angle and it takes some time to pass the pressure transducer. The diameter of the sensitive
part of the pressure transducer is 3 mm. If the wave front passes the transducer parallel to its surface,
it takes 2.7 !lS for the wave front to pass the pressure transducer. In the experiments the wave front
reaches the transducers P2, P3 and P4 under a certain angle, so the passing time will be less than 2.7
!lS, which corresponds with the mean time durations of P2 and P4 compared to Pl. In the table it can
be seen that the mean time duration of signal P3 is 6.2 !lS larger than that of P2. It is not known what
causes this difference in time duration.

In the table it can be seen that the differences in time duration of PI are largest and equal 25.6%,
while for P4 this is only 9.8%. The differences for P2 and P3 are between these values and equal about
19%.

Comparison of pressure signals pz and P3

Except for the different amplitudes and time durations of signals P2 and P3, also differences in
starting times occur. A cause can be an impact of the projectile just out of the centre of the insert,
which results in an asymmetric pressure field created in the silicone gel. In the shadowgraphy image
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of experiment 240 (figure 5.5a) it can be seen that the pressure wave propagates through the medium
under a certain angle. The wave front reaches pressure transducer P3 (bottom of image) earlier in
time than pz (top of image). In the corresponding pressure signals (figure 5.7a) indeed can be seen
that pressure signal P3 starts earlier in time than Pz.

A cause of the different amplitude of pz and P3 could be a bad contact between the pressure
transducer and the silicone gel. Another cause could be the presence of air bubbles in the
surrounding of the pressure transducer that are enclosed in the silicone gel by bolting the pressure
transducers into the polycarbonate walls. Also differences in the characteristics of the pressure
transducers could be present.

5.4 Conclusion

With the current physical blunt trauma model, the contours of the pressure waves can be visualised
by shadowgraphy. However, a limitation of shadowgraphy is that the information, differences in
intensity, is an average over the total distance the light travels through the medium. It is a two
dimensional experimental method applied on a three-dimensional problem.

From the pressure data the pressure wave velocity in silicone gel was determined as 1110 mis, which
is 62 mls larger than measured by Stelwagen et al. (2000). The pressure attenuation was found to be
faster than in the case of a point source with an attenuation proportional to the inverse of the
travelled distance. It can be concluded that, except for attenuation due to geometrical effects, also
material damping decreases the pressure amplitude during propagation. The mean time duration of
the different pressure signals is between 15.9 and 24.6 !!s.

From the comparison of signals pz and P3 that have the same distances from the point of impact, it
can be concluded that the experiment was fairly symmetric.

During the experiments, the pressure profiles are measured at four positions. Variations in both
amplitude and time duration are present between the various experiments, especially in signal PI at
the end of the block where the differences are in the order of 20%.

In the next two chapters the three-dimensional finite element model in Madymo will be described
and examined. This model will be used to simulate the three-dimensional pressure field
quantitatively. The results ofthe experiments described above will be used to check the results of the
three-dimensional finite element model. Because of the variations between the results of the different
experiments, the general trend of the results of the experiments and the simulations will be
compared.
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6 3D simulations of blunt trauma experiment

To get more insight in the three-dimensional pressure field in the blunt trauma physical model at
TNO-PML, a mathematical description of the physical model is made. This mathematical model is a
set of differential equations that describes the physical model. Together with the kinematic boundary
conditions, the geometry and the input pressure load, this mathematical model has to be solved.
Because the equations cannot be solved analytically, the finite element method is used to solve the
problem numerically. A finite element model is made in Madymo. Numerical parameters as element
size, time step, element type and material type have to be chosen.
The different steps from a real impact on a body armour towards a finite element model in Madymo
are presented schematically in figure 6.1.

Reality: impact on body armour,
resulting in pressure waves in
the human body

Validation of
FEMmodel
(chapter 8)

Physical model (chapter 5)

14--- Parametric study (paragraph 7.1)

Mathematical model (paragraph 6.1)

14--- Parametric study (paragraph 7.2)

FEM model in Madymo (paragraph 6.2)

Figure 6.1: Different steps from a real impact on a body armour towards a finite element model
in Madymo.

In the blunt trauma experimental set-up a projectile hits the insert, which protects the silicone gel
surrounded by polycarbonate walls. Because of the very complicated and not exactly known
phenomena in the insert during impact, a finite element model will be made only of the silicone gel
as described in detail in this chapter. A surface load, produced by the back-up plate of the insert, will
be used as the input, based on the protective function of ceramic-faced composite armour as
described in Appendix G.

In paragraph 6.1 the mathematical model is described and in paragraph 6.2 the implementation of
this model in Madymo is presented. In paragraph 6.3 the results of the simulation of the silicone gel
are presented. The initial results were not correct and the used constitutive equation, the PIE-model,
proved to be the cause. To solve the problem, the linear elastic constitutive equation that couples 0'

and E, was used and the results are described in paragraph 6.4. In paragraph 6.5 the results are
discussed and in paragraph 6.6 the conclusions are presented.

6.1 Mathematical model

Governing equations

The equations that describe the silicone gel are the balance of momentum, the constitutive equation
that describes the material behaviour and the relationship between strain and displacement. In this
case these equations equal:

Balance ofmomentum:
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Constitutive equation: P = Alr(E)I + 2JlE (6.2)

E Green Lagrange strain tensor [-]
P 2nd Piola Kirchhoff stress tensor [Pa]

Relationship between strain and displacement:

E =~ [(Vaii)+ (Vaiir+ (VoUr.(VoU )J (6.3)

Together with the boundary conditions and the initial conditions this set of equations can be solved.

Geometry

The dimensions of the model equal those of the silicone gel in the experimental set-up,
0.15xO.08xO.08 m. The x-direction is taken as the direction of wave propagation. A right-handed
coordinate system is used.

Kinematic boundary conditions

In the blunt trauma experiment, the silicone gel is surrounded by polycarbonate plates. It is assumed
that these plates behave rigidly. Because of the very sticky character of the silicone gel, it is assumed
that no slip occurs between gel and polycarbonate. So the boundary condition for the outer faces of
the model is a suppressed motion in x-, y- and z-direction. The frontal plane is not supported, but
subjected to a surface load as is described next.

Surface load

Due to the protective properties of the body armour, the force acting on the silicone gel will be
spread out over a certain area (more details are presented in Appendix G). Since the exact shape of
this pressure load at the front of the silicone gel is unknown, a Gaussian distribution is assumed.
With this Gaussian distribution the amplitude and the width of the pressure load can be varied. The
equation for the Gaussian pressure pulse equals:

(6.4)

fly, flz position of impact [m]
(J measure for peak width [m]
f(t) pressure time history [-]
Pmax maximum pressure [Pa]

The maximum pressure amplitude Pmax is again taken to be 20 MPa (see paragraph 4.2). The impact
is at the centre of the insert. The peak width (J is taken as 0.01 m.
The pressure is prescribed as a function of time. The same function is used as in the simulations with
the slender beam (see paragraph 4.2):

{
f(/) =sin 4 (21r.ft)
f(/)=O

f frequency [Hz]
1 time [s]

O~I ~1/(2f)

1 < 0, 1 > 1/(2f)
(6.5)

Because of the late availability of the experimental data of the blunt trauma experiments described in
chapter 5, the time duration of the input pressure load is based on earlier experiments, as also used in
chapter 4. The frequency is again taken to be 8.621.103 as described in chapter 4, which results in a
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pulse duration of 5.8'10-5 s. This is more than two times larger than in the new blunt trauma
experiments as described in chapter 5. After one period, the force is set to zero.

6.2 Finite element model in Madymo

To solve the set of equations of the mathematical model, the finite element method is used. By
making a finite element model in Madymo several numerical parameters have to be used. The
choices of the values of these parameters are described in this paragraph.

Spatial discretisation

After impact, pressure waves will propagate through the silicone gel. When the point of impact is at
the centre of the insert, the pressure waves will be symmetrical. To simulate the pressure waves in
the silicone gel, it is sufficient to simulate only a quarter of the gel. An advantage of simulating a
quarter of the gel is a reduction of number of elements which simplifies post-processing and reduces
the total calculation time. The dimensions of the finite element model then become O.15xO.04xO.04
m (see figure 6.2). The model represents the upper right quarter of the silicone gel with respect to the
point of impact.

From one-dimensional simulations in chapter 4, it was concluded that an element size of about 3.5
mm is preferable because of the small strain amplitude error and the possibility of mesh refinement.
In the three-dimensional finite element model of the experimental set-up, cubic elements of 3.33 mm
are taken. This results in 45 elements in x-direction and 12 elements in y- and z-direction (see figure
6.2). In the next chapter, the centre line, as depicted in the figure, will be used often to study the
hydrostatic pressure results.

1
4-~-)

Figure 6.2:

Impact point

Centre line

Finite element model ofa quarter ofthe blunt trauma experiment (the centre line will
be used often to study the hydrostatic pressure results).

The element type used is SOLIDI, as was used in the one-dimensional simulations of the slender
beam in chapter 4. The hourglass parameter is set to zero.

Kinematic boundary conditions

The kinematic boundary conditions of the finite element model are schematically shown in figure
6.3 in a frontal view of the model. The dashed line represents the total volume of the silicone gel.

The motions of the nodes at the outer faces of the gel are suppressed in x-, y- and z-direction, as was
described in the boundary conditions of the mathematical model in paragraph 6.1.
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The sectional planes have to be supported so, that they remain flat as they represent planes of
symmetry in the experimental set-up. To achieve this, they are supported in normal direction. In
principle, both symmetry planes should also be supported in the three rotational degrees of freedom.
However, these degrees of freedom cannot be suppressed with the linear brick elements used. This
element type only has x, y- and z-displacements of the eight nodes. To check the error made, when
simulating only a quarter without suppressing the rotations, also a finite element of the whole
volume of silicone gel was made. The results of the quarter and the whole silicone gel were
compared. No differences occurred in the pressures in both simulations within the accuracy of 10-6

.

So a finite model of a quarter of the silicone gel can be used without introducing additional errors.
z

---------------...,....--"------"--,

/'
Centre line

Figure 6.3: Boundary conditions ofthe finite element model (frontal view), including the position
of the coordinate system. The dashed line represents the total volume ofsilicone gel
in the experimental set-up.

Surface load

It is not possible to prescribe a pressure load in Madymo, so the Gaussian pressure pulse has to be
converted into a nodal load pulse. With equation (6.4), the pressure is calculated in the centre of each
element at the frontal plane of the silicone gel (with ,uy=0.04 m, ,uz=O m, 0=0.01 m). The force at
each element is calculated as the product of the pressure at the centre of the element and the area of
the element. One fourth of this force is put on the nodes at the frontal plane of the element. If a node
connects different elements, the forces of the different elements are summed in that node. Now the
amplitude of the force is known at each node of the frontal plane. This method is allowed here, since
all element surfaces are square. The Gaussian pressure distribution according to equation (6.4) and
force as a function of time according equation (6.5) are presented in figures 6.4.
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Figure 6.4a: Gaussian pressure pulse as a
function ofy- and z-position.

Figure 6.4b: Force as afunction of
time.
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Material type

In Madymo the material type LINVIS is used, as described in the one-dimensional simulations. The
material parameters are used as were fitted by Bressers (2000). The bulk modulus is 1.0961.109 Pa
and the shear modulus is 216 Pa. The density of the silicone gel equals 970 kg/m3

•

Simulation time and time step

The simulation is stopped after the complete pressure pulse has reached the end of the silicone gel.
The length of the model is 0.15 m. With a pressure wave velocity of 1063 m/s (equation (3.8)), the
wave front reaches the end after 1.41'10-4 s. The duration of the pressure pulse e~uals 5.8'10-5 s. The
simulation time then becomes 1.99.10-4 s. The time step is taken as 1.57·10- s, which yields a
Courant number of 0.5.

6.3 Simulation with linear PIE-model

Simulations are carried out in Madymo. The results are presented next in paragraph 6.3.1. The
results are discussed in paragraph 6.3.2.

6.3.1 Results

Due to the surface load at the beginning of the silicone gel, the elements at the beginning of the gel
defonn. Their thickness decreases as the pressure increases. However, the defonnation is very large
and the elements even reach zero volumes (see figure 6.5). These results are not realistic. However,
the simulation proceeds after the collapse of elements at the beginning of the gel. The material
model proved to be the cause of the unrealistic behaviour of the elements. Next the material model
will be examined further.

Figure 6.5: The three-dimensional mesh at the end ofthe simulation (with linear PIE-model).

6.3.2 Discussion

To get more insight in the behaviour of the PIE-model in compression situations, the case of
unconfined and confined compression is examined. The results are presented in figures 6.6. A
complete derivation is presented in Appendix D.

Consider the compression situation in figures 6.6, that is the region O<Az<l, for the PIE-model. Az is
the strain ratio. The compression starts at Az=1 and zero stress. If the material is compressed, an
increasing negative stress is generated in the material. According to the constitutive equation, a point
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will be reached after which the negative stress will decrease again to zero at total compression. This
is physically not realistic. Therefore, this constitutive model is only valid during limited
compression. For unconfined compression, the maximum strain ratio allowed is 0.63 corresponding
with a stress of94.6 Pa. For confined compression, this limit is 0.575, corresponding with a stress of
2.11.109 Pa.
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Figure 6.6a:

The compression situation in the blunt trauma experiment is between confined and unconfined
compression. The range, in which the constitutive model is correct, will therefore be between the
ranges of confined and unconfined compression. However, during simulation of the blunt trauma
experiment, the strain ratio of elements at the beginning of the silicone gel exceeds 0.57, which
explains the occurrence of the negative element volumes in figure 6.5. So, the PIE-model is not
suitable to describe the material behaviour in this experiment. To solve this problem a linear alE
model is used.

6.4 Simulation with linear alE-model

6.4.1 Suitability of alE-model

The linear alE-model equals:

(f = Atr(E)I + 2J1E (6.6)

In figures 6.6, also the behaviour of alE-model is presented for unconfined compression and
confined compression. In both figures it can be seen that using the alE-model the negative stress
increases at an increasing strain ratio. No minimum in the stress occurs, as was the problem with the
PIE-model. Another advantage of the alE-model is, that the material behaviour is more stiff during
compression. This means that a larger pressure can be applied before elements are completely
compressed. From now the alE-model will be used as constitutive model.

In Madymo the alE-model is available in the material model ISOLIN. In this material model the
Young's modulus E and the Poisson's ratio yare the material parameters. These material parameters
can be calculated from the bulk modulus B and the shear modulus G with the use of equations (3.15)
and (3.16), which results in a Young's modulus of 648 Pa, and a Poisson's ratio of 0.4999999.
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6.4.2 Results

In figure 6.7 the three-dimensional mesh is presented at the end of the simulation with material type
!SOLIN. In this figure, it can be seen, that with this material type, the material is stiffer under
compression loading than with material type LINVIS. The deformation of the elements at the front is
smaller and the elements do not collapse. Due to inertia effects, at the end of simulation, the frontal
plane is still deformed.

Figure 6.7: Three-dimensional mesh at the end ofsimulation with material type [SOLIN.

To study the pressure wave propagation through the finite element model, the hydrostatic pressure in
elements at the centre line is examined. The stresses in x-, y- and z-direction are calculated in
Madymo at the 1st, 10th

, 20t
\ 30th and 40th element at the centre line and the hydrostatic pressure is

then calculated as:

P=-~(O'"xx +O'"yy +O'"J (6.7)
3

As mentioned before the total length of the model consists of 45 elements. The hydrostatic pressure
results are presented in figure 6.8a-e. It should be noted here that the scaling of the pressure axis is
not the same for all five figures.

In figure 6.8a it can be seen that a positive pressure pulse is generated due to a prescribed surface
load. After this positive pressure pulse a small negative pressure pulse is present.
The other figures show that during propagation the amplitude of this positive pressure pulse
decreases and more oscillations arise after the positive pressure pulse passed. Near the impact point,
these oscillations are around a zero pressure level and have a lower amplitude than the first positive
pressure pulse. In the pressure profiles of the 30th and 40th element, it can be seen that these
oscillations are not around zero and that the second peak is larger than the first one.

In figures 6.9a-i hydrostatic pressure contour plots, made in the post-processing program
Hypermesh, are shown at nine subsequent time steps during the complete simulation of 0.2 ms.

In the contour plots the propagation of the wave front through the mesh can be seen. The wave front
forms part of a sphere. An initial positive pressure front propagates from the right to the left (green
and blue contour band). After this first pressure front, a second front with negative pressures is
created and propagates through the model (pink contour band). After this front again a positive
pressure front and a negative front are initiated. As was seen in the element pressure histories, in the
contour plots it is also visible that hydrostatic pressure oscillations occur at the centre line.
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As a first check of the pressure results of the three-dimensional Madymo model, the pressure wave
velocity and the symmetry of the pressure field are checked. The pressure attenuation will be
examined by comparison with the experimental results (chapter 8).

Pressure wave velocity

The theoretical pressure wave velocity can be calculated with the material parameters as:

c =p (6.8)
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The pressure wave velocity in the simulation equals the quotient of the length of the silicone gel and
the time the wave needs to reach the end of the silicone gel. This time can be determined by
exporting the reaction force on the element at the end of the gel positioned on the centre line (node
5240). The time the wave reaches that element at the end of the gel is taken as the time
corresponding with a force of 1% of the maximum force. Because of the discrete character of the
force, the force never equals exactly 1% of the maximum force. So the velocity is calculated twice,
with the time corresponding with the point beneath (Llt-) and just above the 1% value (LlH). The
pressure wave velocity is also calculated in this way by taking the node at the upper right corner of
the end face of the model (node 5420). To reach this node, the pressure wave travels through the
mesh under an angle of 14.40

• The results are given in table 6.1.

Table 6.1: Pressure wave velocities calculated in the finite element model.

Node 5240 (LlI=0.15 m) Node 5420 ILlI=O. 155 m)
Llt- I LlH Llt- LlH

CFEM 1049 I 1056 1056 1063

In the table above, it can be seen that the pressure wave velocities in the simulation are very close to
the theoretical value. The relative difference is less than 1%.

Symmetry

The Gaussian force pulse, that is applied at the frontal plane of the silicone gel, is symmetrical
around the point of impact, which results in a symmetrical pressure field around that point. This
symmetry is checked at the frontal plane and at cross-sections of the model at several x-positions. It
was found that the symmetry was indeed present in the model.

6.5 Discussion

Pressure wave

In chapter 4, one-dimensional simulations were carried out with a slender beam with a uniform
pressure input at one end. It was found that the prescribed pressure pulse propagated through the
beam and only small deviations of the shape of the pulse occurred due to numerical dispersion.
However, in the element pressure histories and the contour plots of the three-dimensional
simulations it was seen that large pressure oscillations are present in the model. The pressure wave
front does not have one positive pressure pulse as prescribed at the frontal face, but it consists of
alternating positive and negative pressure peaks. Except for the difference in one- and three
dimensional wave propagation, also the prescribed pressure is different for both simulations. In the
three-dimensional model the pressure is highly non-uniform.

Kennedy et al. (1969) found similar effects. They studied longitudinal wave propagation in a circular
elastic bar with free surfaces loaded by a radially distributed end stress. The compressive normal
stress was varied from a uniform radial distribution to a point load at the bar axis. The compressive
normal stress had a step-function time dependency.

In figures 6.1 Oa and b the results of the axial normal stress at the bar axis are shown as a function of
time at an axial distance of ten times the bar diameter. Figure 6.10a shows the results with a uniform
loading and figure 6.10b shows the results with a highly non-uniform loading of about one fourth of
the surface. It was found that by increasing the non-uniformity of the loading, the contribution of
higher frequency components was greatly enhanced, especially at distances less than 20 times the
diameter of the bar. The peaks were much larger than with a uniform loading. Also was found that
the effect was largest at the bar axis. At the surface, the peaks decay more rapidly than at the axis of
the bar.
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In the far field, i.e., ratio between axial distance and diameter »1, the effect of high frequent
oscillations diminishes. In the Madymo model the largest propagation distance is only four times the
'diameter' of the model, so no far field situation is achieved.

In the simulations of Kennedy et al. (1969) the end stress was prescribed as a step function. In the
three-dimensional Madymo model the pressure pulse was prescribed according equation (6.5) and
after that it equalled zero. This could explain why the pressure oscillations show positive and
negative peaks. The pressure profile found by Kennedy in figure 6.10 is shifted towards the zero
pressure level. The higher frequent oscillations found by Kennedy compared by the Madymo results
could also be explained by the fact that they used a step function, which consists of much higher
frequency components than the time dependency used here.

Mathematical parameters

Because the pressure input of the silicone gel is not known, assumptions have been made for the
input. A Gaussian pressure distribution was applied on the frontal face of the model with width 0.01
m. The pressure amplitude was based on data from animal experiments, but is also not certain. To
study the effect of the pulse width and pressure amplitude, these parameters will be varied in the
next chapter. The pulse duration was based on the pulse duration of the pressure signal at the end of
the physical blunt trauma model by assuming that the pulse duration does not vary during
propagation through the silicone gel. The effect of the pulse duration will therefore also be examined
in the next chapter.

The silicone gel was modelled elastic. This means that only attenuation occurs due to geometrical
effects and not due to damping of the material. Therefore, the pressure oscillations that occur will
not decay and remain present in the whole model.

Numerical parameters

By translating the mathematical model into a finite element model in Madymo, numerical
parameters had to be introduced. To study the convergence of the Madymo results, the numerical
parameters will also be varied in the next chapter.

The silicone gel is nearly incompressible. Modelling of nearly incompressible material can cause
problems as locking and 'checker boarding'. 'Checker boarding' is the phenomenon that the pressure
oscillates from positive to negative at subsequent time steps and element. The results are not reliable
in that case. To solve this problem, instead of linear elements, mixed quadratic elements should be
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used. In the Madymo simulation no 'checker boarding' was present. A simulation was carried out
with a Poisson's ratio of 0.4. It was found that the same pressure trends occurred in the model as in
the original simulation with nearly incompressible material behaviour. So it can be concluded that
the pressure trend is not the cause of numerical errors due to nearly incompressible material
behaviour.

6.6 Conclusion

A three-dimensional finite element model was made of the physical blunt trauma model at TNO to
calculate the three-dimensional pressure field in the silicone gel.

The used linear PIE-model proved to be unsuitable to model large compression situations, as occur
during modelling the blunt trauma experiment. Therefore, the linear oie-model is used. In Madymo
this material model is only available for the description of elastic materials.

By studying the hydrostatic pressures in elements at the centre line of the model, it was found that
large oscillations of the pressure occur in the simulation. The pressure wave front does not have one
positive pressure peak, but it consists of alternating positive and negative pressure peaks. Similar
effects were found by Kennedy et al. (1969) by simulating a circular elastic bar with free surfaces
loaded by a radially distributed end stress.

As a first check of the pressure results, the pressure wave velocity in the simulation was determined
and symmetry of the pressure field was checked. The pressure wave velocity differs less than 1% of
the theoretical pressure wave velocity. As was expected, the pressure field is symmetric in the
simulations. The pressure results will be examined further in chapter 8 by comparison with the
experimental pressure data.

In developing the finite element model, values for several numerical parameters were chosen. To
study the convergence of the Madymo solution, a parametric study of the numerical parameters will
be carried out in the next chapter. Because the input pressure load is unknown, assumptions were
made for this pressure load, as width, amplitude and time duration. In the next chapter, these
mathematical parameters will be varied to study their influence on the hydrostatic pressure results.
Also the effect of changing the boundary conditions will be examined.
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7 Parametric study

In the previous chapter, certain assumptions and simplifications have been made to convert the
physical blunt trauma model into a finite element model in Madymo. In this chapter these
assumptions are studied by examining the influence of parameter variations on the hydrostatic
pressure results. The hydrostatic pressure results of the 1st, 10th

, 20th
, 30th and 40th element at the

centre line of the model are used to compare the different simulations. First the numerical parameters
are studied in paragraph 7.1 followed by the mathematical parameters in paragraph 7.2.

7.1 Numerical parameters

The influence of numerical parameters is examined, to study the convergence of the solution of the
finite element model in Madymo. The numerical parameters varied are the element size, the time
step, the hourglass parameter and the element type. In table 7.1 an overview is given of the
simulations that are carried out.

. IifTi bl 7 1a e .. ana LOns 0 numenca parameters.
Numerical parameter Original model Variations
Element size ilx 3.33·1O-~m 1.67·1O-~ m
Time step ilt 1.58'10-0 s 3.16·1O- / s
lIourglassparameter 0 0.1
Element type SOLID 1 SOLID 8

(1 integration point) (8 integration points)

7.1.1 Results

In the refined mesh, eight elements correspond with one element in the original mesh. To compare
the results with the hydrostatic pressures in the 1st, 10th

, 20th
, 30th and 40th element in the original

mesh, the hydrostatic pressures are calculated in the eight corresponding elements and then
averaged. A similar average is performed over the eight integration points in element type SOLID8.
The complete hydrostatic pressure results of the different simulations are presented graphically in
Appendix II. In the description of the results below, the pressure results are shown of elements in
which the effect is best visible.

Element size

In figure 7.1a and b the hydrostatic pressure results are presented of the 1st and 40th element, because
these elements show the smallest and largest effect of mesh refinement.
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No effect of mesh refinement is present in the first element. During propagation, differences occur
between the two simulations. In figure 7.1b it can be seen that the pressure amplitude is smaller in
the refined mesh. The peak values of the pressures in the refined mesh occur somewhat earlier in
time in comparison with the original pressure results. However, the trend of the pressure results of
both meshes is very much alike, that is, the number of oscillations of the pressure is the same in all
elements.

Time step

A smaller time step proved to be of virtually no influence on the hydrostatic pressure results, as can
be seen in figures 7.2a and b.
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Hourglass parameter

In figure 7.3a and b the hydrostatic pressure results are shown of the 15t and the 40th element. Except
for the first element, there are pressure differences of order 10% between the two simulations. With
an hourglass parameter of 0.1, the pressure peaks are smaller compared with the original simulation.
In the first element however, a negative pressure part is present after the positive pressure pulse
lasting until the end of the simulation.
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Element type

The hydrostatic pressure results of element type SOLID 8 resemble the results of those with an
enlarged hourglass parameter very much. The peak values are somewhat smaller than in the original
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simulation. However, in the first element, the differences between the two profiles are again more
significant. In the simulation with SOLID8, a negative pressure part occurs after the positive
pressure pulse, as was also the case in the simulations with an hourglass parameter of 0.1.

7.1.2 Discussion

In the parametric study above it was found that mesh refinement has the largest influence on the
hydrostatic pressure results. Because the pressure wave propagates faster through the refined mesh,
it can be concluded that dispersion was present in the original mesh. The refined mesh can better
simulate the propagation of high frequent components in the pressure load. Although the numerical
results are still mesh dependent, the trends of the pressure results appear to be good, because they do
not change after mesh refinement. Therefore it was chosen to maintain the original mesh to save in
calculation times and simplify post-processing.

The effects on the hydrostatic pressure results are very much alike for using full integration
(SOLID8) and maximum hourglass parameter of 0.1. In both situations the stiffness of the elements
is enlarged. The effect is largest in the first element. In this element the deformations are largest. It is
not known why use of these stiffer elements results in a negative pressure part after the positive
pressure pulse has passed. The effect in the other elements is very small.

7.2 Mathematical parameters

In this paragraph the effect of variations of the shape of the surface load and the boundary conditions
are examined. The influence of the shape of the input pressure pulse is studied by varying the width
of the Gaussian pressure pulse and also simulating a point source and comparing the hydrostatic
pressure results. In these simulations the maximum pressure is decreased to 10 MPa, because the
force discontinuities became to large when the nodal forces were prescribed at only one element
representing a point source. Theoretically, variation of the amplitude of the pressure pulse, only
results in differences in pressures in the model and not in other pressure profiles, because of linear
elastic material behaviour. The effect ofvariation ofpulse duration is also studied.

The boundary conditions are varied by releasing boundary constraints in x-direction and in all
directions. The parameter variations are summarised in table 7.2.

t" Iif hv. . .T. bl 72a e .. arzatlOns 0 mat ema lca parame ers.
Mathematical parameter Original model Variations
Pulse width (J 0.01 m 0.005 m, 0.02 m
Pulse shape Gaussian 'point source' (force on one element)
Pulse duration T 5.8.10-0 s 8.7.10-0 s, 1.16·10-'1 s
Kinematic boundary conditions x, y, z suppressed y,z suppressed, no constraints

7.2.1 Results

The results of all simulations are presented graphically in Appendix I.

Width of surface load

In figures 7.4a and b it can be seen, that the trend of the hydrostatic pressure profiles in the elements
does not change when decreasing the pulse width towards a point source (forces on one element).
Only the pressure amplitudes are different in the simulations.
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During wave propagation through the model, the pressure amplitude decreases. This attenuation
depends on the shape of the input pressure. Maximum attenuation occurs when prescribing a point
source. The theoretical pressure attenuation of a point source is proportional with the inverse of the
travelled distance. No attenuation occurs when a plane wave travels through a medium. The pressure
attenuation of a Gaussian pressure source is not known and is therefore examined next and compared
with the attenuation of a point source. The pulse width taken is 0.01 m. The peak pressures of the
first pressure pulse are taken at the 1st, 2nd

, 4th
, 8th and 16th element at the centre line. The results are

presented in figure 7.5. Both the theoretical and Madymo pressure attenuation for a point source are
plotted, to check the attenuation in Madymo.
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Figure 7.5: Pressure attenuation as a function of travelled distance for elements at the centre
line.

In the figure it can be seen that the pressure attenuation of the point source in Madymo resembles the
theoretical pressure attenuation. So Madymo predicts the pressure attenuation well. The decrease of
pressure in the case of a Gaussian pressure pulse is less. Because the attenuation of a Gaussian
pressure pulse in not known, the Madymo results will be compared with the pressures measured
during the blunt trauma experiments, as described in chapter 8.

Pulse duration

In figures 7.6a and b it can be seen that, as in the original simulation, there are pressure oscillations
at larger pulse durations, but the negative pressures become smaller. The pressures are lower for
larger pulse durations, but this difference decreases during propagation. The frequency of the
pressure oscillations is lower.
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Figure 7.6a: Hydrostatic pressure of1st

elementfor different pulse
durations.
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Kinematic boundary conditions

In figure 7.7a, it can be seen that changing the kinematic boundary conditions of the outer faces of
the model had no influence on the hydrostatic pressure results of the 1st element. In figures 7.7b, it
can be seen that between the original simulation (xyz-constraints) and the one with freedom of
motion in x-direction (yz-constraints) only differences in amplitude are present. The amplitudes are
larger in the original model.
Large differences are present between the results of the model without constraints and the other
simulations. Both shape and amplitude differ and the differences become more evident during
propagation. The model without supports shows less pressure oscillations and has larger amplitudes.
The amplitude of the second and third peak in the model without constraints becomes larger during
propagation.
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7.2.2 Discussion

While varying the width of the surface load, the maximum pressure amplitude is kept the same. The
total force on the frontal surface is therefore not constant. This force is prescribed as a function of
time and therefore the momentum put on the model (area under Fit-diagram) is not the same in the
simulations, which results in differences in hydrostatic pressures in the elements.
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In the results of the simulations it was seen that the shape of the pressure results does not change, so
the pressure oscillations are independent of pulse width. This seems to contradict with the results
found by Kennedy et al. (1969) (discussed in paragraph 6.5), where decreasing the non-uniformity of
the edge load resulted in less high-frequent components in the bar response.

By increasing the pulse duration of the input pressure load, the frequency components of the input
load are lowered. This results in less frequent oscillations of the pressure.

In the model that is not supported in X-, y-, and z-direction, the elements can expand at the outer
faces. The stiffness of the model is lowered, which results in lower frequencies of the pressure
oscillations.

7.3 Conclusion

To check the convergence of the solution of the finite element model, a parametric study of the
numerical parameters was carried out. Because several assumptions were made for mathematical
parameters as pressure pulse width, pulse duration and boundary conditions, these parameters were
also varied to examine their influence on the hydrostatic pressure results.

Variation of the numerical parameters element size, element type and hourglass parameter
influenced the hydrostatic pressure results. Mainly the amplitude of the pressure results differed, the
trend of the pressure profiles was unchanged. Decreasing the time step had no influence.

Mesh refinement showed the largest influence on the hydrostatic pressure results, however, because
of the same trends, the original mesh will still be used to save calculation time and simplify post
processing.

From the parametric study of the mathematical parameters it can be concluded that the width of the
surface load does not influence the trend of the pressure profiles. Only the pressure attenuation is
faster for a point source than a Gaussian distributed pressure input. Madymo predicted the pressure
attenuation of a point source well. The attenuation, when using a Gaussian distributed pressure input,
will be further examined by comparing the results with the experimental results (chapter 8).

Increasing the pulse duration resulted in lower frequent oscillations and smaller negative amplitudes.

The kinematic boundary conditions of the outer face of the model largely influence the hydrostatic
pressure results. When releasing the constraints and modelling a stress free surface, less pressure
oscillations occurred, but the positive and negative pressure peaks increased.
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8 Comparison between Madymo results and experimental
data

In this chapter the pressure data of the blunt trauma experiments at TNO will be used to check the
Madymo results. In Madymo the pressures are calculated at the same positions as the pressure
transducers in the experimental set-up and the results are compared. Because there were differences
between the results of the various experiments and because in the Madymo simulation the pulse
duration was more than twice as long, no direct comparison between the experimental and numerical
pressure signals is possible. Therefore the trends will be compared.
With the use of the optical calculation program CodeV, shadowgraphy images are generated of the
three-dimensional pressure field calculated with Madymo. The images are compared with the
experimental shadowgraphy images. This comparison is less straightforward, because additional
uncertainties are introduced in the generation of a shadowgraphy image, as the relationship between
pressure and refractive index and a three-dimensional interpolation routine.

8.1 Pressure data

In Madymo the pressures are calculated at the same positions as the pressure transducers in the blunt
trauma experiments (see figure 5.4 for positions of pressure transducers). The reaction forces in the
four nodes of the element faces that correspond with surfaces of the pressure transducers are
exported. The pressure is then calculated by summing these reaction forces and dividing it by the
element surface.

It should be kept in mind that the duration of both pressure results will differ, because a larger pulse
duration is used in the Madymo simulations, based on earlier experiments. Therefore the trends of
the signals will be compared.

8.1.1 Results

The Madymo pressure results are presented in figure 8.1.
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Figure 8.1: Pressure results in Madymo at the same positions as the pressure transducers in the
blunt trauma experiments.

Pressure signal P3 (=P2) first shows a positive pressure peak followed by alternating negative and
positive peaks. The first peak is largest in amplitude and the amplitude of subsequent peaks
decreases. Signal PI and P4 also show oscillations, but only positive pressures occur and the second
peak is higher than the first one. The maximum amplitude of P4 is smaller than that of P3. The
maximum amplitude ofPI is largest of all signals.
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8.1.2 Comparison with experimental pressure data

To compare the Madymo pressure results above with the experimental data, the pressure results of
experiment 244 and the numerical results are both shown in figure 8.2 .
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Figure 8.2: Pressure results of the different pressure Iransducers in experiment 244 and
Madymo.

An important difference between the numerical and experimental pressure data is that in the
numerical results large oscillations occur, while during the experiments they are hardly present.

The starting times of numerical and experimental pressure pulses are the same, but, as was expected,
there is a timing difference of the peaks in both experimental and numerical results. The pressure
pulses are wider in the Madymo simulation and the maximum values occur later in time.

In the experiments, the shape of the pressure pulses is steeper than in the Madymo simulation and
contains high frequency components. One pressure pulse shows several peaks in the experiments. In
the Madymo results this is not the case.

Also differences in amplitude are present between the experimental and numerical pressure results.
In general, the experimental pressure peaks are larger than the numerical peaks. In table 8.1 the
amplitudes of the different pulses are summarised.

Table 8 J. Amplitudes ofd!fferent pressure pulses in experiment and Madl'mo simulation.
p, p, p,

[MP.] [MP.] [MP.]
Experiment 21 10 17.5
Madymo 1 peak 8 6 5

Maximum peak 8 7.5 9.5

In the experiment the pressure decreases from P3 towards P-l and PI is again higher than P-l. In the
numerical results this first decrease is also present. In the numerical results, the larger amplitude of
PI compared with P-l in the experiments is only the case when considering the second peak of signal
p,.

8.1.3 Discussion

All numerical pressures are smaller than the pressures in the experiment. This implies that the used
input pressure of 20 MPa in the model was not high enough. The ratio of the experimental and
numerical pressures is different for all pressure transducers, so it is not simply a case ofscaling. The
ratio of Ilt is smaller than thai of IJ3. This means that in the experiment the pressure attenuation is
faster than in the simulation. This can be explained by the fact that the silicone gel behaves visco
elastic. In the simulation the silicone gel is modelled as an elastic material. In the simulation,
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attenuation occurs due to geometrical effects only and not due to material behaviour. This can not
only explain the smaller attenuation, but also the presence of the large oscillations. When the signal
is not damped, the pressure keeps oscillating.

In the blunt trauma experiment the silicone gel is surrounded by polycarbonate walls. During impact
it is possible that waves occur in these walls, in which the pressure transducers are bolted. These
could be the cause of the high frequent components in the pressure signals of the experiment.

8.2 Shadowgraphy images

8.2.1 Generation of shadowgraphy images with CodeV

The optical calculation program CodeV calculates the path that rays of light follow through a
medium due to gradients in refractive index. By receiving these rays on an image plane at the end of
the medium, it is possible to generate shadowgraphy images. In this way it is also possible to
generate shadowgraphy images of the three-dimensional Madymo results. The generated
shadowgraphy images are compared with the experimental shadowgraphy images to get more insight
in the generation of shadowgraphy images and their interpretation.

Coupling Madymo/CodeV

The generation of a shadowgraphy image in CodeV from Madymo results is schematically shown in
figure 8.3.

Madymo

Calculation of pressures in
element centres

Madymo output file

,Ir

Matlab ...
Calculation of coordinates

of element centres
Transition ofpressure p
into refractive index n

matrix [x y z n]

,
CodeV ...

Calculation of the path of ...
rays through fern-model .... r

Generation of
shadowgraphy image

,Ir

relationship pin

lens defmition (geometry, ill of rays)

output specification (position image plane)

interpolation routine

shadowgraphy
image

Figure 8.3: Diagram ofthe generation ofa schadowgraphy image from Madymo results.
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In Madymo the hydrostatic pressures are calculated in the centres of all elements. In the numerical
calculation program Matlab the coordinates of all element centres are calculated because Madymo
does not provide centre coordinates. The centre coordinates are calculated by averaging the initial
nodal coordinates of an element. During simulation displacements of the nodal coordinates occur,
but inside the model they can be neglected. The pressures are translated into refractive indices. The
coordinates and the corresponding refractive indices are positioned in a matrix with four columns (x
position, y-position, z-position and refractive index), that serves as input of CodeV (version 8.50).

Relationship between pressure and refractive index

Because the relationship between pressure and refractive index is still unknown for silicone ~el, a
linear relationship is assumed, as is the case for water. For water this slope equals 1.4'10-1 Pa-I

[Smorenburg, 1997]. The refractive index of silicone gel at atmospheric pressure is 1.4074. When
using the slope of water, the differences in refractive index were that small that no contours became
visible at the image plane. From earlier experience with CodeV [Poortman, 2000] it was found that
with an absolute difference in refractive index of about 0.02, contours are visible in a generated
shadowgraphy image by CodeV. Therefore the slope ofthe linear relationship between pressure and
refractive index was enlarged and the new relationship equals:

n = 3 .10-9
. P + 1.4074

n refractive index [-]
p pressure [Pa]

Input parameters

(8.1)

The whole block of silicone gel is illuminated from the side with a bundle of light of 40,000 rays.
During the blunt trauma experiments the high-speed camera is focussed on the side of the block of
silicone gel. Therefore, the image plane is positioned at the side of the block where the light leaves
the silicone gel. Its dimensions equal the dimensions of the side plane of the gel (150x80 mm). The
image plane is divided in 32x60 grid boxes. These boxes can be seen as light detectors. The number
of rays on each detector is counted and translated in an irradiance, that is visualised in different grey
colours on the shadowgraphy image.

Interpolation routine

During calculating the path a ray of light follows through the medium, CodeV uses the refractive
index and its derivatives. When the ray comes close to a region with gradients in refractive index,
the refractive index and its derivatives need to be known in detail in that region. Because the
refractive index is only prescribed in the centres of the elements in Madymo, a cubic spline
interpolation routine is used to calculate the refractive index and its derivatives between these
discrete points [van der Meer, 2000].

8.2.2 Results

In the way described above, a shadowgraphy image is created with CodeV at 100 IlS after impact
(see figure 8.4). This time corresponds with the third shadowgraphy image taken during the
experiments.

In the figure a light contour band is visible between two somewhat darker areas. The light contour
band forms part of a circle. The contours are not sharp. In the area of no contours, the image has a
noisy character.

In the new blunt trauma experiments (chapter 5) the pulse duration was in the order of 20 IlS. To
study the influence on the resulting shadowgraphy image, in Madymo a simulation was carried out
with a pulse duration of 29 Ils (half the original value). From the pressure results again a
shadowgraphy image was generated with CodeV. The result at t=100 Ils is shown in figures 8.5.
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In the figure more contour bands are visible than with the original pulse duration and the bands are
sharper. The difference between light and dark is much larger than in figure 8.4. The width of the
light contour band is much narrower than before. The brightness of the bands decreases towards the
sides.

Figure 8.4: Shadowgraphy image at t=100 fls.
(force pulse duration 58 flS).

Figure 8.5: Shadowgraphy image at t=100 fls.
(force pulse duration 29 flS).

8.2.3 Comparison with experimental shadowgraphy images

In figure 8.6 the shadowgraphy image of experiment 244 at t=lOO IlS is shown to compare it with the
CodeV results.

Figure 8.6: Shadowgraphy image ofexperiment 244 at t=100 flS.
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Due to gradients in refractive index, both in the CodeV and experimental shadowgraphy images,
light and dark contours are visible in the region the wave front is present. In the experimental
shadowgraphy images, first a black contour appears followed by a lighter region and again a black
contour. In the CodeV shadowgraphy images this is less visible. In the shadowgraphy image of the
original pulse duration of 58 IlS an indistinct darker region is visible as first contour. In the CodeV
shadowgraphy image with half this pulse duration this dark region is not visible and the first contour
is a light one. In the CodeV images lighter regions occur than in the experimental image.

In the CodeV shadowgraphy images of pulse duration 58 Ils, the width of the contour bands is much
larger than in the experimental images. In the CodeV images with half pulse duration, the light
contour bands are narrower and sharper. In all CodeV images the contours become less sharp
towards the sides. This is not the case in the experimental images. Also more detail is visible in the
experimental image. In all CodeV shadowgraphy images the region in front of the contours have a
more noisy character than in the experimental image.

In the CodeV shadowgraphy image of pulse duration 29 Ils more contour bands are visible than in
the experimental images.

8.2.4 Discussion

In paragraph 8.1 it was found that the pressures in the simulation are smaller than in the experiment
and that the pulse duration is too large. Both with enlarging the amplitude and decreasing the pulse
duration, the gradients in pressure and so in refractive index increase. Rays of light will therefore be
refracted more. As a result the contours become sharper as was seen in figure 8.5. Also more contour
bands can be created. This is illustrated in figures 8.7a and b. At the left side of each figure, the
pressure distribution in the medium is shown.
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Figure 8.7a: Generation ofa shadowgraphy
image ofa medium with small
gradients in refractive index.

Figure 8.7b: Generation ofa shadowgraphy
image ofa medium with large
gradients in refractive index.

Figure 8.7a shows a pressure pulse with small gradients. This results in a contour plot with a light
contour between two dark contours. In figure 8.7b the situation is illustrated with a larger gradient.
When the rays are more refracted, it is possible that they cross each other and in this way generate
more contours of light and dark on the image plane.

In paragraph 8.1 it was seen that the wave front in the simulation does not consist of one pressure
pulse as in the experiment, but contains more positive and negative oscillations. These oscillations
can also result in more contour bands in the CodeV shadowgraphy image. This situation is illustrated
in figure 8.8.

52



~

~

}-dark
} light

} dark

} light
}-dark

Figure 8.8: Generation ofa shadowgraphy image ofa medium with two pressure peaks.

By comparing figures 8.7b and 8.8 it can be seen that two different pressure fields could result in a
similar shadowgraphy image. It is suspected that a shadowgraphy image can not uniquely be coupled
to a specific pressure field, which is a limitation ofthe optical technique shadowgraphy.

The lack of smooth illumination of the region in the CodeV shadowgraphy images in front of the
contour bands can be caused by the used combination of grid boxes and number of rays. The number
of rays in a grid box is translated in a grey colour. When only a few rays fall into one grid box,
differences of only one ray in adjacent boxes will result in a different colour. This is the case when
too many grid boxes are used. When too less grid boxes are used, the pattern of light and dark looses
detail. An optimum between number of rays and grid boxes should be found. To get more insight in
the effect of these factors in CodeV, a parametric study should be executed. However, more about
the generation and interpretiation of shadowgraphy images with CodeV will be published by
Poortman later this year.

Because this is the first coupling between Madymo and CodeV, an interpolation routine was written
by van der Meer (2000) to achieve the refractive index and derivatives at any desired point in the
medium. This routine is tested with some special lenses that also can be calculated analytically. The
largest relative error in refractive index proved to be 0.003 and sufficient low enough in comparison
with the occurring absolute differences in refractive index of 0.02 in the silicone gel. The noisy
character of the regions in front of the wave front in the CodeV shadowgraphy images can also be
caused by the error in the interpolation routine. Due to the error, rays in these regions of no pressure
differences may be refracted somewhat and could fall into another grid box. Small differences in
rays per grid box can occur in this way in these regions. When the grid boxes are small or the
number of rays is small, this can result in different grey colours.

In the generation of shadowgraphy images of Madymo results with CodeV, it is very important to
know the relationship between pressure and refractive index. Except the three-dimensional pressure
gradient field in Madymo, also this relationship determines the gradients in refractive index in the
silicone gel. At the moment, students of the optical division of the faculty of physics at the
University of Technology in Delft examine the relationship between pressure and refractive index
for silicone gel.
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8.3 Conclusion

From the comparison between the experimental and numerical pressure results, it can be concluded
that the input pressure of the Madymo model is too low and should at least be doubled. The pulse
duration in the simulation is too large and should be decreased from 58 Ils to 20 Ils.

A large difference in general trend of experimental and numerical pressure results is that in the
numerical pressure results large oscillations of both positive and negative amplitudes occur. A cause
of these oscillations is the fact that the silicone gel is modelled as an elastic material instead of a
visco-elastic material. As a consequence, the material is not damped. Therefore only pressure
attenuation is present due to geometrical effects and the pressure decreases less than in the
experiments.

With the optical calculation program CodeV, shadowgraphy images are generated of the Madymo
results. From analysis of both experimental and CodeV images, it can be concluded that
shadowgraphy is a complicated technique. It is suspected that similar shadowgraphy images can be
achieved with different pressure fields. The shadowgraphy images of the Madymo results differ from
the experimental images in number, grey colour, width and sharpness of the contour bands. Because
this is a first coupling of Madymo and CodeV, further analysis is necessary to get more insight in the
generation of the shadowgraphy images and the influence of certain parameters in CodeV as number
of rays of light and grid boxes on the image plane. Because still large differences in pressure profiles
are present, first more resemblance of the pressure profiles should be achieved, because these
profiles can be compared directly. When there is more confidence in the Madymo pressure field,
shadowgraphy images can be generated of the Madymo results. The relationship between pressure
and refractive index should be known then.
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9 General discussion and conclusions

In this thesis the pressure wave propagation in silicone gel after blunt impact was examined. In
chapter 2 the importance of pressure wave propagation in the occurrence of blunt trauma was shown
with findings from animal experiments.

In chapter 4, the possibilities of modelling pressure waves in Madymo were examined. From one
dimensional simulation of a long and slender beam it can be concluded that it is possible to simulate
pressure waves with high frequencies in Madymo. However, by comparing the analytical and
numerical strain results, it was found that dispersion occurred in the simulation. As a consequence,
during propagation the maximum amplitude and the rising slope of the strain pulse decreased. It was
concluded that with 16 elements per basic wavelength, the error in maximum strain and strain rate
was 1.5% and 25% respectively. Because these simulations are carried out within the scope of blunt
trauma research, the numerical results should be analysed based on an injury criterion. However,
although pressure waves are found to be a causative factor in blunt trauma in animal experiments,
but the injury mechanism and thresholds are not known yet. It is unknown what aspect of the wave,
for instance pressure amplitude, slope, frequency, causes injuries.

With the physical blunt trauma model at TNO-PML (chapter 5) insight in pressure wave propagation
after impact on a body armour was achieved. The pressure waves in silicone gel were visualised by
the optical technique shadowgraphy and the pressure profiles were measured at certain points at the
outer faces of the tissue model material. From these pressure measurements, the pressure wave
velocity was determined as 1110 m/s and some insight in pressure attenuation during propagation
was achieved. The pressure field was also found to be fairly symmetric, as is expected with an
impact at the centre of the body armour. A limitation of the experimental set-up is that it only
provides quantitative information by pressure measurements at four positions and not of the whole
three-dimensional pressure field. Also, the shadowgraphy images are difficult to interpret because
they are a two-dimensional representation of a three-dimensional pressure field.

In chapter 6, a three-dimensional finite element model was developed of the physical blunt trauma
model, from which, in principle, the three-dimensional pressure field can be obtained. Assumptions
had to be made for the input pressure load and the kinematic boundary conditions and settings for
the numerical parameters had to be chosen.

The linear PIE-model used initially in the three-dimensional simulations in Madymo proved to be
unsuitable for large compression situations as occurred in the simulations. Therefore, the linear off-
model was used. However, the material type in Madymo that provides this material model can only
describe elastic material behaviour and not visco-elastic behaviour as the silicone gel has.

In contrast with the one-dimensional simulations where the pressure wave propagated as one pulse
through the medium, in the three-dimensional model large pressure oscillations were present. The
pressure wave consisted of alternating positive and negative peaks. Because of the elastic material
behaviour the amplitude of the peaks only attenuated due to geometrical effects and not due to
material damping. Kennedy et al. (1969) found similar oscillating effects while studying wave
propagation in a circular elastic bar with free surfaces loaded by a radially distributed end stress.
They also found oscillations in the results that increased in frequency and amplitude when the non
uniformity of the loading was increased. This strong dependency of the non-uniformity of the input
pressure load was not found in the Madymo simulation by varying the width of the surface load. The
kinematic boundary conditions of the model proved to strongly determine the pressure response of
the model. By releasing the constraints of the outer faces of the model and modelling a stress-free
surface, less oscillations in the pressure occurred, but the amplitudes increased.

In Madymo, reduced integrated linear elements were used. The silicone gel is nearly incompressible.
While modelling (nearly) incompressible material behaviour with linear elements problems as
'checker boarding' can occur, which result in oscillating pressures per time step and in adjacent
elements. In the Madymo pressure results this phenomenon was not present. Also after variation of
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numerical parameters and performing a simulation with a Poisson's ratio of 0.4, the trends of the
pressure profiles were the same. Therefore, confidence in the numerical results was obtained.

From the comparison of the experimental and numerical pressure results (chapter 8), it can be
concluded that the input pressure of the Madymo model was too low and should at least be doubled.
The input pulse duration in the simulation is too large and should be decreased from 58 flS to 20 fls.
In this, it is assumed that the pulse duration of the pressure profiles measured by the pressure
transducers is the same as the pulse duration of the input pressure of the silicone gel. The input
pressure load should be measured in the experimental set-up to determine the pulse duration of the
input pressure load, including the shape and the maximum amplitude. Another option could be
modelling the whole experimental set-up including the body-armour, but the processes inside the
armour are very complicated and difficult to validate. As a result, additional model assumptions are
needed and this is not wanted.

No pressure oscillations occurred in the experimental results, as was the case in the numerical
results. This can be explained by the fact that no material damping was present in the Madymo
simulation.

With the optical calculation program CodeV, shadowgraphy images were generated of the three
dimensional pressure field in Madymo. The comparison of experimental and numerical
shadowgraphy images is less direct than comparison of pressure signals, because additional
uncertainties are introduced as the relationship between pressure and refractive index and a three
dimensional interpolation routine. Because of the, even qualitative, large differences between
experimental and numerical shadowgraphy images, first more resemblance should be achieved
between the pressure profiles to use the coupling of CodeV and Madymo to get more insight in the
generation and interpretation of shadowgraphy images. It should be kept in mind, that similar
shadowgraphy images could occur with different pressure fields.

Summarising, the conclusions of this thesis will be presented point-by-point:
• From literature of animal experiments it can be concluded that pressure waves play an important

role in the occurrence of blunt trauma. It is still unknown what aspect of the pressure wave
causes injuries.

• It is possible to simulate pressure waves with high frequencies in Madymo.
• With the physical blunt trauma model at TNO-PML insight in pressure wave propagation can be

achieved by pressure measurements and shadowgraphy. With the pressure signals the pressure
wave velocity was determined to be 1110 m/s and the pressure attenuation was found to be
faster than for a theoretical point source. Therefore, it can be concluded that the silicone gel
shows material damping.

• A finite element model of the silicone gel was developed in Madymo.
• The PIE-model proved to be unsuitable for large compression situations. In Madymo no suitable

material model is available for modelling visco-elastic material behaviour under large
compression.

• The hydrostatic pressure results show large oscillations.
• The trend of the pressure results does not depend on numerical parameters and is not caused by

incompressibility problems.
• The mathematical parameters pulse duration and kinematic boundary conditions influence the

frequency of the pressure oscillations.
• Still large differences are present between the experimental and numerical pressure results.

Therefore, it can be concluded that the mathematical model shows differences with the physical
blunt trauma model.
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10 Recommendations

To obtain a three-dimensional finite element model in Madymo that better describes the blunt trauma
experiment at TNO, some improvements and adaptations have to be made, concerning both
mathematical and numerical aspects.

Modelling of physical blunt trauma experiment in Madymo

To know more about the input pressure load on the frontal face of the silicone gel and to test the
assumptions made in the mathematical model in this thesis, the pressure profile directly behind the
body armour should be measured. With the pressure transducers that are used now in the
experiments this is not possible. However, at TNO experiments are carried out with special fibre
grades. These fibre grades are small glass fibres through which light is send. Deformation due to a
high pressure can be detected by deviations of the rays of light. The possibilities of these fibres in
measuring the pressure directly behind the armour should be examined.

Because it was found that the boundary conditions have a large influence on the pressure field.
Therefore, the polycarbonate walls could also be modelled. The assumption that the outer faces of
the polycarbonate walls do not move during the experiments, can be checked by measuring the
displacement of the walls with displacement transducers.

Until now, only shear experiments have been carried out to determine the material behaviour of
silicone gel. In the blunt trauma experiment the silicone gel is compressed. Therefore, material
experiments should be carried out to specify the material behaviour under compression. Especially
the material damping should be examined, for in the blunt trauma experiments was found that also
damping occurred due to material behaviour and not only due to geometrical effects.

The only material model that can simulate visco-elastic material behaviour in Madymo proved to be
unsuitable for large compression situations as occur in the blunt trauma experiment. The material
model only provides damping in the shear modulus and not in the bulk modulus. To model the blunt
trauma experiment, a material model should be developed that can describe the visco-elastic material
behaviour of silicone gel under large compression situations.

To be sure that no problems occur because of modelling (nearly) incompressible material, mixed
quadratic elements should be developed in Madymo.

Continuation of blunt trauma research

In this thesis only the first coupling between Madymo and CodeV is described. To know more about
the generation and interpretation of shadowgraphy images and the influence of certain parameters, a
parametric study of CodeV should be carried out. Also the relationship between pressure and
refractive index should be determined. When it turns out to be possible to model the physical blunt
trauma experiment well in Madymo, with the finite element model it can be examined if with the
pressure data at certain positions, the three-dimensional pressure field is uniquely determined. The it
could be considered to perform only quantitative pressure measurements during the blunt trauma
experiments and do not use the optical technique shadowgraphy anymore.

In the broader context of blunt trauma research, it is important to know more about injury
mechanisms and thresholds. They should be determined by animal experiments. When thresholds are
known, with a parametric study of the finite element model, the threshold input pressure load can be
determined. With that knowledge, improved body armour can be designed. When the thresholds are
determined, it is also possible to use the physical blunt trauma model as a test set-up to compare the
functioning of different body armour and it even could be used as certification set-up.
When the phenomena in the simple physical blunt trauma model are completely known, it could be
considered to extend the model with certain structures, as bones or organs, which make the model
more realistic for an impact on a human body.
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Vl

material mechanical load measurements injuries/changes Conclusions
load type position STM* value

I 31 pigs shot anterior v = 15.9-85.8 m/s - projectile velocity, maximum - large bowel contusions at - injury to large and small intestine may
abdominal gross anterior wall both lowlhigh impact have different mechanisms

wall displacement, duration of velocities and small/large - predominant mechanism for small
inward motion of body wall abdominal compressions bowel injury is generation/propagation
(high speed film) - small bowel contusions at of stress waves

velocities above 40 m/s - principal injury mechanism for large
bowel is propagation of shear waves

2 9 pigs shot hind leg x - catheters in common carotid - depression (flattening) of - pressure and shock wave are
artery/internal jugular vein EEG immediately after conceivably causative factors of

- systemic blood pressure, trauma depression ofEEG. Similar effects on
ECG, EEG monitored - no changes in blood pressure, the central nervous system might be

ECG the cause of acute behavioural and
- in 6 animals there was an mental blockage reported in man by

apnoea nonfatal wound from missile of this
type

3 6 pigs shot right hind x v= 1494 m/s -lung P,Oz - disturbed pulmonary tissue - P,Oz reduction not reversed to baseline
(5 leg E = 589 J - catheters in common carotid oxygen pressure as in control group

control) artery, left jugular vein for - no differences in blood - findings may represent an early phase
blood sampling/fluid parameters in the development of an ARDS-like
administration. - disturbance of oxygenation of condition (Adult Respiratory Distress

- arterial blood gases, pH, lung tissue Syndrome)
serum electrolytes,
haemoglobin, haemotocrit

4 4 dogs none - catheter is external jugular - elevated endothelin levels - injury to vascular endothelial cells
15 dogs shot both hind vein (bloodsampling) after wounding can be determined by an elevated

legs - plasma endothelin - number of circulating endothelin level in plasma
II dogs shot abdomen concentration determined endothelial cells (CEC)
10 dogs shot right chest increased

5 9 pigs, shot left thoracic - most important injury: - non-penetrating bullets can cause
simulant wall (with lung injury severe/fatal injury to a body protected
medium: body - skin, rib fractures, by a flexible jacket
blocks of armour) hemorrhages and contusions - the relatively thin trauma packs (foam

soap in lungs, ruptured spleen betweenjacket and body) are not
effective in this test to protect injury

- soap, plasticine, or similar materials
can be used to compare the energy
transferred through the armour by
different ammunitions
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6 22 pigs shot left thigh x v= 1500 mls - catheters in carotid artery, - myeline deformations - large amplitudes/high frequencies the
(8 E = 600-700 J external jugular vein for - scattered degenerating bursts of oscillating pressure wave of

control) infusion, blood pressure, Schwann cells short duration may be the cause of
blood sampling. - cytoskeletal changes damage to peripheral nerves (i.e.

- arterial blood pressure and (microtubular changes and sciatic and phrenic nerves)
heart rate recorded accumulation of cell - largest axons seemed to be the most

- pressure transducers in organelles at the node of prone
cerebral tissue, upper part Ranvier) - concordance between extent of
abdominal cavity, right hind damage/pressure in right sciatic nerve
leg and pressure peak levels and damage

- autopsies, light and electron in other parts of the body
microscopy - pressure waves move close to speed of

sound (1450 mls)
7 22 pigs shot left thigh x v= 1500 mls - pressure transducers in - microtubular diminuation, - pressure waves cause changes in both

(8 cerebral tissue, thigh muscle axonal shrinkage, myelin peripheral and central nervous system
control) of right hind leg, upper part deformation, reactive changes - amplitudes in brains are reduced, but

abdominal cavity, right in large neurons seemed to be of sufficient magnitude
common carotid artery, neck to cause both acute changes and
muscle changes persisting for at least 48 hrs

-autopsies, macroscopic and
microscopic examination

8 7 pigs detonatin whole body p = 200-300 kPa - catheter in left common - no changes in physiological - see injuries/changes
(3 g high- carotid artery for blood circulatory parameters, except

control) explosive sampling and arterial a transient decrease in blood
charge pressure pressure immediately after

- catheter in right external blast exposure
jugular vein for pulmonary - intestinal injuries
artery pressure, cardiac - no macroscopic lung injuries
output, mixed venous - a short-lasting apnea was
saturation seen, which was correlated to

- ECG, EEG, arterial blood a flattening of the EEG
gases, ventilatory frequency

9 46 dogs shot masseter x v- 1400 mls - brains examined with light - spotty hemorrhage and - high-velocity projectile maxillofacial
mucscle microscopy and transmission contusion, nerve cell swelling, wounds can induce associated brain

14 dogs shot masseter x v= 800 mls electron microscopy cellular organalle injury
muscle degeneration, myelin - cerebral injury not only related to

6 dogs none deformation distance between skull base and
trajectory, but also to the impacting
energy of projectiles

10 64 pigs shot medial part E = 35-1060 J - pressure transducer in - no injury of intra-abdominal - small calibre projectiles could cause
of thigh abdominal cavity organs intra-abdominal pressure changes up to

100 kPa
- pressure changes did not damage any

intra-abdominal organ



11 isolated shock - shock waves generate electrical
sciatic wavem activity (CAP) in peripheral nerve

nerve of gelatine - shock wave intensity must exceed a
oxfrog threshold of 0.75 bar to provoke a

placed in CAP
gelatine

12 pigs shot lumbar v= 750 m/s - pressure transducer at L7 - complete and incomplete - severity of wounding depends on the
spines L4 paraplegia magnitude of the pressure

andL5 - ifpressure in spinal canal exceeded 2
MPa, it was possible to cause
complete paraplegia. If p<0.6 MPa
incomplete paraplegia can recover

- with spinal penetrating wound and
tangential wound, the remote effect on
adjacent organs was obvious

* STM Swedish Trauma Model

The numbers in the first column correspond with the articles of (see references):

0\
-...l

1
2
3
4
5
6
7
8
9
10
11
12

Cripps et al. (1997)
Goransson et al. (1988)
Gustafsson et al. (1997)
Lai et al. (1996)
Liden et al. (1996)
Suneson et al.. (1990)
Suneson et al.. (1990)
Suneson et al.. (2000)
Tan et al. (1998)
Tikka et al. (1982)
Wehner et al. (1982)
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Appendix B: Derivation of the elastic pressure wave
equation

Beneath the derivation of the elastic pressure wave equation is presented with its general solution.
The derivation is based on Johnson (1972) and Meyers (1994).

Consider an infinitesimal cube (see figure B.1a). The stresses acting on the surfaces of this cube
have both normal and tangential components. To derive the elastic pressure wave equation the
equation of conservation of momentum (Newton's second law) is used.

Newton's second law can be expressed in relation to the three coordinate axes:

(B.1)

Let's consider the x-direction. Another expression for Newton's second law is:

(B.2)

All stresses acting in the x-direction are shown in figure B.1b.
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Figure B.]: Infinitesimal cube and the stresses acting on this element in the x-direction.

At the centre of the cube (with dimensions ox, oy, oz) the stresses have the values Cl'xx, Cl'yy, Cl'zz

(normal) and Cl'xy, Cl'xz, Cl'yz (shear). The components of stress acting on each face in positive x
direction are:

00'xx / .('••a +--·1 2=
xx ox

00'xx / <;:-a +--·1 2ux
xx ox

oaXY
a +--·1/2""xy Oy vy

oaxy
-a +--·1/2""xy oy vy

00'
a +--E...·1/2&

xz oz

oaxz-a +--·1/2&
xz oz

(B.3)

The force acting on each face equals the stress at the centre of each face times the area of that face.
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Neglecting the effects of gravitational forces and body moments, the resultant force acting in the x
direction becomes:

(
1 BCJ 1 BCJ ) [ 1 BCJxy 1 BCJxy )CJ +----E...·6x-CJ +----E...· ox A;,0z+ CJ + ·A;,-CJ +---·A;,6x0z

xx 2 Bx xx 2 Bx vy xy 2 By vy xy 2 0' vy

(
1 BCJxz 1 BCJxz) L+ CJ +--_·(jz-CJ +--_·Oz OXA;, = F

xz 2 Bz xz 2 Bz vy x

(BA)

Simplification of equation (BA) gives:

(B.5)

Evaluating this result with equation (B.2) becomes:

(B.6a)

Similarly, for y- and z-direction holds:

(B.6b)

(B.6c)

Equations (B.6) are called the balance of momentum.

Linear elastic material behaviour can be described by Hooke's law. The six equations relating the
stresses to strains are:

CJxx =AA+2,ucxx

CJ yy =AA + 2,ucyy

CJzz = AA + 2,uczz

CJ xy = 2,ucxy

CJxz = 2,ucxz

CJ yz = 2,ucyz

(B.7)

A. and I..l. are the Lame constants. A is the dilatation, A= cxx + Cyy + Czz .

Substituting Hooke's law in equation (B.6a) gives:

ABA + 2,uBcxx + 2,uBcxy + 2,uBcxz = p B
2
ux

& & 0' & &2
(B.8)

The definitions for the strains are:

c = Bu x c =![BUx + BUy)
xx Bx xy 2By Bx

70

(B.9)



Substituting these definitions for the strains in equation (R8) gives:

AO~ + 2J10(EJux)+ 2J10[~[OUx + Ou y )]+ 2J10[~(OUx + OUz)]=p~
ax ax ax Oy 2 Oy ax oz 2 oz ax ot 2

or

Let's define an operator '\,72 as:

Simplifying equation (RII) gives:

Similarly, for y- and z-direction:

(B.IO)

(B.ll)

(B.12)

(Rl3a)

(B.l3b)

(B.l3c)

These equations of motion of an isotropic, linear elastic solid, with no body forces, can be used in
developing the equation for the propagation of elastic pressure waves.

The next step is replacing the displacements in equations (Rl3) by strains by taking the derivatives
with respect to x, y, or z and grouping the equations together. Then is follows that:
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or

or

or

or

or

(B.14)

This is the pressure wave equation in an unbounded elastic medium and implies that the dilatation
propagates through the medium with velocity cpo

General solution of the wave equation

The equation for a uniaxial strain E holds:

a2
E: 2 a2

E:
-=c -
8t 2 8x 2

This is a linear, homogeneous, second-order partial differential equation.

Assume:
E: = f(x-ct)+F(x+ct)
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wheref and F are independent arbitrary functions, so that:

a& = aj(x - ct) + aF(x +ct) =-c af(x - ct) +c aF(x +ct)
at at at a(x-ct) a(x+ct)

and

a2&= af2(x-ct) + aF 2(x+ct) =c2aj2(x-ct) +c2aF 2(x+ct)
at 2 at 2 at 2 a(x-ct)2 a(x+ct)2

Also
a& aj(x-ct) aj(x+ct) aj(x-ct) at aF(x+ct) at aj(x-ct) 1 aF(x+ct) 1
-= + = ._+ ._= ._+ .-
ax ax ax at ax at ax at c at c

and

a2
& a2f(x-ct) a2F(x+ct) a2f(x-ct) a2t a2F(x+ct) at 2

-= + = .-+ .-
ax2 ax ax at ax2 at ax2

aj(x-ct) 1 aF(x +ct) 1 1 a2&
= .-+ .-=-.-

at c 2 at c 2 c 2 at2

(B.18a)

(B.18b)

(B.19a)

(B.19b)

Substitution of equation (B.18b) and (B.19b) into equation (B.16) it follows that equation (B.17) is
the general solution of the wave equation (B.14).
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Appendix C: Strain results of numerical simulations of ID
elastic beam

::;: 0.OO51~~;::z.S-!-i-!-T-
~ 1- Madymo Iw _~_ theory:

-0.01

-0.015

-0.0250L--0,."-.2:-----,OL.4---,l0..,-6--,0:'-:.8----',----1:':.2,------'1..,-4---c:"1.6 x 1<1"

t[s]

Figure C1: Strain results at 0,2.5,5, 7.5,
10 and 12.5 emfor 45 elements.
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t[s]

Figure C3: Strain results at 0,2.5, 5, 7.5,
10 and 12.5 emfor 65 elements.
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Figure C5: Strain results at 0,2.5, 5, 7.5,
10 and 12.5 emfor 180 elements.
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Figure C2: Strain results at 0, 2.5, 5, 7.5,
10 and 12.5 emfor 55
elements.
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Figure C4: Strain results at 0, 2.5, 5, 7.5,
10 and 12.5 emfor 90
elements.



Appendix D: The PIE-model

The constitutive relationship used in the material type LINVIS in Madymo linearly couples the
second Piola-Kirchhof (P) stress and the Green-Lagrange strain (E) and holds:

P =Atr(E)I + 2,uE

where Aand ~ are the Lame parameters, given by:

Ev 2
A= =B+-G

(1 + vXl- 2v) 3
E

v Poisson's ratio [-]
B bulk modulus [Pa]
E Young's modulus [Pa]
G shear modulus [Pa]

(D.I)

(D.2)

(D.3)

To get more insight in the behaviour ofthis constitutive model in compression situations, the case of
unconfined and confined compression is examined.

Unconfined compression

First the case of an unconfined compression test will be considered. The model of unconfined
compression is presented in figure D.l.

The material is compressed in z-direction with a strain ratio Azo The material is supported in z
direction at the bottom. To prevent rigid body motion, the bottom is also supported in x- and y
direction at one point.

z

Lx
y

Figure D.l: Unconfined compression test.

The deformation matrix F for this case equals:

(D.4)
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The Green-Lagrange strain becomes:

f

A? -1
E=1I2{p c .P-I)=! Xo- ~ - - 2

o

o
A,z -1x

o
(D.S)

Substitution of this expression for the Green-Lagrange strain into the constitutive behaviour results
in:

The different components equal:

~x = Pyy = (A + fl)(A~ -1)+ ~A(A; -1)

Pzz =A(A~ -l)+(~A+fl)A; -1)

o
A? -1x

o
(D.6)

(D.7)

(D.8)

The Cauchy stress can be calculated with the use of the second Piola-Kirchhof stress and the
deformation tensor:

a=_l_F.P.FC

det(F)

This results in:

[

PXX

a= ~D)P' 0- det\f-
o

o

(D.9)

(D.10)

The expressions for the different stress components are:

The stresses in x- and y-direction must equal zero:
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With the use of this relationship between Ax and Az, the stress in z-direction can be expressed only in
Az:

(D.14)

In figure D.2a this relationship between strain ratio and stress in z-direction is presented graphically.
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Stress in z-direction as a
function ofGreen-Lagrange
strain during unconfined
compression.
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Figure D.2a:

Let's consider the compression situation in figure D.2a, that is the region between 0<'Az<1. The
compression starts at Az=1. If the material is compressed, a negative stress is generated in the
material. Until Az=0.63, this negative stress increases. If the material is even more compressed, it is
expected that the stress magnitude increases. However, this constitutive model predicts a decrease of
the stress. It even predicts a zero stress situation, if the material is completely compressed (Az=O).
This is physically not correct. In the case of unconfined compression, this constitutive model is only
suitable until a strain ratio of 0.63. In figure D.2b it can be seen that this corresponds with a Green
Lagrange strain of -0.3015. The corresponding stress equals 94.6 Pa.

Confined compression

The model for confined compression is shown in figure D.3.

'/

z

Lx
y

'/

Figure D.3: Confined compression test.
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In the case of confined compression, the edges (other than the top and the bottom) are also
supported. They can only move in z-direction. As a consequence, the strain ratio in x- and y
direction equals 1.

The expressions for the stresses in the different directions are a simplification of equations (D.11)
and (D.12) with /...x=I:

(D. 15)

(D.I6)

In figure D.4a the relationship between the strain ratio in z-direction and the corresponding stress is
presented.
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Figure DAb: Stress in z-direction as a
function ofGreen-Lagrange
strain during confined
compression.
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Figure DAa:

Let's consider again the situation of compression in the two figures above. This is the region
between /...z=O and /...z=1. When compression starts ("-z=I), the stress equals zero. During compression
the stress becomes more negative. According to the constitutive equation, also during confined
compression, a point will be reached after which the stress will decrease until zero at total
compression. Because this is physically not realistic, this constitutive model is only valid during
confined compression until a strain ratio of 0.575. This corresponds with a Green-Lagrange strain of
-0.3347. The stress in that situation equals 2.11'109 Pa.
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Appendix E: Shadowgraphy images

Figure E.1: Experiment 236.

Figure E.2: Experiment 237.

Figure E.3: Experiment 238.

Figure E.4: Experiment 239.
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Figure E.5: Experiment 240.

Figure E.6: Experiment 241.

Figure E. 7: Experiment 242.

Figure E.8: Experiment 243.
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Figure E.9: Experiment 244.

Figure E.IO: Experiment 245.

Figure E.II: Experiment 246.

Figure E.12: Experiment 247.
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Figure E.13: Experiment 248.

Figure E.14: Experiment 249.

Figure E.15: Experiment 250.

Figure E.16: Experiment 251.

84



Appendix F: Experimental pressure data
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Figure F.8: Pressure profile experiment 243

.5 L-,---~,---"-c-,---"-c-,---.L...,---.L---:-.L---:-.L---:-.L---:-':-::-----:'

o 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

'iil 35 ,---~~~.-~-,~-,-~--,~---.~~.---~.--==="
a. ,,-'"pl

~30 ...7 ........·r........+..·....·7.........f........·'........·r· ~.~.~ ~~

20 .......+.......+..··....·> ........1~H........·r ........:..;~...+.......L......
151--~+__~+_~+~-H--lft-t~.......,~~Ht-+__~+_~__1

'~ ! i 1\ i 1

1°1-_+-_+-_-+_-+·.:..:_1,.,"..:I",r~lll]
¥" '..' ::; : •••••~

25
, , , , , , , .--_...._-------_._-------_._-------_ ....._-------_._------_..---------"---------_.._--------, , , , , , , ,

i :: ,---~'.-..-...-..'+-...-..-...'.,-...-..-..'..[:'..-...-..-..~'i'-"-"'-""!:.-..-...-..'.[-...-.-...-..r..-..~-=--~r=-~-i-;I
i'~'

25 ..t........·+ ·+........t........·+ + ·t ·; ·+··

20 ········I·········~ ··-+-..·····[/\.+ + [..;; , ,..

15 'I II' ' , , "I
i: 'Ii i ! i",

1°1-_+-_+-_+-_'-i1".1_::·_::_'r+,i'''I'V'·~.7<.••:I'1bc~~~rtL
·5 0L-'---0.L02=---:0~.0'4--:0~.0'6~0:-".OL8~'OL.1~'0~.1L2--:0~.1'4~0,-.L16~-0..L18'----"0.2

t[ms]

Figure F.9: Pressure profile experiment 244
t[ms]

Figure F.IO: Pressure profile experiment 245

101-..·..· .. ,·......-+-·..·..+··..· ·f

'iil 35,---~~~.-~-,~-.~--,~---.~~.---~.--==="
a. --- pl

~ 30 1- ;. + ..;. ..;. + , , ; ,--- p2
~ --p3

c:':"~
25 ~ ; + + ; + + ;. + ·..+..· ·1

20 ~ ; + f·..· l ·~·· ·+ ·+ · +· ..·..+ ·..1
15 i--~+--~-i-~-+-~-++I+-t'J+-'~-i-~-+--.\l---i-~-+~---1

: ~ !~
\+..~~~ .... .....~.~J~ ..........,.......
~U' ..
"i~ ·.~.'jC~·T-r.·1..· .~

I--+--+--+-~~' ! '" ' __ : '.' .......,
Ii

-5 L...,---L...--=-',-,--"",.,--....,-L.,---,J-,---.,-L,-,-:-':-:-:-'c:c,---:-'c:c---='
o 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

t[ms]

Figure F.II: Pressure profile experiment 246

'iil 35 r-~~~.-~,-~""~"'T~--'~---'~~'---===-O
a. : : : --- pl

~ 30 ..tt· ·r.. ·r..·.. ·1' ) ~.~.~ ~

25 ·r ' ..,......
20 ------+_ -------r ---i ---------f--------

15 .......+ .......+......+

10

-5oL-,---0..L.02=---:0.L.04-:--cOJ.06""'-:---:L..----,.L..--:c'-:-~,-L,--'0..L18,---..J0.2

t[ms]

Figure F.I2: Pressure profile experiment 247

86



0.12 0.14 0.16 0.18 0.2
-5 "--_"--_"--_L.._"--_-L-_-L-_-L-_-L-_-'-_

o 0.02 0.04 0.06 0.08 0.1

10

0.20.180.160.140.120.10.080.060.040.02

25

'iii' 35 c--~-~-~---.-----,--r--r--~---==""
~ -~

630 --- p2a. -- -----,- -------r--- ----,---------,--- -----~---------i'---- ----!---------(-,-=.~

~--T --------~---------t---------+---------~---------~----- --- -t------ ------------
!1

20 ------+ -- ----r- -----,--- t ~,., ------+--- ----i --------i!l--------- --------

::lt~t~~~~$~iI\~
i '.;;-~:,-":: i '1"--": --'\'

it i !
-5 L-_"--_-L-_-L-_-L-_-l-_-l-_-l-_-l-_-l-_

o
t[ms]

Figure F13: Pressure profile experiment 248
t[ms]

Figure F14: Pressure profile experiment 249

20 -------+..--

15 --------i----

10 --------i

! l i" .';\.]-'. ,."

-50"-- --0."-02---0..l.0-4-0-.0L6-,...0."-08,----Oc'.1,----0-'.1"'2-0,....L14-,...0."-16'---""Oc'.1""8-0..J.2

'iii' 35 ---r--,--.--,---,--,--,-,---,---===
~ --- p1

6 30\---..----.+-------+------+----.-+.-------+--------+----.----::---------1----1 --- p2
~ --p3

._._. p4

251-------·+-------+------+-----·--:-,,-------+--------+----·----::---------1-----~---·--·-~~----- -~

20 I---------t---------i----.----.f---------;~-+----.--,'---------f---------i---------i----------f ..----·--~
15\

10\-------.+-------+------+-----.-j:iJJ:~li~L~
-5 0~--=-0.::02=---=0-':.0C"4 --=0:-:.06:::-'-0"'.0=8'--=0"-.1--=0,.'.1-:2--=0..l.1c:4L..0"'.1'-=6'---C"0.i18".--.,J0.2

t[ms]

Figure F15: Pressure profile experiment 250
t[ms]

Figure F16: Pressure profile experiment 251

87



Appendix G: Protective function
composite armour

of ceramic-faced

Nowadays, most frequently used armours are ceramic-faced composite armours. They consist of a
ceramic plate in front of a back-up plate made ofmultiple layers of aramid.

The impact process of a projectile into a ceramic-faced armour can be split into processes on two
time-scales [den Reijer, 1991]. The first time-scale encompasses the time required for no more
than a few pressure wave reflections through the armour plate and thus is of the order of a few
microseconds (shock-wave period). The second time-scale encompasses the subsequent structural
response period of the armour and is terminated when the armour is defeated or has arrested the
projectile. The duration of the total penetration process is in the order of 150 microseconds. The
two subsequent periods are discussed below. The impact process is illustrated in figure 6.2.

Shock-wave period
r_-----A

----_,

Structural response period

r-------/--..--------...,
Initiation

microcracks
Formation of

conoid
Projectile
erosion

Deformation ofback-up plate
Projectile erosion

projectile

comminuted

.......

............
t'----,

.....

t teramiC facing
back-up plate

Figure 6.2: Penetration ofa projectile into a ceramic-faced composite armour [after Wilkins,
1968].

Shock-wave period

When a projectile impacts a ceramic-faced composite armour at high-velocity, a pressure wave
starts propagating through the ceramic. In the ceramic, a fracture front starts to propagate into the
material ahead of the projectile, which causes microfracture. The initial damage to the ceramic
originates at the impact surface at a number of points situated roughly in a circle around the centre
of contact with the projectile [Frechette & Cline, 1970]. The micro cracks grow and after a few
microseconds after impact they form a conoid, which tends to intersect the back-up plate. The
angle of this fracture conoid depends on the dynamic loading conditions in the ceramic material,
but is typically in the order of 65 degrees.
During this fracturing process, the pressure wave induced in the projectile results in a radial
expansion and fragmentation of the projectile tip (bullet shatter). The projectile erodes or flattens
and as a consequence loses mass and velocity. The projectile is practically unable to penetrate the
armour in this stage.

Mayseless et al. (1987) and O'Donnell et al. (1990) have shown that a negligible amount of
projectile kinetic energy is dissipated in the fracturing process of the ceramic facing. Nevertheless,
the ceramic fracturing process remains very important. The lateral extent of the fracture conoid
and the type of fractures influence the armour's performance. In addition, the time necessary to
complete this fracturing process can influence the duration of the projectile mass erosion.
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Structural response period

After the conoid has been fonned, the projectile attempts to penetrate through the comminuted
ceramic. The conoid filled with fractured ceramic is still effective in defeating the projectile,
because the back-up plate holds the conoid in place. Projectile erosion may continue to take place.
The ceramic conoid effectively distributes the concentrated impact load over a large area of back
up plate. As a consequence the back-up plate deflects and dissipates energy by plastic
defonnation. During defonnation, delamination of the layers of aramid occurs. This allows an
increasing amount of backing material to be defonned and is an effective absorption mechanism.
Because of projectile erosion, the back-up plate may have to absorb only some sixty per cent of
the initial kinetic energy.
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Appendix H: Parametric study of numerical parameters
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H.2 Time step
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H.3 Hourglass parameter
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H.4 Element type

'iii' 20 r---:-,----r---:-,----r------:-;=:I=SO==lid=8::;lj

~1150cIN. ttlr r ·1::~"
r-------- '~ ~ : : ---~-----. +-- ----1 --++..

- -
- -- -

;t \~ttt!ttt
: !

-5 L-------'--_-'-_L-----'--_-'-----'L--'-_--'------'_....J
o 0.02 0.04 0.08 0.08 0.1 0.12 0.14 0.16 0.18 0.2

t[ms]

Figure H.4.1: Hydostatic pressure of1st

element for 2 element types.

~ 5r---:-,------,/\r--,---:-----:---:-==S::I
01

=id=8l:::l
::E --- solid1
'"";; 4 ~-------+--------+---If--\
a::

31----------,.-------+-(1--1---------+--------+-------+---------,.-------'----------'-----.~

2 -.------i-----------i-+-+-i-----+---+----.---.j'-----!-----i-----I

iI i ,/\
I---------i---------il,--------or -------Tf.;:---P\~-----.i------l--_+l\ --+-.'--.';/-----il::::.:------_--~

--r-----r-------r \lJ \:;1

:1++VH·------- .+------.+--------+--------~----------~--------~
-3

o 0.02 0.04 0.08 0.08 0.1 0.12 0.14 0.18 0.18 0.2

t[ms]

Figure H.4.2: Hydostatic pressure of10't
elementfor 2 element types.

-1.5 0L------c0..L02~0~.0~4----'0.OL6-----,-0..L08~0~.1--,---'0.1---c2~0.L14------:0-"-.16,------0,---'.1--c-8----'0.2

t[ms]

Figure H.4.3: Hydostatic pressure of2(jI
elementfor 2 element types.

r, - SOlidSl

rr --- solid1 _

1
I
/ ,r--j :'

i/ \) 1
\1

1 R Ii
y; ~;I

-0.5

0.5

1.5

-1.5
o 0.02 0.04 0.08 0.08 0.1 0.12 0.14 0.18 0.18 0.2

t[ms]

Figure H.4.4: Hydostatic pressure of30't
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Appendix I: Parametric study of mathematical parameters

1.1 Width of surface load
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Figure 1.1.1: Hydrostatic pressure profile of
1st elementfor different pulse.
widths.

Figure I.l.2: Hydrostatic pressure profile of
10th elementfor different pulse
widths.
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Figure I.l.3: Hydrostatic pressure profile of
20th elementfor different pulse.
widths.

Figure I.l.4: Hydrostatic pressure profile of
30th elementfor different pulse

widths.
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Figure I.l.5: Hydrostatic pressure profile of
40th elementfor different pulse
widths.
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1.2 Pulse duration
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Figure 1.2.1: Hydrostatic pressure profile of
1st elementfor different pulse
durations.

Figure 1.2.2: Hydrostatic pressure profile of
10th elementfor different pulse
durations.
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Hydrostatic pressure profile of
20th elementfor different pulse
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Figure 1.2.4:
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Hydrostatic pressure profile of
30th element for different pulse
durations.
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1.3 Boundary conditions
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Figure [3.1: Hydrostatic pressure profile of
1st elementfor different
constraints.

Figure [3.2: Hydrostatic pressure profile of
10th elementfor different
constraints.
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Figure [3.5: Hydrostatic pressure profile of
40th elementfor different
constraints.
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