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1. Applying a viscosity to the hydrostatic tensile strength in the Johnson-Holmquist-2
constitutive model leads to numerically sound and physically realistic model pre-
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3. The upgraded viscosity regularized Johnson-Holmquist-2 material model can be
used to simulate failure and the sequence of failure events in a ceramic under
sphere impact.

4. Using an implicit time integration scheme may lead to faster simulations but will
definitely slow down development and implementation of your constitutive model.

5. It is tempting to use our knowledge on 1d wave propagation to explain failure and
sequence of failure events in sphere impact. However, complexity soon prevails
and wave mechanics brings you nowhere.
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when they are less spectacular.
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SUMMARY

Armour systems for ballistic protection can be made from many materials. One type of
material used in armour systems is ceramic. Ceramic materials, such as alumina and sil-
icon carbide, can be beneficial in an armour system because of their high hardness and
relatively low weight. The high hardness of the ceramic potentially causes a projectile
to deform heavily and fracture upon impact with the armour, thereby reducing or even
eliminating the threat. The ceramic itself may also damage during the interaction. Al-
though ceramics can damage under impact, they contribute to the protective capability
of the armour system as long as they exert a force on the projectile to deform and decel-
eration it. In order to improve an armour system one does not only need to know when
the ceramic component fails, but also how it fails. Once the failure mechanisms of the
ceramic are known the armour design may be modified to delay or in an ideal scenario
even prevent catastrophic failure of the ceramic. This will eventually result in stronger
and lighter armour systems.

Ballistic experiments performed on ceramic material provide a useful source of infor-
mation. Testing full armour systems shows the protective capabilities of such systems.
These tests do however not offer too much insight in the true ceramic behaviour from
damage initiation to full failure, simply because the ballistic loads reach far beyond the
material strengths and the tests are catastrophic in nature. Performing measurements
on the true ceramic behaviour during the ballistic experiments is impossible and even
measurements after the test are difficult since the ceramic is often completely pulver-
ized. Instead, simplified tests can be performed to study the pure ceramic behaviour.
These can be standard static and dynamic material tests or impact tests under more
controlled conditions. Here, the overwhelming forces found in the true ballistic experi-
ments are absent and it is possible to recover the ceramic after the experiment. One of
these controlled impact tests is sphere impact. In this test a spherical projectile impacts
on an unsupported ceramic tile. This test is simple, cheap, reproducible and compared
to full scale armour testing the sphere impact experiments offer a sound failure of the
ceramics.

In this thesis sphere impact tests on ceramic material are simulated. The numerical
method used for these simulations is the finite element method (FEM). Performing sim-
ulations of the sphere impact test can provide new insight in the failure mechanisms and
their interaction. The focus of the thesis is the constitutive model for the ceramic, which
describes the strength and failure of this material. The well known Johnson-Holmquist-2
(JH2) ceramic material model is used as a starting point. Having a proper constitutive
model is tantamount to the success of simulations. Any material model used in simu-
lations should be able to give numerically sound and physically correct results. Unfor-
tunately the JH2 model in its original form does not give numerically sound results, as
it suffers from mesh dependency. Furthermore, the JH2 model can be improved to give
more physically correct results. In this thesis two variations to the JH2 model are pro-
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x SUMMARY

posed to solve mesh dependency and improve validity of the model, before using the
model in sphere impact simulations.

The first modification to the JH2 material model discussed in this thesis is to solve
mesh dependency. This dependency arises because the JH2 material model is a soften-
ing plasticity model, for which mesh dependency is a notorious problem. This depen-
dency causes spurious locatization of failure and a bias effect of the results on the spatial
discretization (i.e. mesh). To solve this a new rate dependency is proposed to the ma-
terial model, acting on the hydrostatic tensile strength. This is shown to solve the mesh
dependency issues and at the same time allows for a realistic description of rate depen-
dent tensile strength. This is the first variation to the JH2 model, which will be refered to
as the JH2-V model throughout the thesis.

The second modification to the JH2 model is related to the way failure is described
in the model. The failure of a ceramic is very brittle under tensile loading, but can ex-
hibit considerable ductility under sufficiently high confining pressures. Comparing the
JH2 and JH2-V material models to experiments under a wide range of loading condi-
tions revealed the inability to describe both the brittle and ductile behaviour. A new
failure strain formulation is proposed where the behaviour under tensile and compres-
sive loading can be controlled independently. This allows to properly capture both the
brittle and ductile response of the material in the constitutive model, for a single set of
model parameters. The modified model has been evaluated and validated successfully
for a wide range of test conditions. The original formulation failed to do so for a single
set of model parameters. The final version of the consitutive model, including both the
rate dependency to solve for mesh dependency and the new failure strain formulation,
will be refered to as the upgraded JH2-V model.

As a final part of this thesis the upgraded JH2-V constitutive model is used in sphere
impact simulations. The impact experiment is simulated using the Finite Element Method
in 3d, with a penalty stiffness contact formulation without friction. Comparing the sim-
ulations to new experimental results shows that the upgraded JH2-V model is able to
capture all relevant failure mechanisms in sphere impact. It is therefore used to study
the sequence of failure mechanisms and the interaction between different failure mech-
anisms. This clearly reveals the order of failure to be (1) cone cracking and (2) radial
cracking during loading by the projectile, followed by (3) lateral cracking during reflec-
tion of the projectile.

In this thesis a constitutive model was proposed to describe ceramic material under
ballistic loading. This upgraded JH2-V model was found to give both mesh independent
and physically correct results. The model could be used to study sphere impact on ce-
ramic material and provides a good basis for future research on ceramic armour systems.



SAMENVATTING

Pantsersystemen voor ballistische bescherming kunnen van veel verschillende materia-
len gemaakt worden. Eén van de materialen die in deze systeem wordt gebruikt is kera-
miek. Keramische materialen, zoals bijvoorbeeld alumina en silicium carbide, zijn gun-
stig voor een pantsersysteem vanwege de hoge hardheid en het relatief lage gewicht. De
hoge hardheid van het keramiek kan leiden tot grote vervormingen en zelfs opbreken
van het projectiel dat inslaat op het pantser, waardoor het gevaar van het projectiel af
neemt of zelf helemaal verdwijnt. Het keramiek zelf kan ook beschadigen tijdens de in-
slag. Ondanks de schade die in een keramisch materiaal optreedt tijdens de inslag, zal
het materiaal bijdragen aan de beschermende werking van het pantser zolang er een
kracht op het projectiel kan worden uitgeoefend om het af te remmen en te vervormen.
Om het pantsersysteem te verbeteren is het niet alleen nodig om te weten wanneer het
keramische materiaal faalt, maar ook op welke manier. Zodra de schade mechanismen
in het keramische materiaal bekend zijn kan het pantser worden aangepast om het fa-
len van het keramiek te vertragen, of in een ideaal scenario zelfs te voorkomen. Dit zal
uiteindelijk leiden tot een sterker en lichter pantser.

Ballistische testen die op keramisch materiaal worden uitgevoerd zijn een belang-
rijke bron van informatie. Het testen van een volledig pantsersysteem laat de bescher-
mende werking van een dergelijk systeem zien. Deze testen bieden echter geen inzicht
in het daadwerkelijke gedrag van het keramiek van beginnend tot en met volledig falen,
simpelweg omdat de krachten in een ballistische test vele malen groter zijn dan wat het
materiaal aan kan en de test catastrofaal is voor het keramiek. Het meten van het werke-
lijke materiaal gedrag tijdens een ballistische test is onmogelijk en zelfs metingen na de
test zijn moeilijk omdat het keramiek vaak volledig verpulverd is. In plaats hiervan kun-
nen er vereenvoudigde testen worden uitgevoerd om het pure gedrag van het keramiek
te bepalen. Dit kunnen standaard statische of dynamische testen zijn of zelfs gecontro-
leerde inslag testen. In dergelijke testen is de overweldigende kracht van een ballistische
test afwezig en kan het keramiek bestudeerd worden na de test. Eén van deze gecon-
troleerde testen is de bol inslag test. In deze test slaat een sferisch projectiel in op een
vrijstaande keramische tegel. Deze test is simpel, goedkoop, reproduceerbaar en geeft,
in vergelijken met een volledige ballistische test, een duidelijk beeld va het faalgedrag
van het keramiek.

In deze thesis staat het simuleren van bol inslag op keramisch materiaal centraal.
De numerieke methode die hiervoor wordt gebruikt is de eindige elementen methode
(EEM). Simuleren van bol inslag testen kan nieuwe inzichten geven in de faalmechanis-
men en de interactie daartussen. De focus van de thesis ligt bij het constitutief model
van het keramiek, waarin de sterkte en het faalgedrag van het materiaal wordt beschre-
ven. Het veelgebruikte model Johnson-Holmquist-2 (JH2) is het gebruikt als startpunt
van het onderzoek. Een goed constitutief model is de basis voor succesvolle simulaties.
Elk materiaal model dat in een simulatie gebruikt wordt moet numeriek juist en fysiek
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xii SAMENVATTING

correct zijn. Helaas is het JH2 model in originele vorm niet numeriek juist, omdat het
model leidt tot mesh afhankelijke resultaten. Daarnaast kan het JH2 model verbeterd
worden om de fysieke correctheid van het model te verhogen. In deze thesis zullen er
twee variaties op het JH2 model worden voorgesteld om de mesh afhankelijkheid op te
lossen en de validiteit van het model te verbeteren, om het vervolgens in bol inslag si-
mulaties te gebruiken.

De eerste aanpassing aan het JH2 model dat in deze thesis wordt besproken is het
oplossen van de mesh afhankelijkheid. Deze afhankelijkheid treedt op omdat het JH2
model een verzachtend plasticiteit model is, waarbij mesh afhankelijkheid een notoir
probleem is. Deze afhankelijkheid zorgt voor onechte lokalisatie van falen en een beïn-
vloeding van de resultaten door de ruimtelijke discretisatie (d.w.z. mesh). Om dit pro-
bleem op te lossen is een nieuwe snelheidsafhankelijkheid voorgesteld voor het mate-
riaal model, werkende op de alzijdige treksterkte. Het wordt gedemonstreerd dat deze
aanpassing de mesh afhankelijkheid oplost en tegelijkertijd zorgt voor een meer realis-
tische beschrijving van de snelheidsafhankelijke treksterkte. Dit is de eerste variatie op
het JH2 model, dat in de test van deze thesis het JH2-V model zal worden genoemd.

De tweede aanpassing aan het JH2 model is de manier waarop het falen in het model
wordt beschreven. Het falen van keramiek is erg bros onder trek belasting, maar kan
behoorlijke ductiliteit tonen onder voldoende hoge insluitende drukken. Het vergelijken
van de JH2 en JH2-V modellen met experimenten, onder een groot aantal verschillende
belastingcondities, laat zien dat beide modellen niet in staat zijn om zowel het brosse als
ductiele falen goed te beschrijven. Een nieuwe faal rek formulering is voorgesteld, waar
het gedrag onder trek en druk onafhankelijk van elkaar kan worden gecontroleerd. Dit
zorgt er voor dat zowel het brosse falen onder trek als het ductiele falen onder druk kan
worden beschreven in het constitutieve model, met een enkele set model parameters.
Het aangepaste model is geëvalueerd en met succes gevalideerd voor een groot aantal
test condities. Met het oorspronkelijke model was het niet mogelijk dit te doen met een
enkele set model parameters. Deze laatste versie van het constitutief model, inclusief de
snelheidsafhankelijkheid om mesh afhankelijkheid op te lossen, zal het upgraded JH2-V
model worden genoemd.

Als laatste deel van deze thesis wordt het upgraded JH2-V constitutief model gebruikt
in simulaties van bol inslag. Dit inslag experiment is gesimuleerd in de eindige element
methode in 3d, met een verende contact formulering zonder wrijving. Het vergelijken
van de simulaties met nieuwe experimentele resultaten laat zien dat het upgraded JH2-
V model in staat is om alle relevante faalmechanismen te beschrijven in bol inslag. Het
model is daarom gebruikt om de volgorde van faalmechanismen en de interactie tussen
verschillende mechanismen te bestuderen. Dit laat duidelijk zien dat de volgorde van
falen bestaat uit (1) het vormen van conische scheuren en (2) radiale scheuren tijdens de
voortdurende belasting door het projectiel, gevolgd door (3) laterale scheuren tijdens de
reflectie van het projectiel.

In deze thesis is een constitutief model voorgesteld om het faalgedrag van keramisch
materiaal te beschrijven onder ballistische belasting. Het is aangetoond dat het upgra-
ded JH2-V model zowel mesh onafhankelijke als fysiek correcte resultaten geeft. Het mo-
del kan worden gebruikt om bol inslag op keramisch materiaal te bestuderen en vormt
een goede basis voor toekomstig onderzoek op keramische pantsersystemen.
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INTRODUCTION

1.1. GENERAL INTRODUCTION
The Cambridge dictionary defines armour as a “strong covering that protects something,
especially the body” [1]. For this purpose humans have used armour in different forms
and shapes throughout history. Because the threat of intentional injury by others is still
present and constantly changing, design of armour remains a topic of interest.

The materials used in armour systems have changed over time, depending on the
type of threats as well as the availability of certain armour materials. Early armour could
be made from wood, bones or leather. But these were replaced by metal armours when
these materials became available and threats became more serious. The medieval suit
of armour is perhaps the most striking example of metal armour. It also illustrates that
protection and mobility are (unfortunately) inversely proportional. When the threats
in medieval times changed from swords and pikes to crossbows and guns, the suit of
armour was quickly abandoned. Steel as an armour material would return during the
first world war, both for vehicular and personal protection. Initially steel was used to
create helmets, but later even steel body armours were used to protect against shrapnel
and rifle shots [2]. Again, the trade-off between mobility and protection played a role
and many variations of body armour with textiles and steel were created. The medieval
suit and the body armour from the first world war show that this is an age old struggle,
which in fact still continues today. In the development of armour systems one always
strives to create lighter (and stronger) armour systems [3].

During the Vietnam war ceramic material was first used in armour systems. In the
Vietnam war a large number of helicopters transported soldiers on the battlefields. Take-
off and landing was a dangerous phase of the transport, as many pilots would get shot
through the helicopter floors [4]. As a solution, the floors had to be armoured, with an
obvious restriction on weight. Ceramic materials were known to be light and extremely
hard, hence were considered for these armour systems. The application of ceramic ar-
mour greatly reduced the number of casualties, reportedly by more than 50% [2]. After
the Vietnam war the use of ceramics in armour systems continued and research has been
ongoing ever since.

1
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Figure 1.1: Ceramic body armour plate, subjected to single and multiple projectile impacts. Picture is adapted
from [15].

1.1.1. EXPERIMENTS ON CERAMICS
To design and improve armour systems one needs to understand the physics of the prob-
lem as well as the behaviour of the materials involved. To study armour systems with
ceramic materials, experiments may be performed. One way to test these armour sys-
tems is to simply subject it to the design threat. This can for instance be a 7.62x39mm
bullet fired by an assault rifle, or the tungsten carbide core 7.62mm APM2 bullet fired
from a sniper rifle [5]. Figure 1.1 shows how a ceramic body armour plate could respond
to such threats. In this particular experiment the bullets are stopped, but the ceramic
armour material has failed. Many more similar experimental results can be found in lit-
erature [6–14]. Tests such as these may prove the protective capabilities of the armour
system, but may be less suitable to study the behaviour of an individual constituent. This
is because armour systems typically consist of multiple layers of different materials. Bal-
listic tests can (and often will) therefore also be performed on the individual materials.
By doing so the failure mechanisms of a material can be better understood, which may
eventually lead to better armour designs.

The main goal of an armour system is obviously to slow down or even stop an incom-
ing projectile. When a projectile strikes an armour system a number of failure mecha-
nism are activated in both the projectile and target [16]. The ceramic material in such an
armour system provides a hard surface, on which the projectile may deform plastically
and even fracture. The ceramic material can also fail during this interaction. But as long
as the ceramic material can still exert a force on the projectile it will still be slowed down
and can be stopped. This is also why it is important to understand the failure mecha-
nisms in the ceramic from initiation to full failure.

It is clear that the failure mechanisms of ceramic material under ballistic loading
should be studied. Unfortunately, this is also where the difficulty lies. Ballistic tests will
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induce forces (far) beyond the ceramic material strength and the results are often catas-
trophic. Measuring the true ceramic behaviour during the experiment is impossible and
since the ceramic is often pulverized, post-mortem analysis is also complicated. To move
forward one must first identify the failure mechanisms present in a ceramic after ballistic
loading. The second step is then to find a more controlled experiment which shows the
same failure mechanisms, to be able to study these failure mechanisms in more detail.

From literature typical failure mechanisms in a ceramic armour under ballistic load-
ing can be found. In the first phase of impact on a ceramic material there are two failure
phenomena which occur. Just below the surface, directly underneath the projectile the
ceramic material experiences high pressures and high shear stresses. In this zone mi-
crocracking and even plastic deformation of the ceramic material is possible when the
confining pressures are sufficiently high [17–21]. This zone is often referred to as the
quasi-plastic zone or Mescall zone. Just outside the contact area of the projectile tensile
stresses are dominant. This leads to the formation of ring cracks at the ceramic surface.
These ring cracks can develop into cone cracks, which may eventually grow through the
thickness of the ceramic target. Depending on the impact conditions the ceramic cone
may also fragment [7, 9, 12, 22]. This fragmented cone can still provide resistance to
the projectile if sufficient confinement is provided by the adjacent material [23, 24]. The
quasi-plastic zone and cone cracking already indicates the complexity in failure in ce-
ramic under ballistic impact, since they are both present at the front face of the armour
and can interact. There are however more failure mechanisms which can be present in a
ceramic material under ballistic loading. A third type of failure is radial cracking, which
may be visible at the target back side and can provide additional fragmentation to the
ceramic target. The fourth failure mechanism is lateral cracking, which occurs when the
projectile is reflected and the ceramic material unloads [25–28]. A schematic overview of
the four failure mechanisms can also be found in Figure 1.2. The failure mechanisms de-
scribed here are typical for ceramic under ballistic loading, but when and how they are
present depends on many factors. These factors include the type/geometry of the ce-
ramic material, the type/geometry/velocity/orientation of the projectile and boundary
conditions. As a result the only way to study these failure mechanisms is in a controlled
set-up.

Failure mechanisms, such as described above, can be observed in ceramic armour
systems after impact. To study these failure mechanisms there is a need for simple,
cheap experiments in a controlled set-up. Perhaps the most simple ballistic test on a
ceramic is the so called “bare tile” testing [22]. In this type of test the ceramic alone is left
to defeat the projectile, without any additional material layers in front or behind the ce-
ramic. The advantage is that one can study the pure behaviour of the ceramic. However,
the response in this test may be both different and weaker than when used in the armour
system. In fact, full projectile impact on bare tiles often leads to catastrophic failure of
the ceramic material, fully fragmenting the tile and preventing post-mortem analysis on
the failure mechanisms. An alternative test which provide semi-infinite backing is the
so called depth of penetration (DOP) test [29–32]. In this test a ceramic tile (or other
material) is backed by a very large block of metal. Alternatively, one may use another
elastic-plastic material as backing, but metal is most frequently used in DOP testing. A
projectile may be stopped by the ceramic tile or is found to penetrate through the ce-
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Projectile failure

Quasi-plastic zone

Lateral cracking

Cone cracking

Radial cracking

Figure 1.2: Schematic overview of failure mechanisms caused by impact on ceramic material.

ramic into the metal. The depth of penetration into the metal can be used as a compar-
ative measurement of the ceramic’s stopping power. Again, the boundary condition is
not the same as an armour system and providing a new metal backing for each test is a
costly endeavour.

When comparing the bare tile and DOP test the former may be preferred due to low
cost and simplicity. But, as mentioned before, the impact event may be catastrophic for
the ceramic material. To prevent catastrophic failure in the bare tile test one may use
thick ceramic tiles or change the projectile. Figure 1.3 shows a 40mm thick silicon car-
bide ceramic after it has been impacted by a 7.62 APM2 projectile at a velocity of 830m/s.
In this example the projectile was stopped and the failure of the ceramic can be clearly
studied from the specimen after impact. The ceramic tile is however very thick and thus
expensive, which would remove the argument that bare tile testing is low in cost. This is
why bare tile tests are often performed with steel spherical projectiles, with lower impact
velocities and weights than a 7.62 APM2 round. This allows for a less catastrophic failure
of the ceramic material and tests can be performed on thinner tiles. Figure 1.4 shows
the back face of two 12mm thick ceramic tiles after being impacted at 500m/s by a steel
spherical projectile. It can be found that the main failure mechanisms are similar to the
full scale projectile testing. This is why sphere impact tests on bare tiles are considered a
good alternative, as this is a cheap, simple and reproducible test which can be performed
on ceramic materials.
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Figure 1.3: Silicon carbide ceramic tile, subjected to a single projectile impact. Cone cracking and radial crack-
ing in the ceramic target is clearly visible. (E. Carton, TNO Laboratory for Ballistic Research, personal commu-
nication)

Figure 1.4: Ceramic tiles after “bare tile” testing, the back face is shown. Radial cracking is visible, as is the cone
crack. (E. Carton, TNO Laboratory for Ballistic Research, personal communication)
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1.1.2. SIMULATING IMPACT ON CERAMICS

In addition to performing experiments on ceramic armour one may perform numeri-
cal simulations. Simulating impact on ceramic materials can be a powerful tool to help
understand the failure processes. If the models and methods are properly chosen the
major benefit of simulations is that it allows the user to follow what happens during
the interaction, at any given location. This can help explain why certain failure mech-
anisms form and possibly give insight in how to suppress them. Numerical simulation
can also aid in the design of a ceramic armour system, as it allows the user to quickly and
cheaply check a wide range of armour set-ups and material properties. There are many
numerical methods which may be used, one of which is the Finite Element Method. This
method will also be used in this thesis.

To study impact behaviour on a ceramic material through simulations requires a
proper material model. The models by Johnson and Holmquist are often used to sim-
ulate armour ceramics. They proposed three versions of their model: JH1 [33], JH2 [34]
and a model developed with Beissel which is also known as JHB [35]. Other ceramic ma-
terial models can be used as well, such as the model by Simha [36] or the more general
Kayenta model [37]. All these models are phenomenological softening plasticity models,
with variations in their formulations of strength and failure. These phenomenological
models do not describe the true microscopical failure mechanisms, but provide the re-
sponse of the material given a loading condition. The advantage of these models is that
they can easily capture the response, without having to know the true underlying mate-
rial behaviour. Calibrating these models is generally easy, as standard macro-scale tests
may be used. Another type of model exists which starts from a more theoretical ap-
proach for ceramic failure. Instead of only considering the response of a ceramic, these
models may start from a micro-scale description of the material, such as micro-cracks or
even dislocation movement. On a higher scale these mechanisms lead to plasticity and
softening behaviour and global failure phenomena such as cone cracking or the quasi-
plastic zone may be predicted. These models may be closer to reality, but they requires
a thorough understanding of the micro-structural response. Furthermore, calibrating
these models is more complex, as more detailed information on material is required e.g.
micro-crack density. Examples of more theoretical models are the model by Rajendran
and Grove [38], the dominant crack model by Zuo [39] or the models proposed by Desh-
pande and Evans [40, 41]. In the current thesis this second class of models will not be
used. The focus lies on the phenomenological models, in particular the JH2 model. The
JH2 ceramic material model is chosen as basis in this thesis because it is widely accepted,
has simple formulations and was shown to correctly predict ceramic behaviour under
impact conditions.

There are, unfortunately, some shortcomings of the JH2 model which will have to be
solved before the sphere impact experiment can be simulated successfully. The first is-
sue is that the JH2 model is a softening plasticity model, which is known to suffer from
mesh dependency. This may cause spurious localization of failure as well as a bias of the
failure to the mesh. This behaviour is highly unwanted if one requires an objective pre-
diction of the failure mechanisms. Fortunately there are a few ways to provide regular-
ization and remove this mesh dependency. These include non-local [42] or gradient [43]
formulations as well as the addition of a rate dependency or viscosity [44–46]. The ad-



1.2. OUTLINE OF THE THESIS

1

7

dition of a rate dependency to the material model is particularly interesting for the cur-
rent armour application, since most materials have some rate dependency in material
strength. In this thesis rate dependency will be used to provide both regularization and a
physical rate dependency to the JH2 material model. This results in a numerically sound
material model. The second shortcoming of the model lies in the description of failure.
This has always been a difficult aspect of ceramic models, since direct measurement of
ceramic failure under ballistic loading is currently not possible. Instead the failure be-
haviour is often found through inverse modelling, where a failure formulation is modi-
fied until simulation results match the experiments. Since the JH2 model is a softening
plasticity model, the strength is reduced as plastic deformation grows. In the JH2 model
the magnitude of strength reduction depends on the stress condition under which the
plastic deformation occurred. This models the behaviour of ceramic, where failure un-
der tension is very brittle and fast, but failure under compression may be more ductile
and slow. In the JH2 model formulation this is however described through a single func-
tion, inadvertently coupling failure under tension and compression. Thus, although the
JH2 model is widely accepted in ceramic modelling, the objectivity and failure descrip-
tion of this model should be improved.

1.2. OUTLINE OF THE THESIS
The final goal of the thesis work is to simulate sphere impact on ceramic material and
use this to study failure of the ceramic material. In general, three steps are required
before simulating failure of ceramic under impact loading. The first step is to have a nu-
merically sound material model. Chapter 2 will discuss the addition of rate dependency
on the hydrostatic tensile strength of the JH2 material model, which will ensure the re-
sults of the model to be objective with respect to the choice in spatial discretization. The
second step in this thesis is to have a physically correct material model. Chapter 3 will
use the previously developed viscosity regularized material model and check its validity
under a wide range of loading conditions. Modifications to the failure formulation are
proposed to be able to match all considered experiments. With this upgraded material
model the third and final step of the thesis follows in Chapter 4. Here a 3d numeri-
cal framework is defined for sphere impact simulations, which is also validated through
sphere impact experiments. The numerical framework is then used to study the fail-
ure process in a ceramic target under sphere impact. The thesis ends with concluding
remarks on the research as well as recommendations for future research.
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2
A VISCOSITY REGULARIZED

PLASTICITY MODEL FOR CERAMICS

2.1. INTRODUCTION
Ceramic materials are frequently used in armour systems. Their high hardness and rel-
ative light weight make ceramics an ideal candidate for armour systems. Upon impact
a projectile can deform heavily and may even fracture [2–4]. Directly underneath the
projectile a zone of high compression and shear occurs. In this zone the ceramic may
experience micro-cracking and crystal plasticity up to the point of full fragmentation.
This zone is referred to as the ’comminuted’ or ’quasi-plastic’ zone, which can posses
a considerable residual strength [5]. Some distance away from the projectile impact lo-
cation the pressure drops and tensile states may be found at the ceramic surface. Ring
cracks can be initiated, which may develop into cone cracks. These cone cracks form
one of the main contributions to failure of ceramic armour. As a cone crack grows and
reaches the back side of the armour, a plug is formed and the material has effectively lost
its strength. Understanding the location and direction of these cone cracks is of great im-
portance in armour design. Many experiments have been conducted to study these cone
cracks in armour ceramics, both under dynamic [6–11] and quasi-static loading [12–14].

To predict ceramic armour behaviour many material models have been developed
over the years. Well known and often used material models are the phenomenological
models by Johnson and Holmquist, who proposed three models: JH1 [15], JH2 [16] and
JHB [17]. Another phenomenological model was proposed by Simha [18]. Other ceramic
models are those by Rajendran and Grove [19], the dominant crack model by Zuo [20]
and two models by Deshpande and Evans [21, 22]. This latter group of models is more
theoretical and physical based than the first four phenomenological models. Although
the latter group is appealing from a theoretical perspective in the current chapter the

This chapter is based on [1]

11
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JH2 model is used. This model is often used, simple in its formulation and is shown to
correctly predict ceramic behaviour for a wide range of tests.

The ceramic models by Johnson and Holmquist are pressure dependent softening
plasticity models. It is well known that softening plasticity models suffer from mesh de-
pendency and the models by Johnson-Holmquist pose no exception. As a result these
models may lead to spurious localization and a bias with respect to the discretization
(i.e. mesh) when used in a finite element framework. Model results will not be objec-
tive with respect to the discretization and vital failure mechanisms such as cone cracks
may not be predicted correctly. This is detrimental for the predictive capabilities of these
models with respect to armour performance.

To find objective results with respect to the discretization some form of regulariza-
tion is required. Many methods have been described in literature which can regularize
the results from softening plasticity models. Most methods regularize a solution by the
introduction of a length scale This can be through the introduction of a specific type of
non-local integral formulation [23] or a gradient formulation [24] in the evolution equa-
tion for plasticity. It is possible to provide regularization without directly introducing an
explicit length scale in the material model. Introducing a rate dependency or viscosity
can also provide regularization [25–27].

Simple and often used visco-plasticity formulations are those by Perzyna [28], Duvaut-
Lions [29] and Wang [30]. The models by Perzyna and Duvaut-Lions are based on over-
stress, which means that stress states outside the yield surface are allowed. The method
by Wang is the so-called consistency formulation. In this formulation the yield surface
is rate dependent and stress states are always inside or on the yield surface. For the
Perzyna and Duvaut-Lions formulation the traditional Kuhn-Tucker loading conditions
do not apply. However, for the consistency formulation one can still use the Kuhn-Tucker
loading conditions.

For the Perzyna model it was recognized that the model may not converge to regular
plasticity if multi-surface plasticity is used [31]. The Duvaut-Lions model does not have
this problem and is therefore often used in literature. However, it can easily be shown
that the model is unsuited to predict a full loss of deviatoric strength. This is because the
model requires a converged inviscid solution, which is the so called backbone stress or
strength. The viscous stress state is an interpolated value between the backbone and the
trial stress state. For a non-zero deviatoric trial stress this will always lead to non-zero
viscous stresses, even for a fully failed backbone material.

In the current thesis a consistency formulation is used to regularize the JH2 material
model with viscosity. Existing mesh dependency problems for the JH2 model will be il-
lustrated using a tapered bar and a direct shear test. The original rate dependency of the
JH2 model will be shown to be insufficient to provide regularization. A viscosity is pro-
posed on the apex pressure (e.g. hydrostatic tensile strength) of the JH2 model. First a
linear formulation is adopted for the apex viscosity. This is shown to regularize the solu-
tion of the tapered bar and the direct shear test. For high loading rates a linear viscosity
may lead to an unrealistic failure zone size. An alternative mixed linear/logarithmic apex
formulation is introduced. This mixed formulation is found to limit the failure zone size
while still providing mesh independent results. The mixed linear/logarithmic viscosity is
formulated such that a linear viscosity can be retrieved. The chapter will end by showing
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how the spall strength varies as a function of loading rate in the original and proposed
mixed linear/logarithmic viscosity formulation . It will be shown that the JH2 model with
the proposed apex viscosity can correctly capture the rate dependent strength found in
experiments, while the original model can not.

2.2. METHODS AND MODELS
To simulate ceramic behaviour the finite element method (FEM) is used. The FEM and
required material models are implemented using the C++ based libraries from the open
source package JemJive version 2.2 [32]. JemJive provides a FEM framework which sup-
ports both quasi-static and dynamic solution procedures in the form of a Newton-Raphson
and Newmark solution scheme. The material models used to simulate ceramic behaviour
are explained in the following subsections.

2.2.1. MATERIAL MODELS

ORIGINAL MODEL

The Johnson-Holmquist-2 (JH2) material model is a pressure dependent softening plas-
ticity model. For a general softening plasticity model the yield function can be repre-
sented as a function f (σ,κ), where σ is the stress tensor and κ a collection of internal
variables. In the JH2 model only a single scalar damage variable D ∈ [0..1] is used as
internal variable. The yield function for the JH2 model can thus be written as

f (σ,D) =σeq (σ)−σy (σ,D). (2.1)

The Von Mises equivalent stress σeq (σ) =
√

3/2s : s is used, were s =σ−σhyd is the de-
viatoric stress tensor found by subtracting the hydrostatic stress component σhyd from
the stress tensor σ. The yield stress σy for JH2 model is defined as

σ∗
y (σ,D) = (1−D) σ∗

i (σ)+D σ∗
f (σ). (2.2)

Here the superscript ∗ indicates that the stress values are normalized with respect to the
Hugoniot elastic limit σHEL . The subscripts i and f relate to the intact and failed (i.e.
residual) material strengths

σ∗
i (σ) = A

(
T +p(σ)

PHEL

)n (
1+C ln˙̄ε∗p

)
, (2.3)

σ∗
f (σ) = B

(
p(σ)

PHEL

)m (
1+C ln˙̄ε∗p

)
. (2.4)

Here the material strength can be found as a function of the pressure p(σ) = −σhyd =
−1/3σ : I . The material’s rate dependency can be scaled through parameter C , while a
normalized equivalent plastic strain rate ˙̄ε∗p = ˙̄εp /˙̄ε0

p is used in the logarithmic formula-
tion. For strain rates below the reference rate there is no rate effect (i.e. C = 0.0). Other
model parameters are the reference strain rate ˙̄ε0

p and strength parameters A,B ,n,m,PHEL

and T . The equivalent plastic strain rate is defined as

˙̄εp =
√

2

3
ėp : ėp , (2.5)
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where ėp is the deviatoric plastic strain rate. From this equivalent plastic strain rate the
rate of damage in the material can be found as

Ḋ =
˙̄εp

ε̄max
p (σ)

, (2.6)

where ε̄max
p (σ) is the maximum equivalent plastic strain for the given stress state. For

pressures below the hydrostatic tensile strength T there is no gradual failure and full
failure with D = 1.0 is immediately reached. For the Johnson-Holmquist models ε̄max

p is
computed as

ε̄max
p (σ) = d1

(
T +p(σ)

PHEL

)d2

. (2.7)

Here d1 and d2 are material parameters. Plastic deformation is obtained through the
flow rule

ε̇p = λ̇ ∂g /∂σ, (2.8)

where the JH2 model uses a plastic potential function

g =σeq (σ) =
√

3

2
s : s. (2.9)

Two observations can be made on this plastic potential function. First, it can be shown
that the volumetric plastic deformation εV ,p = 0, which implies isochoric plastic flow.
Second, it can be shown that ˙̄εp = λ̇.

Inelastic volumetric response is included in the JH2 model through a bulking con-
tribution ∆p to the pressure. This bulking formulation is explicit in nature, resulting in
step size dependence. In the current chapter bulking is not included.

PROPOSED MODEL

Viscosity (i.e. rate dependency) can be used to regularize the finite element solution.
The standard JH2 model has a rate dependency (viscosity) included in its formulation
(see equations (2.3) and (2.4)). However, it will be shown in this chapter that the standard
rate dependency in the JH2 model is insufficient to provide satisfactory regularization.

A new rate dependency is proposed for the JH2 model. The proposed model will be
referred to as the viscosity regularized JH2 model (JH2-V ). The material strengths are
reformulated from (2.3) and (2.4) to

σ∗
i = A

(
T ( ˙̄εp )+p(σ)

PHEL

)n

, (2.10)

σ∗
f = B

(
p(σ)

PHEL

)m

. (2.11)

In this formulation the equivalent plastic strain rate ˙̄εp is used to scale the material’s ul-
timate tensile limit T of the intact material strength. Note that the original logarithmic
scaling (1+C ln˙̄ε∗p ) from equations (2.3) and (2.4) is absent in this proposed formula-
tion. The proposed scaling of the ultimate tensile limit does not exclude the original
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rate dependency, both formulations may be used simultaneously. However, in the cur-
rent chapter the original JH2 rate dependency and the proposed rate dependency on
the ultimate tensile limit will not be used simultaneously in order to study their effects
independently.

In the consistency formulation a yield function f (σ,κ,κ̇) can be defined. Here κ̇ is
the rate of some internal variables. In the proposed material model only the rate of a sin-
gle internal variable κ̇ is used. Here κ̇= ˙̄εp = λ̇, which is the rate of the plastic multiplier.
Using the consistency formulation function (2.1) can now be written as

fr d (σ,D, λ̇) =σeq (σ)−σy (σ,D, λ̇), (2.12)

which will be referred to as the rate dependent yield function. This is in accordance with
the consistency model and the Kuhn-Tucker loading conditions

fr d ≤ 0, λ̇≥ 0, λ̇ · fr d = 0 (2.13)

still apply.
The rate dependency of the ultimate tensile pressure is initially assumed in a linear

form
T ( ˙̄εp ) = T (λ̇) = T0 +ηλ̇, (2.14)

where η is the viscosity and T0 the original rate independent strength parameter. The
current viscosity is proposed to provide regularization. The initial choice for a linear
rate dependency will be critically reviewed in section 2.5. Recent experimental work
indicates that there is also a physical component to this rate effect on the tensile strength
of ceramics [33] [34]. It will also be investigated in section 2.5 how the proposed rate
dependency affects the predicted tensile strength.

The original and the proposed rate dependencies are visualized in Figure 2.1. It is
clear from Figure 2.1a that the original rate dependency provides a deviatoric scaling of
the material strength. The apex point T is left unaltered by the original rate dependency.
From Figure 2.1b it may be observed that the proposed rate dependency provides a hy-
drostatic shift of the yield function with the loading rate. It is important to note the effect
of both rate dependencies over the range of pressures. For the original rate dependency
the absolute strength increase is found to be largest for higher pressures. For the pro-
posed rate dependency the opposite holds true, as the largest absolute strength increase
is found at the original apex point T .

Other types of rate dependency may be obtained by performing a similar scaling on
different model parameters. Although this may work for the other JH material models
it will not work for the JH2 model. This is due to the singularity at the apex. Scaling for
instance A with rate will only provide a deviatoric scaling and will not give the desired
increase in strength under tension. The proposed formulation on the apex pressure is
however more general and a similar approach can also be used for the other JH models.

2.3. ALGORITHMIC ASPECTS
For plasticity models the (infinitesimal) strain rate can be split into an elastic and plastic
component

ε̇= ε̇e + ε̇p . (2.15)
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T
p [GPa]

σeq [GPa]

intact strength

residual strength

intact rate effect

residual rate effect

(a) Original rate effect

T (λ̇)
p [GPa]

σeq [GPa]

intact strength

residual strength

proposed rate effect

(b) Proposed rate effect

Figure 2.1: Deviatoric strengthσeq of the Johnson-Holmquist-2 material model plotted as function of pressure
p. Figures show the original and proposed rate effects. Note the relatively large increase in strength under
tension and the minimal increase under compression for the proposed model.

The stress rate is expressed as

σ̇= De : ε̇e = De :
(
ε̇− ε̇p

)
, (2.16)

where the elastic stiffness tensor De is used. Application of the flow rule (2.8) results in

σ̇= De :

(
ε̇− λ̇ ∂g

∂σ

)
= De :

(
ε̇− λ̇m

)
. (2.17)

In this formulation λ̇ is the rate of plastic multiplier, while m = ∂g /∂σ is the flow di-
rection with the plastic potential function g . In the current chapter the plastic poten-
tial function from (2.9) is used where g is only a function of deviatoric stress. It is also
possible to define a plastic potential function which depends on the full stress tensor,
which includes a hydrostatic component. One may, for instance, use associative plastic-
ity (g = f ), which introduces volumetric inelastic deformation [35].

Rate equations cannot be used directly in the discrete formulation of the finite ele-
ment method. The relations above can be written in incremental form, where the stress
increment reads

∆σ= De : (∆ε−∆λm) . (2.18)
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A new stress can now be found as

σn+1 =σn +∆σ,

= De :
(
εn −εn

p

)
+De : (∆ε−∆λm) ,

= De :
(
εn+1 −εn

p −∆λm
)

. (2.19)

Here n and n+1 refer to the previous and current load increment. The unknowns in this
incremental form are: the new stress σn+1 and the increment of plastic multiplier ∆λ.
For simple plasticity models a closed form solution to this plastic multiplier is known and
it can be computed directly from the given strain increment. For more complex plasticity
formulations which include non-linearities, such as the JH2 model, a close form expres-
sion usually does not exist. For these cases an iterative scheme can be used at integration
point level to find the correct stress and plastic multiplier. In the current thesis an Euler
backward formulation is used [36].

2.3.1. PLASTICITY OR ELASTICITY
When a new global load increment is performed the new stress and internal states have
to be determined at integration point level. For an integration point a trial stress state is
computed under the assumption of elastic loading (∆λ = 0). From (2.19) this trial state
can be computed as

σtr = De :
(
εn+1 −εn

p

)
. (2.20)

Using this trial stress the yield function from (2.12) can be evaluated. A yield function
fr d < 0 results in elastic deformation of the material, while fr d ≥ 0 will result in plas-
tic deformation. For the consistency model the initial check for plasticity is based on
fr d (σtr ,Dn ,0.0). Here Dn is the final damage predicted by the previous load increment
and an initial rate λ̇ = 0.0 is assumed. This is in line with the assumption of an elastic
trial step (i.e. ∆λ= 0).

For plastic deformation in the JH2 material model there are two domains in the stress
space of interest, each with a specific algorithmic treatment. The first domain is where
the trial stress can be returned to the yield surface in the flow direction ∂g /∂σ. In this
stress domain the Euler backward return mapping scheme can be used to find the new
stress state σn+1 and increment in plastic multiplier ∆λ. The second stress domain is
where the trial stress can not be returned to the yield surface in the flow direction ∂g /∂σ.
For the JH2 model with plastic potential (2.9) this includes all states with p tr < T . Once
the material is fully failed (i.e. D = 1) the apex point shifts to a zero pressure and the
check becomes p tr < 0. To find an admissible stress for this second group of trial states
requires the use of a so-called apex return. The three domains in the stress space (two
plastic and one elastic) are also visualized in Figure 2.2, where the blue domain indicates
regular return, the red domain apex return and the green domain indicates an elastic
state.

The proposed check for apex return has some limitations. The check only works
for a pure deviatoric flow rule where it is known that p tr = pn+1. If volumetric plastic
deformation would be included through the plastic potential function p tr 6= pn+1, which
means the check p tr < T is no longer conclusive for apex return. Also if the material
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T (λ̇)

σtr

σtr

p [GPa]

σeq [GPa]

Figure 2.2: Return mapping for the JH2 model visualized. Any trial state in the green stress space remains
elastic, in the blue stress space regular return mapping is applied while the red domain requires apex return.

reaches full damage (i.e. D = 1), the apex pressure reduces to zero and the check p tr < T
is no longer valid. Finally, if rate dependency is considered on the apex also a different
check is required, since the trial rate was assumed to be zero and T (0.0) 6= T (λ̇n+1) for
any λ̇n+1 > 0.

A more robust approach is to assume regular return mapping and check for a viola-
tion of the apex criterion pn+1 < T (λ̇n+1) in every Euler backward iteration. If the apex
criterion is violated, a switch to apex return is necessary. This algorithmic treatment is
shown in Box 1. The exact formulation of the apex return scheme is discussed in 2.3.3.

2.3.2. REGULAR RETURN ALGORITHM
An Euler backward scheme is used for the regular return mapping algorithm. For a visco-
plastic model in the consistency formulation this can be used to find a solution of (2.19).
The derivation and formulation of an Euler backward scheme for such a model has al-
ready been discussed in literature [30], it will therefore not be repeated in the current
thesis.

2.3.3. APEX RETURN ALGORITHM
When the apex check is violated regular return mapping can no longer be applied. This
can be found from (2.9), which shows the original JH2 model only allows deviatoric plas-
tic strain. Therefore the plastic flow cannot result in an increase of pressure and a point
inside the yield surface is never reached. Full failure is immediately applied (i.e. D = 1)
and the stress is mapped to the apex of the residual strength curve at p = 0. The new
stress state will be

σn+1 = 0. (2.21)

The consistent tangent for this returned stress is easy to compute as

D v p = 0. (2.22)

Finally, the plastic deformation under apex return has to be assigned. It was already
mentioned that the JH2 model only predicts pure deviatoric plastic flow. For a fully failed
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compute εn+1 from un+1

compute σtr

initialize Dn+1 = Dn and λ̇n+1 = 0.0
if fr d (σtr ,Dn+1, λ̇n+1) ≥ 0
PLASTIC DEFORMATION:

1. start with:
→ REGULAR RETURN MAPPING

2. if pn+1 < T (λ̇n+1) or (pn+1 < 0 and
Dn+1 = 1):
→ APEX RETURN

else
ELASTIC DEFORMATION:

1. σn+1 =σtr

Box 1: Elastic or plastic loading

Table 2.1: All shared material properties for the JH2-ri, JH2-rd and JH2-V model.

variable value unit variable value unit variable value unit
E 375.0 GPa T 0.2 GPa d1 0.05 -
ν 0.0 - n 0.6 - d2 0.0 -
ρ 3700 kg/m3 m 0.6 -
A 0.930 GPa PHEL 0.1250 GPa
B 0.310 GPa σHEL 0.3746 GPa

material under tension no deviatoric strength is present. From (2.19) it can be found that
zero deviatoric stress is predicted if

∆εp = en+1
e . (2.23)

This reduces the deviatoric stress to zero and also satisfies the purely deviatoric flow rule
for the JH2 model.

2.4. RESULTS
The material models presented in section 2.2.1 are used to simulation a number of test
cases. Each test case will be simulated using the JH2 model with C = 0.0 (JH2-ri), the JH2
model with C = 0.025 and ˙̄ε0

p = 1s−1 (JH2-rd) and the viscosity regularized JH2 model
(JH2-V). Other material properties are shown in Table 2.1. The values of PHEL and σHEL

are obtained by choosing µHEL = 0.001. Note that by choosing d2 = 0.0 the failure strain
becomes independent of pressure. This ensures a finite rate of damage in the JH2-V
model for pressures below the static apex pressure T .

The aim of the simulations in the current section is threefold. First, the simula-
tions will show mesh dependency for the JH2 model. Second, the results show that
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the JH2-rd model has regularizing properties but these are insufficient for some load-
ing cases. Third, the JH2-V model is shown to properly regularize the simulation results
for all reviewed loading cases.

2.4.1. UNIT TEST
Mesh-dependency is a result of the loss of ellipticity of the boundary value problem in
static analyses [37]. It can be shown mathematically when this loss of ellipticity occurs.
An acoustic tensor is defined as

A = n ·D v p ·n, (2.24)

where n is a normal vector to a (localized) failure surface and D v p the (visco)plastic tan-
gent matrix. Loss of ellipticity occurs if

det(A) ≤ 0, (2.25)

for any or some n. The current chapter will not provide proof for the loss of ellipticity in
the JH2 model nor for the sustained ellipticity in the JH2-V model. Instead a numerical
investigation with single element tests is adopted.

A single Q4 plane strain element with a single Gauss integration point is subjected
to pure shear or pure uniaxial tensile deformation. The deformation is incrementally
increased to allow for plastic deformation of the material and possibly invoking apex
return. For each load increment in which the integration point experiences plastic de-
formation the visco-plastic tangent matrix is stored. Assuming a normal vector n in the
plane of the element with an in-plane orientation varying from φ = 0◦, 1◦, .. 180◦ the
acoustic tensor can be computed for each direction. During plastic deformation one or
more directions may show a negative determinant, indicating loss of ellipticity. Note that
for apex return (2.22) holds, thus det(A) = 0 and the material will lose ellipticity.

Figure 2.3 shows the minimum values for the determinant of the acoustic tensor
found during unit testing. The vertical axes show the values of the determinant nor-
malized with respect to the determinant of the elastic acoustic tensor. Figure 2.3a shows
the results for the shear test. The horizontal axis represents the increments from start
of plastic deformation to the end of the simulation, full failure (i.e. D = 1.0) was not
reached during this shear test. The JH2-ri model shows a negative determinant for all
plastic load steps. This was to be expected as softening plasticity models are known to
lead to loss of ellipticity. The addition of a rate dependency either in form of JH2-rd or
JH2-V model regularizes the model and ensures a positive determinant of the acoustic
tensor. Figure 2.3b presents the unit test results under tension. Again the horizontal axis
represents the increments during the simulation, this time from the start of plasticity to
the step just before apex return. These results show that both the JH2-ri and JH2-rd mod-
els lose ellipticity during loading. For the JH2-V model ellipticity is maintained during
plastic deformation.

The unit test shows that the JH2-rd model can provide regularization, but not for all
loading cases. The JH2-V model does provide regularization under the investigated load-
ing scenarios. In the next subsections the mesh-dependency resulting from the loss of
ellipticity will be shown. Initial results focus on spurious localization, while later results
focus on mesh-bias.
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Figure 2.3: Single element tested under pure shear and uniaxial tension. The graphs show the normalized de-
terminant of the acoustic tensor. A negative value indicates a loss of ellipticity of the boundary value problem.
This will lead to mesh-dependent results.

2.4.2. TAPERED BAR CASES

The first test case is a tapered bar subjected to shear, tensile or compressive loading.
The bar has a length of 5mm and a width ranging from 1.0-1.1mm. For a tapered bar
failure is expected to initiate in the smallest and thus weakest cross section of the bar.
Figure 2.4 shows a schematic view of the three tapered bar tests, including the boundary
conditions. A deformation δ is applied on the left boundary and a reaction force F is
measured.

In all simulations a plane strain formulation is used for the tapered bar. Four noded
quadrilateral elements are used with a 2∗2 Gaussian integration scheme. The number of
elements is variable, to study mesh dependency 5, 10 and 20 equidistributed elements
are used. The displacement is applied in increments of∆u = 1.0·10−5mm. When viscous
models are considered a time step is introduced as ∆t = 1.0 · 10−4ms. This ensures a
loading rate of 0.1m/s. Although the viscous cases have a time step involved, the loading
is quasi-static and inertia effects are excluded from the simulation.

An adaptive load stepping scheme is adopted in order to obtain convergence. In this
scheme the previously mentioned increment in displacement is reduced or increased
depending on the convergence of the global Newton-Raphson scheme [36]. A constant
rate of loading is maintained by scaling the time increment in the same way as the dis-
placement increment.

TAPERED BAR UNDER SHEAR

The tapered bar case under shear from Figure 2.4a is simulated using the JH2-ri model.
Figure 2.5a shows the resulting equivalent plastic strain of the tapered bar after 10µm
of deformation. From top to bottom 5, 10 and 20 elements are used. The figure clearly
shows localization of plastic deformation in a single element. This is confirmed by Fig-
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F, δ

(a) Shear loading

F, δ

(b) Tensile loading

F, δ

(c) Compressive loading

Figure 2.4: Schematic representation of tapered bar tests. Boundary conditions are shown, the triangles repre-
sent a fixed degree of freedom, the arrows indicate the direction of loading.

ure 2.5c, where the equivalent plastic strain is plotted along the bar axis. The load dis-
placement data for these simulations are shown in Figure 2.5b. This confirms the mesh
dependency once more, as a finer mesh results in a more brittle response.

A second series of simulations was performed using the new JH2-V model. A viscosity
parameter η = 0.2 · 10−3 GPa·s is chosen such that the plastic deformation occurs in a
finite zone. Figure 2.6a shows the resulting equivalent plastic strain of the tapered bar
after 10µm of total deformation, which confirms the finite zone of plastic deformation.
Figures 2.6b and 2.6c confirm that the plastic zone size has converged for the given range
of elements. Compared to the 20 element JH2-ri results (black dotted line in Figure 2.6b)
a 3.16% increase of peak load is found.

A third series of simulations is performed with the standard JH2-rd model. The rate
parameter C = 0.025 is chosen such that the plastic deformation occurs in a finite zone.
Figure 2.7a shows the resulting plastic deformation of the tapered bar after 10µm of to-
tal deformation. From the figures it can be found that the plastic deformation indeed
spreads over a zone rather than localizing in a single element (as was observed for the
JH2-ri model). Although the JH2-rd model shows a zone of plastic deformation, the size
of this zone still appears to change as the mesh is refined from 10 to 20 elements (Fig-
ure 2.7a). Only when the 40 element mesh is compared to the 20 element mesh, the zone
appears to be somewhat similar in size. This is confirmed by the equivalent plastic stain
profile in Figure 2.7c. It is interesting to note that the plastic zone spreads through the
entire bar for the JH2-rd model. The load displacement data in Figure 2.7b shows equal
responses for the 5, 10 and 20 element meshes. The increase of peak force is 9.11% com-
pared to the JH2-ri model. This is significantly more than the 3.16% found for the JH-V
model.

To compare the plastic zone predicted by the JH2-ri , JH2-rd and JH2-V models the
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(c) Equivalent plastic strain profile along the ta-
pered bar axis. An increase in equivalent plastic
strain can be found for decreasing mesh size.

Figure 2.5: Tapered shear bar results for the JH2-ri model.



2

24 2. A VISCOSITY REGULARIZED PLASTICITY MODEL FOR CERAMICS

5 elements

10 elements

20 elements

(a) Equivalent plastic strain. Viscosity parameter η is chosen such that regularization is observed. Plastic
deformation is found to spread over a zone rather than to localize.
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(b) Force displacement graph. All three meshes
give similar results. Small increase of strength is
observed compared to the JH2-ri model.
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(c) Equivalent plastic strain plotted along the ta-
pered bar axis. The profiles are found to converge
upon mesh refinement.

Figure 2.6: Tapered shear bar results for the JH2-V model.
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(a) Equivalent plastic strain. Rate dependency parameter C is chosen such that regularization is observed.
Plastic deformation is found to spread over a zone rather than to localize.
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(b) Force displacement graph. All three meshes
give similar results. Small increase of strength
is observed compared to the JH2-ri and JH2-V
model.
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(c) Equivalent plastic strain plotted along the ta-
pered bar axis. The profiles are found to converge
upon mesh refinement.

Figure 2.7: Tapered shear bar results for the JH2-rd model.
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Figure 2.8: Normalized equivalent plastic strain plotted along the tapered bar axis. The 20 element mesh is
used, results are for three different material models.

normalized equivalent plastic strain profiles are plotted along the bar axis. Figure 2.8
shows the integration point values of this normalized equivalent plastic strain. The 20
element mesh is used for this comparison. A stepwise profile can be observed for all
three cases. This is the result of the use of linear elements, which are only capable of
predicting a constant strain in a single element. The figure shows a localized plastic
deformation of the JH2-ri model. For the JH2-rd and JH2-V model plastic deformation is
found to occur in a zone rather than a single element. The plastic deformation zone of
the JH2-rd model is found to extend throughout the entire bar, while the plastic zone of
the JH2-V model is smaller.

TAPERED BAR UNDER TENSION

A simulation of the tapered bar under tension from Figure 2.4b is conducted using the
JH2-ri model. Figure 2.9a shows the resulting plastic deformation of the tapered bar,
discretized with 5, 10 and 20 elements. Similar to the shear loaded bar the plastic de-
formation localizes in a single element. Neighbouring elements show no plastic defor-
mation. The equivalent plastic strain profiles from Figure 2.9c confirm this. All three
meshes are found to have the same amount of equivalent plastic strain. This is because
an arc-length method is used and all elements follow the exact same stress strain path.

Arc-length control is used in these simulations to be able to trace snap-back be-
haviour. This is typical for brittle materials and results from the softening behaviour of
the material. As plasticity localizes in a single element other elements are found to un-
load elastically. This reduces the total force on the bar and also the total deformation to
reach this force. The load displacement graph for the tensile bar is shown in Figure 2.9b.
The snap-back is clearly seen in the figure. As soon as plastic deformation is initiated
the force is reduced and continues to reduce until the element has fully failed. A sudden
drop in force is observed when the pressure in the weakest element reaches the apex
pressure T , after which apex return is invoked and negative pressures can no longer be
supported. Again, similar to the shear case, the curves do not converge when the mesh
is refined and mesh-dependency is clearly shown.

A second series of simulations is performed on the tapered tensile bar with the JH2-V
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(a) Equivalent plastic strain. Localization upon mesh refinement can be seen clearly.
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(c) Equivalent plastic strain profile along the ta-
pered bar axis. The equivalent plastic strain can
be found to be equal for all mesh sizes.

Figure 2.9: Tapered tensile bar results for the JH2-ri model.
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(a) Equivalent plastic strain. Plastic deformation is bound to a zone rather than a single element.
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(b) Force displacement graph. All three meshes
give similar results. Small increase of strength is
observed compared to the regular JH2-ri model.
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(c) Equivalent plastic strain plotted along the ta-
pered bar. Profiles are found to converge upon
mesh refinement.

Figure 2.10: Tapered tensile bar results for the JH2-V model.

model. Figure 2.10a shows the resulting plastic deformation of the tapered bar right
before apex return is invoked. In the tapered bar with the JH2-V model apex return
will only be invoked in the weakest element, similar to the JH2-ri model. Showing the
equivalent plastic deformation after this apex return would give the impression of mesh-
dependency, as the magnitude of equivalent plastic strain in this weakest element under
apex return is considerably larger than in neighbouring elements. Showing the equiv-
alent plastic strain before apex return correctly shows the mesh-independence of the
model. This mesh-independence is confirmed by the equivalent plastic strain profiles
shown in Figure 2.10c. For the JH2-V model the arc-length method can not be used,
and therefore the peak values of equivalent plastic strain are not exactly the same for all
meshes. The figure shows plastic deformation spreading over a zone rather than localiz-
ing in a single element. The load displacement in Figure 2.10b again confirms the mesh
independent behaviour of the JH2-V model. The peak load of the JH2-V model is found
to be 4.47% higher than the JH2-ri peak load.

A third and final series of simulations is performed on the tapered tensile bar, using
the JH2-rd model. Recall that the rate dependency parameter C = 0.025 was chosen such
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that the results under shear were regularized. Figure 2.11b shows the load displacement
graph for the JH2-rd model. The peak load of the JH2-rd model is found to be 5.94%
higher than the JH2-ri peak load. Compared to the JH2-V results the post peak defor-
mation is smaller and the behaviour appears to be more brittle. Figure 2.11a shows the
equivalent plastic strain plots for the tapered bar under tension. Similar to the results
from the JH2-V model the equivalent plastic strain is plotted before apex return. The
plastic deformation no longer spreads over a zone comparable to the shear case. The
figure suggests that plastic deformation is localized in the last element of the bar. How-
ever, close examination of integration point data in Figure 2.11c reveals that the plastic
deformation does spread to neighbouring elements, although most deformation occurs
in the last element of the bar. The peak value of the equivalent plastic strain may be
found to reduce upon mesh refinement. Since plastic strain is related to energy dissi-
pation it is clear that reducing the mesh size also reduces the dissipated energy in the
system. Next to (spurious) localization this is one characteristic of mesh dependency. So
although the value of C = 0.025 appears to regularize the solution for the tapered bar un-
der shear, it may not provide regularization under tensile loading. This would be in line
with the unit test results from section 2.4.1, which showed that ellipticity was lost for the
JH2-rd model under tension but not under shear. To confirm these findings the determi-
nant of the acoustic tensor is computed during the tapered bar test. For this purpose a
single integration point in the smallest element at the right side of the bar (Figure 2.4) is
analysed. The normalized values of the determinant of the acoustic tensor are presented
in Figure 2.12. Both the results for the JH2-rd and the JH2-V model are presented. Ellip-
ticity is lost if condition (2.25) is met. The results once more show that the JH2-rd model
loses ellipticity, while the JH2-V model retains ellipticity throughout the simulations. For
the JH2-rd model oscillations in the value of the determinant of the acoustic tensor are
observed if the value approaches zero. These oscillations are related to reductions of the
step size by the adaptive load stepping scheme.

For a more thorough comparison the normalized equivalent plastic strain profiles are
compared in Figure 2.13. The 20 element mesh is used for this comparison. Similar to
the shear cases the JH2-ri model shows spuriously localized plastic deformation, while
the JH2-rd and the JH2-V models show a zone of plastic deformation. When both viscous
models are compared by means of the normalized profiles, the sharpest profile is found
for the JH2-rd model. Although this model predicts a zone of plastic deformation, most
deformation still occurs in the last element. This explains why the plot in Figure 2.11a
appears to have localized plastic deformation.

TAPERED BAR UNDER COMPRESSION

As a final check in the tapered bar under compression from Figure 2.4c is studied. The
equivalent plastic strain profile for the JH2-ri model is shown in Figure 2.14a. Under
compression the plastic deformation is found to occur in a zone rather than to localize
in a single element. This behaviour is to be expected since the tapered bar is confined in
lateral directions and the material strength increases with pressure. As the bar is loaded
the material will experience both plastic softening and an increase in strength with in-
creasing pressure. The latter is observed as an effective hardening of the material. As
a result plasticity spreads through the bar. The results for the JH2-V model are similar
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(a) Equivalent plastic strain. Localization upon mesh refinement can be observed, although a small amount
of plasticity is found to spread over neighbouring elements. This is in contrast with the shear case, where
regularized results were found.
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(b) Force displacement graph. Small increase of
strength is observed compared to the JH2-ri and
JH2-V model.
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(c) Equivalent plastic strain plotted along the ta-
pered bar. The profiles do not converge for the
current meshes.

Figure 2.11: Tapered tensile bar results for the JH2-rd model. Rate dependent parameter C is equal to the
tapered shear bar case. Recall that results were regularized under shear for the chosen C parameter.
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Figure 2.12: A normalized determinant of the acoustic tensor, computed in a single integration point of the
weakest element in the tapered bar test. A negative value indicates a loss of ellipticity of the boundary value
problem. This will lead to mesh-dependent results.
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Figure 2.13: Normalized equivalent plastic strain plotted along the tapered bar, loaded under tension. Results
are obtained for the 20 element case with three different material models.
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(a) JH2-ri model.
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(b) JH2-V model.

Figure 2.14: Tapered compression bar, equivalent plastic strain plots. Localization upon mesh refinement is
absent.

and can be found in Figure 2.14b. The similarity was to be expected, as the difference in
strength of the JH2-V model is mainly found under tension (Figure 2.1).

TAPERED BAR IN DYNAMICS

The previous results on the tapered bar were all obtained by performing quasi-static
simulations. These exclude inertia effects and wave propagation in the bar. Since the
JH2 model was originally designed for dynamic loading the model’s behaviour under
dynamic loads should also be checked. The test case remains the same tapered bar with
an applied displacement. The displacement is applied at a rate of 0.1m/s, similar to the
quasi-static tapered bar case. This applied rate or velocity will generate a stress wave
in the bar. The stress wave will propagate at approximately 10.000m/s given the mate-
rial parameters from Table 2.1. For the current boundary conditions the stress wave will
reflect multiple times before failure is initiated in the weak element.

To obtain the dynamic results an implicit time integration scheme is applied. The
Newmark-β scheme is used with β =1 /4 and γ =1 /2. This solution scheme uses the
consistent tangent as well as the mass matrix to iteratively find a converged solution for
each load increment.

Figure 2.15a shows the equivalent plastic strain in the tapered bar under dynamic
tensile loading simulated with the JH2-ri model. Localization of the plastic deformation
can be observed at the right side of the tapered bar, similar to the quasi-static results
shown previously in Figure 2.9a. The equivalent plastic strain plots are obtained at the
final increment before apex return is invoked. Figure 2.16a shows the results for the
tapered bar under dynamic loading with the JH2-V model. As seen before, this model
provides regularization and the results are mesh independent.
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(a) Equivalent plastic strain. Note the localization upon mesh refinement on the right side of the bar.
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(b) Force displacement graph. All three meshes give the same results. Black dotted line is obtained by quasi-
static simulation of the tapered bar under tension.

Figure 2.15: Tapered tension bar results for the JH2-ri model under dynamic loading.

The load displacement graphs of the dynamic tapered bar test are shown in Fig-
ure 2.15b and 2.16b. The graphs are similar to the quasi-static case in terms of peak
force, but post peak behaviour can be found to differ. For the JH2-ri model the snap-
back behaviour is not present in dynamics as arc-length control cannot be applied. For
the JH2-V model the total deformation between the peak force and the sudden drop of
strength under apex return is extended. In both cases strong oscillations can be found
after apex return. This is caused by the sudden loss of strength experienced during apex
return. These oscillations may cause additional damage to the material after apex return.

TAPERED BAR CONCLUDED

From the tapered bar tests it is clear that the JH2 model suffers from mesh dependency
under tension and shear loading. For compressive loading there is no apparent mesh de-
pendency. The original JH2 model with rate dependency (JH2-rd model) can regularize
the problem under shear, but no regularization is found under tension. The proposed
JH2-V model offers regularization for both the tensile and shear loaded cases. This con-
clusion holds for both quasi-static and dynamic loading.
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(a) Equivalent plastic strain. Localization upon mesh refinement is absent.
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(b) Force displacement graph. All three meshes give the same results. Black dotted line is obtained by quasi-
static simulation of the tapered bar under tension.

Figure 2.16: Tapered tension bar results for the JH2-V model under dynamic loading.
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2.4.3. MESH BIAS
An important problem related to mesh dependency is mesh bias of the results. When
studying ceramics a mesh bias can result in an erroneous prediction of crack propaga-
tion. As cone cracks can lead to full armour failure in ceramic armour systems it is of vital
importance to objectively capture cracks in the simulations. To study the effect of mesh
bias in the JH2 model a direct shear test is considered. By varying the mesh alignment
the mesh bias effect can be demonstrated.

The direct shear test is commonly applied in rock mechanics to determine a mate-
rial’s shear strength [38]. A schematic representation of the direct shear test is shown
in Figure 2.17a. A cubic specimen is placed in two boxes, each enveloping half of the
specimen. The bottom box is fixed, while the top box is displaced to load the specimen
in shear. For the current test a loading rate of 1.0 m/s is assumed. The simulations are
performed quasi-statically, thus excluding inertia effects. For the current test the width
and height of the specimen are assumed to be 3mm.

In the direct shear experiment the boundary conditions of the specimen are defined
by the contact with the boxes, which can only transmit compressive loads. For the FE
simulations the boundaries are applied as in Figure 2.17b. The specimen sides are sup-
ported in normal direction over half of their length only. These conditions are a simpli-
fication of the contact problem defined by the boxes. The current boundary conditions
were found to prevent boundary induced tensile damage in the material.

To study the effect of bias three different meshes are used: a horizontally aligned
mesh, an upward slanted mesh and a downward slanted mesh. These meshes will be
referred to as the mesh with “no bias”, “upward bias” and “ downward bias”. The upward
biassed mesh is aligned with the principal stress direction found for this direct shear test,
as is shown in Figure 2.17c.

DIRECT SHEAR FOR JH2-RI

To provide a benchmark of the direct shear test initially the JH2-ri model is used. Ma-
terial parameters are the same as those used to study the tapered bar case, except the
Poisson’s ratio which is ν = 0.22 for the direct shear tests. Load displacement data for
the different mesh alignments are shown in Figure 2.18. Peak forces are similar for all
three meshes, while large differences in post peak behaviour can be found. The meshes
with an up- and downward bias are able to maintain a higher force in the post-peak
regime when compared to the horizontally aligned mesh. Of all three mesh alignments
the upward slanted mesh predicts the highest force for a given level of deformation, thus
having the most ductile post peak response. These results once again illustrate the mesh
dependency problem facing the JH2-ri model. Figure 2.20a shows the damage profiles
of this direct shear test after 25µm of applied deformation. For all three mesh directions
the damage profile is found to follow the mesh alignment. This is particularly clear in the
upward slanted mesh, where two lines of high damage (i.e. cracks) are found to propa-
gate from the boundary along a single line of elements. These damage profiles clearly
demonstrate the mesh bias problem for the JH2-ri model.

DIRECT SHEAR FOR JH2-RD

Figure 2.20b shows the damage variable after 25µm of applied deformation for the JH2-rd
material model. The viscosity is the same as for the tapered bar test. The damage pro-
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Figure 2.17: Direct shear test.
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Figure 2.18: Direct shear test using the JH2-ri model. The peak strength of the material is more or less equal
for all meshes. However, a strong mesh dependency can be found in the post peak behaviour of the material.
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Figure 2.19: Direct shear test using the JH2-rd model with C = 0.025. A strong mesh dependency is present in
the post peak behaviour of the material.

files for the JH2-ri and JH2-rd models appear to be similar and both show a mesh bias
in the results. This is in line with the previous sections, where the JH2-rd model was
found to provide insufficient regularization. The load displacement graph for this model
can be found in Figure 2.19. Compared to the JH2-ri model the peak values are consid-
erably higher, for the horizontal aligned mesh the difference is 30.59%. The post peak
behaviour for the JH2-rd model does still show mesh dependence. Where the mesh de-
pendence is a consequence of the bias effect and is not related to the mesh size as seen
for the tapered bar.

DIRECT SHEAR FOR JH2-V
The damage profiles for the JH2-ri model are compared to the JH2-V model in Figure 2.22.
The viscosity is the same as for the tapered bar test. For the horizontally aligned mesh
it is clear that damage is also found outside the middle two rows of elements. Similarly
the downward slanted mesh predicts failure in a larger zone than what is found for the
JH2-ri model. The upward slanted mesh simulated with the JH2-V model shows damage
to occur in a smaller zone compared to the JH2-ri model. The damage profiles for all
three meshes show more resemblance for the JH2-V model compared to the profiles of
the JH2-ri model. It must be stated that although the results are an improvement, there
is still some mesh bias present in these results. The load displacement data can be stud-
ied from Figure 2.21. The peak force values are found to increase significantly compared
to the JH2-ri model. For the horizontal aligned mesh the difference is as large as 52.77%,
much more than what was found for the JH2-rd model. This is the opposite of what was
found for the tapered bar test, where JH2-rd predicted a larger peak force than the JH2-V
model. For the JH2-V model the post peak behaviour is now found to be similar for all
three meshes up to 15−20µm of deformation.

MESH BIAS RECONSIDERED

The direct shear test has been simulated with four noded quadrilateral elements. These
elements are known to suffer from mesh locking. To alleviate mesh locking, the B-bar
method developed by Hughes [39] is applied. This method relies on a mixed integration
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Figure 2.20: Direct shear test, damage scalar D ∈ [0..1] is plotted. Different mesh alignment is considered from
left to right.

scheme. Deviatoric stresses are integrated using a 2∗2 Gauss integration scheme, while
the hydrostatic stress is computed using a reduced 1 point Gauss integration.

Figure 2.23 shows the load displacement plots for both the JH2-ri and JH2-V models
simulated with the B-bar method. The simulation results with the B-bar method ap-
pear to be much less mesh dependent, as the post peak responses lie closer for all three
meshes. This holds true for both the JH2-ri and JH2-V model.

The damage profiles of the direct shear test with the B-bar method are shown in Fig-
ure 2.24. For the JH2-ri model the profiles are similar for all three meshes. Similarly,
the JH2-V model shows good agreement for the damage profiles from all three meshes.
For the mesh with horizontal alignment the JH2-ri model predicts failure in a single row
of elements. The JH2-V model results in a failure zone including and surrounding this
central line of elements. These results show that although mesh bias may be strongly re-
duced by using the B-Bar method they may still suffer from minor spurious localization.

MESH BIAS CONCLUDED

The direct shear test has been simulated using the JH2-ri , JH2-rd and JH2-V models. The
JH2-ri model showed a clear mesh bias effect in both the damage profile and the load
displacement plots. Using the JH2-rd model did not remove or reduce this type of the
mesh dependency. This is in line with the results from the previous section where JH2-rd
was not able to fully regularize the tapered bar test. When the JH2-V model is applied the
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Figure 2.21: Direct shear test using JH2-V model with η= 0.2 ·10−3 GPa·s. The peak shear force is similar for all
meshes. Compared to the JH2-ri model results there is a large increase in peak force. The post peak behaviour
is similar for all three meshes, up to a deformation of around 15µm.

damage profiles clearly show a reduced mesh bias effect. This is also confirmed by the
load-displacement data. When using the B-bar method with the JH2-V model the mesh
bias can be reduced even further, while still predicting a failure zone wider than a single
line of elements.

2.5. DISCUSSION

The proposed viscosity of the JH2-V model has a linear formulation. In the previous
sections it was shown that this regularizes the solution of the tapered bar case for all in-
vestigated load scenarios. However, these results were all obtained for the same loading
rate. If the applied loading rate changes by some orders of magnitude the time scale
of the load may be of a different order compared to the relaxation time of the viscous
system. This mismatch in load and relaxation time can lead to one of the two follow-
ing problems. The first problem appears for low loading rates, where the viscosity may
be insufficient to provide regularization [40]. For the tapered bar this is easy to show,
as localization reappears for very low loading rates. A non-local model may be used in
addition to visco-plasticity to solve for this problem at low loading rates [27]. A second
problem for viscous regularization can be found for much larger loading rates, where
the failure zone size is found to increase dramatically in size. The latter problem will be
addressed in the current section. The loading rate effect is studied for the JH2-V model.
The JH2-rd model is not used, as previous results showed unsatisfactory regularization
for this model. The tapered bar under tension is considered. The case is simulated dy-
namically, where a velocity boundary condition is applied to generate a tensile stress
wave.

The proposed viscous model has been studied for its regularizing properties up to
this point. The current section will end by showing the physical implications of the pro-
posed viscous model. To do so, a spall experiment is simulated and results are compared.
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Figure 2.22: Direct shear test, damage scalar D ∈ [0..1] is plotted. Different mesh alignment is considered from
left to right.

2.5.1. LOADING RATE
Figure 2.25a shows the equivalent plastic strain profiles for the tapered tensile bar sub-
jected to a range of loading rates. The profiles are plotted right before apex return is
invoked in the weak element. From top to bottom the applied loading rate is 0.05, 0.1,
0.2, 0.4, 0.8, 1.6, 3.2, 6.4 m/s. Note that the applied loading rate has been 0.1 m/s so far.

It can be seen that the lower loading rate of 0.05m/s predicts a smaller failure zone.
If the failure zone size falls below the element size the results would be similar to those
obtained by the standard JH2-ri model. Please note that the regularization effect is still
present and would reappear upon mesh refinement. For increased loading rates these
figures clearly demonstrate a widening of the failure zone. For the four highest loading
rates plastic deformation can even be found to spread through the entire bar. The equiv-
alent plastic strain profile found in Figure 2.25b confirms the widening of the failure zone
with increased rate.

2.5.2. NON-LINEAR VISCOSITY
In the previous section the failure zone size was found to increase rapidly with loading
rate. Figure 2.25b shows that an increase of loading rate from 0.1 to 0.4m/s is sufficient
to double the failure zone size from 2.5 to 5.0mm. When applying the JH2-V material
model for real world problems (e.g. indentation or impact simulations) the loading rates
may differ by a few orders of magnitude. An increase of failure zone size of this magni-
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Figure 2.23: Direct shear test load displacement plots. Solid lines are obtained with the B-bar method, dotted
lines without.

tude may not be desired. For regularization this increase is unnecessary and physically
it may be unrealistic. To limit the failure zone size for high rates the viscosity parameter
must be reduced. The simplest way to do this is manually through the input parame-
ters. The viscosity would be problem dependent and would require prior knowledge on
the occurring rates in the material during the simulation. A second and more robust
approach would be to use a non-linear viscosity formulation, in which the viscosity is
automatically reduced as the loading rate increases. The second option is chosen and
the original viscosity formulation from (2.14) is reformulated. For low loading rates the
original model is used, but beyond a threshold rate of λ̇t a logarithmic function is be
used. The apex pressure may be formulated to read

T (λ̇) =
{

T0 +ηλ̇ for λ̇< λ̇t ,

Tt

(
1+ ηλ̇t

Tt
ln

(
λ̇
λ̇t

))
else.

(2.26)

The apex pressure corresponding to the threshold rate can be found as Tt = T0 +ηλ̇t .
The formulation in (2.26) is C 1 continuous, which aids in the convergence of the local
Newton-Raphson scheme. Also note that this formulation converges to the linear vis-
cosity formulation (2.14) for λ̇t →∞.

Figure 2.26 shows how the apex pressure from (2.26) evolves with rate in the mixed
linear/logarithmic formulation. A viscosity η = 0.2 ·10−3 GPa·s and an initial apex pres-
sure T0 = 0.2 GPa are used. The black dotted line provides the evolution of the apex
pressure in the limit case of a viscosity formulation with λ̇=∞, the black dashed line is
the fixed apex pressure found for the JH2-ri and JH2-rd models. The coloured lines show
the evolution of the apex pressure for a variation of the threshold rate λ̇t . The increase of
apex pressure (i.e. strength) with loading rate for rates above the threshold value is con-
sidered. As the rate increases the incremental increase in strength gradually reduces. For
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(a) JH2-ri

(b) JH2-V

Figure 2.24: Direct shear test using JH2-ri model (top) and JH2-V model with η = 0.2 · 10−3 GPa·s (bottom).
Damage scalar D ∈ [0..1] is plotted. Different mesh alignment is considered in the three figures. A mixed
integration scheme is used for all simulations.

sufficiently high rates the increase in material strength may even become negligible and
approaches zero. If the strength increase with loading rate is sufficiently small the mate-
rial model effectively loses its rate dependency and thus loses its regularizing property.
This effect can be found for sufficiently large loading rates. How large this loading rate
should be before the regularization is lost depends on the threshold value. For a lower
threshold value a smaller rate will suffice to lose the capability of regularization.

The apex formulation (2.26) is used to simulate the tapered bar for loading rates rang-
ing from 0.05−6.40m/s. The following results are found for η= 0.2 ·10−3 GPa·s and three
threshold values λ̇t = 5.0, 50.0 and 500.0 s−1. Figure 2.27 shows the equivalent plastic
strain profiles along the bar axis, plotted for three different threshold values λ̇t . On top
in Figure 2.27a a low value of the threshold λ̇t = 5.0 s−1 is used. All loading rates show
that most failure occurs in the weak element of the bar. These results appear to be sim-
ilar to the inviscid model results and one could conclude that this threshold value does
not provide sufficient regularization. This is in line with previous observations from Fig-
ure 2.26, where it was concluded that regularization may be lost if the rate is relatively
high compared to the threshold value.

For a threshold value λ̇t = 50.0 s−1 the failure can already be found to spread over
a zone rather than to occur in a single element, as is shown in Figure 2.27b. For this
threshold value all loading rates produce similar failure zones at the weak side of the
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Figure 2.25: Tapered tension bar results for the JH2-V model with a linear rate dependency. The velocity is
applied suddenly on the boundary.
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JH2-riFigure 2.26: Apex pressure T from (2.26) plotted as a function of loading rate. Three different threshold rates
λ̇t are used. The apex evolution for JH2-V and JH2-ri with rate are added as a reference.

bar. Small deviations in peak values are observed, but the main profile shapes are main-
tained. For this threshold value it appears that the spreading of the failure zone is limited
for increasing values of loading rate.

When the threshold value is increased to λ̇t = 500.0 s−1 the profiles of Figure 2.27c
are found. These show a growing failure zone size with loading rate. As a comparison the
results for the limit case of a viscosity with λ̇=∞ are added as the dotted lines. Up to a
rate of 0.80m/s both parameter sets give the same results and the solid and dotted line
are on top of each other. Only for higher rates there is a noticeable difference in the re-
sults. For the finite threshold rate λ̇t = 500.0 s−1 the equivalent plastic strain profiles for
3.20 and 6.40m/s are found to approach one another. This shows that the desired lim-
iting behaviour of the mixed linear/logarithmic viscosity formulation remains present,
but only for a high loading rate. In practice the latter means that the failure zone size is
not only controlled by the viscosity η but also through the threshold rate value λ̇t .

The tapered bar problem simulated with three values of the threshold rate shows that
the failure zone size can be limited by the linear/logarithmic formulation. It does depend
on the chosen value of the threshold, if chosen too small the model loses its regularizing
properties, if chosen too high the failure zone size may be larger than desired.

The newly proposed mixed linear/logarithmic formulation is subjected to a mesh
refinement study. Figure 2.28 shows the resulting equivalent plastic strain profiles for
four different meshes, loaded with a suddenly applied velocity of 0.8m/s. The profiles
are found to converge for a increasingly fine mesh. It is therefore concluded that the
mixed linear/logarithmic formulation can provide mesh independent results. However,
the limitations on the threshold rate mentioned in the previous paragraph should be
taken into account.

A final remark on the viscosity formulation is given. In section 3.3 it was concluded
that the JH2-V model with a linear apex viscosity is sufficient for regularization. In the
current section it is shown that this also holds for a mixed linear/logarithmic formula-
tion. The latter is a more general formulation as it can be shown that the linear/logarithmic
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(a) JH2-V model with linear/logarithmic formulation
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Figure 2.27: Tapered tension bar results for the JH2-V model with a mixed linear/logarithmic rate dependency.
Equivalent plastic strain profiles are plotted along the bar axis.
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Figure 2.28: Tapered tension bar results for the JH2-V model with a mixed linear/logarithmic rate dependency.
Threshold parameter λ̇t = 50.0 s−1. Equivalent plastic strain profiles are plotted along the bar axis for four
different meshes.

formulation reduces to a linear one for λ̇→∞. The mixed formulation is preferred, as it
allows for control of the failure zone size. Which may be required from a physical point of
view. Obtaining an objective and physical response of the proposed linear/logarithmic
formulation now depends on the model parameters η and λ̇t . For a given type of ce-
ramic these parameters will have to be calibrated to match experimental results. The
next section shows how this can be done for an alumina ceramic.

2.5.3. COMPARISON TO EXPERIMENTS

Until now the proposed viscous model has been studied for its numerical behaviour
only. The previous sections have shown that the proposed model can lead to mesh-
independent results. As a final step the physical implication of the proposed model is
investigated. A spall experiment on alumina ceramic is used, as described in [33]. In
this experiment an alumina plate is subjected to a stress wave, propagating though the
thickness of the plate. The centre of this plate experiences uniaxial strain conditions.
Therefore the test is simulated as a single column of elements, where only axial move-
ment is allowed. A compressive stress pulse is induced by applying one of the velocity
profiles from Figure 2.29a to the bottom surface of the column. These profiles are sim-
plified representations of the waves shown in [33]. In the current chapter nine different
wave amplitudes are considered, for each a spall strength and a certain loading rate can
be determined. Upon reflection of the compressive stress wave at the (free) top surface
of the column tensile stresses will be generated and the material fails. The paper [33]
provides the material properties E = 360GPa, ν = 0.22 and ρ = 3890 kg/m3. The other
model parameters are taken from Table 2.1, but with PHEL = 3.5 GPa, σHEL = 4.125 GPa,
d1 = 0.005 and d2 = 0.75. A minimal failure strain of ε̄max

p = 1.5 ·10−4 is enforced to pre-
vent immediate full failure below the static apex pressure T .

For the spall simulation the strength is defined as the highest axial stress found in
all material points, up to the point of first apex failure. At the same location and time
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where this highest stress is found, the strain rate will also be determined. This strain rate
is simply defined as the rate of total axial strain.

Figure 2.29b shows the predicted spall strength from the simulations, compared to
the experiment. It is clear that the JH2-ri and JH2-rd models fail to capture the rate
dependency of the spall strength. The JH2-ri model predicts a constant strength as a
function of rate. This agrees well with the theoretical strength of the rate independent
JH2 model. This theoretical strength may be computed from the yield surface, as it is
the location where the surface is first reached under the applied loading and boundary
conditions. For the given material parameters it can easily be shown that this occurs for
an axial tensile stress σ= 321.56MPa. The spall strength predicted by the JH2-rd model
is higher than the JH2-ri strength, which can be attributed to the rate dependency in the
model. The strength for the JH2-rd model is nearly constant, a slight increase with load-
ing rate may be observed. For the higher rates a minor scatter in the spall strength is
found, this can be attributed to the time step size in the simulations. The JH2-V model
does capture the rate dependency, a good fit is found for η = 0.028 · 10−3 GPa·s and
λ̇t =∞. The results for finite values of the threshold rate are also shown in Figure 2.29b,
they do not match the experimental results for the chosen values of η and λ̇t .

With the spall strength results the threshold rate λ̇t can also be given a physical
meaning. Figure 2.29b shows a change in slope of the spall strength at the finite thresh-
old rates λ̇t . Physically this change in slope can be related to a change in failure mech-
anism, which is often observed when investigating rate dependency of brittle materials.
If known, one may use the rate at which the mechanism changes as the value of λ̇t .

When only the spall strength is considered it is clear that a finite threshold rate is not
required to match the experimental data. In subsection 2.5.2 it was concluded that an
unphysical failure zone size is a reason to use a finite threshold rate. Therefore a check
on the failure zone size is performed for the spall test, to confirm that the current infinite
threshold rate is indeed correct. The simulations are now extended to a 2d simulation on
a 10mm high and 2.5mm wide plane strain column. Boundary conditions and material
parameters remain the same as before.

In Figure 2.30 the failure zones from the spall simulations are compared to the ex-
perimental result. Experimentally the spall zone could only be studied for the lowest
applied stress wave, as for higher stress waves the specimen could not be recovered. For
the original experimental results a failure zone size of 2.3mm is reported, starting 2.1mm
from the free surface. The simulation results are obtained by applying wave 2 from Fig-
ure 2.29a to the structure , with the same material parameters as those used to obtain
the spall strengths of Figure 2.29b. The colours in Figure 2.30 represent the damage vari-
able D ∈ [0..1]. The JH2-rd results are omitted, as this model already failed to capture
the spall strength. The JH2-V and JH2-ri results are both presented, the JH2-ri model
is added because it is a limit case of the JH2-V model (i.e. η → 0). All simulation re-
sults show full failure in the 2.3mm zone, similar to the experiment. The JH2-ri model
shows either full damage or no damage in the mesh, which once again confirms the re-
sults for the JH2-ri model being mesh dependent. The JH2-V model results show a more
gradual failure process, with material which is neither intact nor fully failed. The zone
with partial failure extends beyond the 2.3mm wide zone. It is uncertain if this is also
true in the experiments, as only macrocracks (i.e. full failures) are visible. As more ex-
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Figure 2.29: Spall test on alumina ceramic, comparing experiments to simulations.

perimental data become available this question might be answered. For now the JH2-V
model with η = 0.028 ·10−3 GPa·s and λ̇t =∞ is considered to be sufficient, as the spall
strength agrees with the experimental data and a comparison with the single available
experimentally measured failure zone size does not offer any objection to this conclu-
sion. More experimental results on the failure zone are required to validate this choice.

2.6. CONCLUSIONS
The JH2 material model was found to suffer from mesh dependency. Tapered bar and di-
rect shear tests showed spurious localization as well as mesh bias. The logarithmic rate
dependency included in the original model was found to remove mesh dependency in
the tapered bar test under shear loading. However, when using the same model param-
eters under tensile loading mesh dependency reappeared. In the direct shear test the
original rate dependency also failed to provide sufficient regularization.

An apex viscosity was proposed as a modification to the JH2 material model. A lin-
ear apex viscosity formulation was found to provide sufficient regularization as spurious
localization was not present and mesh bias effects were reduced compared to the JH2
model.

In dynamic simulations the introduced linear formulation revealed a potential prob-
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Figure 2.30: Spall failure zones in experiment (from [33]) and simulations compared. Simulation results show
the damage variable D ∈ [0..1]. The JH2-V model results are obtained with η = 0.028 ·10−3 GPa·s and varying
values of the threshold rate λ̇t .
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lem. When exposed to loading rates ranging over multiple orders of magnitude the pre-
dicted failure zone is found to grow fast. In reality a failure zone may not grow as fast, or
not at all if the loading rate is increased. To control the failure zone size a combined lin-
ear/logarithmic viscosity formulation was proposed. The combined linear/logarithmic
apex viscosity was found to limit the failure zone size for higher loading rates while still
providing mesh independent results for the range of loading rates considered here. The
linear viscosity formulation is found to be a limit case of the mixed linear/logarithmic
formulation. Hence the mixed linear/logarithmic formulation is recommended for gen-
eral use.

As a final step the physical implication of the proposed rate dependent apex pressure
was tested by simulating a spall experiment on alumina ceramic. The apex viscosity was
found to correctly capture the rate dependent spall strength of the ceramic. The original
JH2 material model failed to capture this rate dependency.
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3
SIMULATING BRITTLE AND

DUCTILE RESPONSE OF ALUMINA

CERAMICS UNDER DYNAMIC

LOADING

3.1. INTRODUCTION
Ceramic materials such as alumina and silicon carbide are widely used in armour sys-
tems. These ceramics have a high hardness and relatively low weight when compared
to traditional armour materials such as steel. The high hardness of the ceramic ensures
heavy deformation and even fracturing of incoming projectiles. The ceramic material
itself may also damage during this interaction. As long as the ceramic can exert a force
on the projectile, the deformation and deceleration of the projectile continues. Under-
standing the failure process of a ceramic material is therefore key in understanding the
projectile/armour interaction [2–4]. Armour ceramics show multiple modes of failure.
Under tension the behaviour is brittle, while a more ductile behaviour can be found un-
der compression. The brittle nature under tensile loading is attributed to macro crack
formation. While the ductile behaviour of the ceramics under compression can be ex-
plained by micro-crack formation and plasticity. Plastic deformation of ceramics under
impact is well known and appears for sufficiently high confining pressures [5–9].

Although the main modes of failure are known for armour ceramics it is still difficult
to properly capture their behaviour, the sequence of occurrence and the interaction of
mechanisms with a computational model. Experimental measurements of the individ-
ual failure processes are very limited. True impact experiments with projectiles can be

This chapter is based on [1]
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performed, but material behaviour is often deducted rather than measured. The latter
is difficult due to highly varying stress states and the catastrophic nature of the experi-
ments. There are two main paths one can take to better understand the failure process.
The first way is to limit the loading rates, and therefore consider quasi-static indenta-
tion tests [10, 11] and slow dynamic testing such as drop-weight impact tests [8]. The
main advantage of these tests is that the ceramic does not fail catastrophically. This
makes it possible to examine intermediate stages of failure which lie between intact and
fully failed. A second way to study ceramic failure is by simplifying the dynamic load-
ing, e.g. by plate impact or spall tests. In these experiments the material is loaded in a
well defined way, which makes it possible to deduce the material behaviour under these
dynamic loading scenarios. When building a constitutive model for ceramics this type
of information is essential. The main advantage of the second type of tests over the first
one is that the dynamic nature of the impact problem is maintained, which is why the
second approach is adopted in this chapter.

Plate impact tests have been performed on ceramic materials over the past decades,
providing a great deal of information in literature [12–21]. In a plate impact experiment
high pressures can be reached and the material fails under compressive loading. The
material is loaded in uniaxial strain and by measuring the free surface velocity of the
impacted plate the stress wave inside the material can be reconstructed. This stress
wave signal can then be used to derive material behaviour. Spall tests provide a second
simplified loading scenario. Two types of spall tests can be performed, either a slender
bar [22–25] of ceramic or a wide plate [26–28] is loaded. Similar to plate impact a spall
test performed on a plate will load the material in uniaxial strain conditions, but in the
spall test the target material fails under tension.

The plate impact and spall tests provide good insight in the material behaviour un-
der pure compressive or tensile loading. This information can be used to calibrate or
validate a constitutive model. The constitutive model should be able to capture the be-
haviour of the ceramic for both tests. This means that the model should be able to cap-
ture the brittle and ductile behaviour under tension and compression. Multiple consti-
tutive models for ceramics have been proposed in literature over the past decades. Note-
worthy models are those by Johnson and Holmquist [29–31], Simha [32] and Deshpande-
Evans [33, 34]. Most of the available ceramic material models are essentially softening
plasticity models. The main difference lies in the description of the material strength and
the way the models deal with ceramic failure. In the current thesis the second model by
Johnson-Holmquist [30] (JH2) is chosen as this is an often used and widely accepted
ceramic material model for ballistic impact.

Softening plasticity models (such as the JH2 model) are well known to suffer from
mesh dependency. In [35] a modification of the JH2 model was proposed which solved
this mesh dependency. The modification consisted of the inclusion of rate dependency
(i.e. viscosity) on the hydrostatic tensile strength of the material. Adding a viscosity to
a constitutive model is known to provide an implicit length scale, which can regularize
the solution and solve the mesh dependency problem [36–38]. In addition to providing
mesh independency for the JH2 model results it was seen that the rate dependency of
the tensile strength allowed the model to properly capture experimentally measured rate
dependency of the spall strength of ceramic [27], where the original JH2 model failed to
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do so.
The goal of the current chapter is to find a generic model, capable of simulating ce-

ramic failure both under tension and compression, subjected to a range of loading rates.
The viscosity regularized JH2 model (JH2-V) from [35] is used as a starting point. This
model will be described in Section 3.2. In Section 3.3 the JH2-V model (and the original
JH2 model) will be extensively tested. The models will be used to simulate a spall test,
a plate impact tests, a sphere impact test and a quasi-static ring-on-ring bending test.
For a correct material model all of these tests should give an adequate match between
experiments and simulations, for a single set of model parameters. Unfortunately the
analysis shows that this is not true for the JH2-V model (or the JH2 model). Fortunately
the simulation results give a clear indication that this is related to the failure formulation
of the model. The failure formulation in these models only allows for either brittle failure
under tension or ductile failure under compression. This is because the damage rate in
the failure formulation is a single pressure dependent function, coupling the behaviour
under tension and compression through the model parameters. In section 3.4 the failure
formulation is modified such that the failure response under tension and compression
is separated. This allows independent control over the damage rate under tensile and
compressive loading. Calibration of the new formulation is done based on spall and
plate impact tests. It is shown that the JH2-V model with the new softening formulation
can properly capture the ceramic’s behaviour in all four considered loading scenarios,
for a single set of model parameters.

3.2. METHODS AND MODELS
Finite element (FE) simulations are performed. For the FE simulations a C++ based code
is used, developed with the open source FE libraries provided by JemJive[39]. Implicit
solution schemes are used for the simulations in this thesis, Newton-Raphson for the
quasi-static simulations and Hilbert-Hughes-Taylor-α for the dynamic simulations.

The choice for this numerical framework will be briefly explained by two comments.
First a comment on the FE method. This is a well established method to solve a partial
differential equation (PDE). Other methods may also be used, such as the material point
method (MPM) [40, 41], smooth particle hydrodynamics (SPH) [42–46] and many oth-
ers. These methods may have some advantages and disadvantages over the FE method.
One major advantage of MPM and SPH is that these mesh-less methods easily deal with
large deformations, but they tend to be more computationally heavy than FEM. Since
the test cases in the current chapter do not experience large deformation the FE method
remains a good choice. The second comment is on the choice for the implicit time inte-
gration scheme. Compared to explicit time integration schemes these implicit schemes
have two main advantages. The first is that the balance of linear momentum is exactly
satisfied in each time step, which is not true for explicit schemes. The second advan-
tage is that these implicit schemes are unconditionally stable, and as such do not have
a critical time step. This means time steps can be much larger than what is possible in
explicit time integration schemes. This feature is further exploited in the current thesis
by using an adaptive time integration scheme, to keep the implicit scheme robust and
fast. The Hilbert-Hughes-Taylor-α method furthermore has some damping included in
its formulation, which may help when simulating dynamic contact problems [47]. The
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choice of how one solves the PDE and how one deals with time integration is indepen-
dent of the material model. The constitutive model developed in the current chapter
should therefore be considered as a general model, not bound by the FEM or implicit
time integration.

In the current thesis the Johnson-Holmquist-2 [30] model is used, as this is a widely
accepted material model for ceramics. The section will start with a short description
of the material strength in this model, as well as the viscosity regularized formulation
from [35]. The second part of the section will show how failure is captured in the ceramic
material models JH2 and JH2-V, as well as several others.

3.2.1. MATERIAL STRENGTH

JOHNSON-HOLMQUIST-2
In the Johnson-Holmquist-2 (JH2) model the yield function f of the material is described
as

f (σ,D) =σeq (σ)−σy (σ,D), (3.1)

whereσ is the stress tensor, D a scalar damage variable, σeq the Von Mises stress and σy

the material strength. This material strength can be found as

σ∗
y (σ,D) = (1−D) σ∗

i (σ)+D σ∗
f (σ), (3.2)

where ∗ indicates that the values are normalized with respect to the equivalent stress at
the Hugoniot elastic limit, i.e. σHEL . The material strength σy is an interpolation of the
intact and residual strengthsσi andσ f with damage D . The intact and residual material
strengths are a function of the pressure p(σ) =− 1

3σi i and can be expressed as

σ∗
i (σ) = A

(
T +p(σ)

PHEL

)n (
1+C ln˙̄ε∗p

)
, (3.3)

σ∗
f (σ) = B

(
p(σ)

PHEL

)m (
1+C ln˙̄ε∗p

)
. (3.4)

Here A, B , C , n, m, T and PHEL are material properties and ˙̄ε∗p is the rate of equivalent

plastic strain normalized with respect to reference rate ˙̄ε0. The rate dependency is con-
trolled through parameter C . This rate dependency provides a deviatoric scaling of the
material strength.

JOHNSON-HOLMQUIST-2 VISCOSITY-REGULARIZED

In [35] a modification to the JH2 model was proposed. To solve mesh dependency of the
original model an apex viscosity was introduced (hence Johnson-Holmquist-2 viscosity-
regularized or JH2-V). The material strengths from (3.3) and (3.4) are now replaced by

σ∗
i (σ) = A

(
T ( ˙̄εp )+p(σ)

PHEL

)n

, (3.5)

σ∗
f (σ) = B

(
p(σ)

PHEL

)m

. (3.6)
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In this formulation the apex pressure T is now a function of rate, providing a rate depen-
dent tensile strength to the material. In the above formulations the original logarithmic
rate dependency is absent, however the new formulation does not exclude the original
formulation as both formulations may be used together.

The proposed apex viscosity is a mixed linear/logarithmic formulation

T ( ˙̄εp ) = T (λ̇) =
{

T0 +ηλ̇ for λ̇< λ̇t ,

Tt

(
1+ ηλ̇t

Tt
ln

(
λ̇
λ̇t

))
else.

(3.7)

Here, λ̇ is the rate of plastic multiplier, which is equal to the rate of equivalent plastic
strain when using a deviatoric plastic flow rule. Furthermore, T0 is the rate indepen-
dent apex pressure, η is the viscosity and λ̇t is the threshold rate for which the viscosity
changes from linear to logarithmic. A transition pressure Tt = T0 +ηλ̇t is also used in
the formulation. The mixed linear/logarithmic formulation was found to provide mesh-
independent results. In addition it was shown that the proposed viscosity formulation
could match experimentally measured rate dependency of the spall strength of ceram-
ics. The original strength formulation of the JH2 model failed to have mesh-independent
results and also failed to capture the rate dependency in the spall strength.

3.2.2. CERAMIC SOFTENING
A strength reduction in the JH2 and JH2-V models is achieved by the damage parameter
D , as is shown in (3.2). This single damage parameter should be able to properly describe
the underlying failure phenomena. This may be challenging since the failure behaviour
of a ceramic under tension and compression can be very different. In this subsection
damage growth of the JH2 model is compared to other models.

JOHNSON-HOLMQUIST-2
In the JH2 model failure is a gradual process, where the yield stress reduces as the dam-
age parameter D grows (as shown in (3.2)). The rate of damage is found as

Ḋ =
˙̄εp

ε̄
f
p

, (3.8)

where ˙̄εp is the rate of equivalent plastic strain and ε̄
f
p is the plastic failure strain, for

which the material is fully failed. The failure strain is not constant in the JH models but
follows

ε̄
f
p (σ) = d1

(
T +p(σ)

PHEL

)d2

, (3.9)

where d1 and d2 are material constants. The values of d1 and d2 are typically unknown
for a ceramic, because direct measurement of plastic failure strain in ballistic experi-
ments is currently impossible. The functional form of the failure strain formulation
in (3.9) is therefore an assumption and the parameters are determined through inverse
modelling. Table 3.1 lists some of the failure related properties used in literature when
modelling alumina ceramic. The material density is added to give insight in the type of
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alumina ceramic considered in these sources. The difference between highest and low-
est values for d1 and d2 is found to be one order of magnitude. This great diversity is a
clear indication of their level of uncertainty.

Table 3.1: JH2 failure strain constants for alumina ceramics

d1 d2 ρ [kg /m3] source
0.002 0.83 3625 [48]
0.005 0.83 3625 [49]
0.005 1.00 3700 [50]
0.010 1.00 3800 [51]
0.001 1.00 3890 [52]
0.010 0.07 3890 [53]
0.0125 0.70 3890 [54]

In the JH2 formulation the failure strain for p < T is zero and failure is instantaneous.
In the JH2-V model the rate dependent material strength allows for the material to reach
p < T . However, if the JH2 failure strain is used this will still result in sudden failure. Ten-
sile failure in ceramic material is related to fracture and thus crack propagation. Crack
propagation is known to occur at a finite and limited velocity. This argues against the
sudden failure found in the JH2 softening formulation. A simple modification can be
made to (3.9) to ensure a finite rate of damage and at the same time allow pressure be-
yond the apex pressure. The failure strain formulation is changed to read

ε̄
f
p (σ) = max

(
d1

(
T +p(σ)

PHEL

)d2

, ε̄ f ,mi n
p

)
, (3.10)

where ε̄
f ,mi n
p is a small but non-zero failure strain value. Please note that this is not

the ‘modified formulation’ of the failure strain as mentioned in the introduction. Equa-
tion (3.10) is merely a fix to allow the failure strain to exist for pressures below the apex
pressure. This is the formulation used to perform the initial comparative analyses in Sec-
tion 3.3. Later in Section 3.4 a completely new failure strain formulation will be proposed
to improve the model results.

OTHER CERAMIC MODELS

The way the JH2 model deals with a reduction of strength is not unique. There are other
softening plasticity models for ceramics which use similar approaches. For instance the
closely related Johnson-Holmquist-1 (JH1) and the Johnson-Holmquist-Beissel (JHB)
model, as presented in [29] and [31], respectively. These models use the same dam-
age parameter as the JH2 model. However, the gradual interpolation of the material
strengths is not present in the JH1/JHB models. Instead, for these models an intact
strength is maintained until full failure is reached at D = 1.0, at which there is a sudden
transition to the residual strength. This approach essentially means that the ceramic be-
haves perfectly plastic, with one sudden reduction of strength as full damage is reached.

Another approach is found in the Deshpande-Evans-2 (DE2) model [34]. In this
model there are three distinct failure mechanisms incorporated. Depending on the tri-
axiality ζ = σm/σe , with mean stress σm and equivalent stress σe , cracks grow: in pure
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Tar g et

Impactor
v0

v0/2

experiment simulation

Figure 3.1: Plate impact experiment and simplified model. Due to the axial loading nature the problem can
be simplified to a column of material, subjected to some applied velocity on its lower edge. In plate impact
the impactor arrives with initial velocity v0 and impacts on the target material, generating v(t ) = 0.5v0 if both
materials are the same. Methods other than impact can also be used to apply a velocity profile, such as the
“shockless spall” method from [27].

tension, in tension/shear or do not grow. In this model the rate of damage increases as
the stress state is closer to hydrostatic tension. Also interesting to note is that a harden-
ing response is found for high compressive stress states.

A third approach is found in the material model by Simha [32]. In this model again
three domains are identified, based on the principal stress in the material. The rate of
damage is then determined by the number of principal stresses in tension, as well as the
magnitude of the largest principal tensile stress. The difference between damage rate for
compression and hydrostatic tension is even in the order of 104.

3.3. JH2-V MODEL ANALYSIS
In the previous section multiple models for the failure behaviour of ceramics have been
presented. In the current section the JH2-V model with the original JH2 failure strain
formulation from (3.10) is examined. The model is validated with four different experi-
mental tests: Spall, plate impact, sphere impact and quasi-static ring-on-ring bending.
If the JH2-V material model is valid, it should be able to match experimental results in
all four tests, for a single set of model parameters. This thorough analysis is meant to
challenge and critically analyse the current material model. It will reveal shortcomings
of the material model. Based on the analysis in the current section an improved model
will be proposed in Section 3.4.

One comment should be made in advance regarding the experiments in this section.
The experimental results are obtained from literature. These experiments have all been
performed on a similar high purity alumina ceramic. In an ideal scenario they should
have been performed on the exact same material, but unfortunately no such data set is
available. Small variations in the material properties are therefore expected and have to
be accepted.

3.3.1. SPALL SIMULATIONS
Spall experiments on plate material are typically performed by impact. One plate of ma-
terial is given an initial velocity (the “impactor”) and impacts a plate of the same mate-
rial (the “target”), as is shown in Figure 3.1. The impacting plate generates a shockwave,
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which can lead to spall failure in the target material. The free surface velocity of the tar-
get plate can be measured to determine the spall strength of the material. Given that the
lateral dimensions of the plates are much larger than the thickness, the central part of
the plate experiences uniaxial strain. The problem can thus be simplified to a single col-
umn of material, with an axial velocity applied to the bottom surface. This is also shown
in Figure 3.1, by the red dashed box.

Spall experiments on AL23 high purity alumina ceramics have been performed by
Forquin’s group [27]. These spall experiments were performed on alumina plates, but the
stress wave was induced through an electromagnetic device rather than impact. This al-
lows for the generation of a more controlled stress wave, or as the authors state a “shock-
less” spalling. In Chapter 2 this experiment was simulated using the JH2 and JH2-V ma-
terial models. It was found that the original JH2 model with or without rate dependency
fails to capture the rate effect under tension, while the JH2-V model is able to capture
the rate dependency measured in the spall strength of alumina ceramic. The current
section briefly describes the simulations and results for the JH2-V model. The material
properties from Table 3.2 in the column ’Spall value’ are used in the simulations. These
properties are based on [27], complemented by typical alumina values for the JH2 model
from literature. Note that a minimal failure strain is imposed through equation (3.10) to
allow a pressure below the (static) apex pressure T .

The spall test is simulated as a 10mm long and 2.5mm wide column, using linear
three noded triangular elements under plane strain. The mesh is unstructured with el-
ement size h ≈ 0.1mm. A velocity is prescribed on the bottom of the column, while the
top remains free to move. As mentioned before, the sides of the column are constrained
from lateral movement. The applied velocities in the experiments are known. Idealized
applied velocity profiles are presented in Figure 3.2a, which are the velocities applied in
the simulations.

The predicted spall strength as a function of rate is shown in Figure 3.2b. The spall
strength is defined as the highest axial stress found when apex failure is first experienced.
The rate is the total axial strain rate experienced by the point of maximum stress at this
moment. From the graph it is clear that a viscosity formulation with η= 0.028·10−3 GPa·s
and λ̇t =∞ is sufficient to capture the rate effect of the spall strength. For η= 0.000 GPa·s
the rate independent JH2 formulation is retrieved. It can be seen that this model fails to
capture the rate dependency. The rate independent model results are similar to the stress
at which a yield surface is reached under tension, which is the ‘theoretical’ strength in
Figure 3.2b.

Figure 3.3 holds both the experimental and numerical predicted failure in the spall
tests. Experimentally the ceramic could only be recovered from a single test. In this
test the material was subjected to a wave similar to wave 2 from Figure 3.2a. The failure
zones predicted in both simulations agree well with the experiment. The JH2-V model
with zero viscosity shows a discrete failure pattern, typical for a material model suffering
from mesh dependency. The viscous JH2-V model shows a more smooth damage profile,
with intermediate values between intact and fully failed. Furthermore the viscous case
shows damage extending beyond the experimentally observed failure zone. Whether
this is also the case in the experiment is unknown, but the simulations performed in [27]
also show non-zero crack densities beyond the cracked zone.
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Table 3.2: JH2-V material properties used in simulations, based on [27] and complemented by typical alu-
mina values for the JH2 model from literature. The initial model values are found in the column ’Spall value’.
Modified parameter sets are found in the other columns, where bold face notation is used for the parameters
different from the spall value.
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dicted by simulation. Without viscosity the JH2-V
model is not able to capture the rate dependency,
but it gives a good match with experiments when η =
0.028 ·10−3 GPa·s and λ̇t =∞ are used.

Figure 3.2: Spall test on alumina ceramic, comparing experiments to simulations.
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D = 1.0

D = 0.0

Zinsner 2015

JH2-V,
η = 0.028 · 10−3 GPa·s

λ̇t = ∞

JH2-V,
η = 0.000 GPa·s

λ̇t =∞

2.1mm

Figure 3.3: Damage profiles obtained in the spall experiment [27] and FE simulations. Stress wave 2 from
Figure 3.2a is applied. The JH2-V material model with and without viscosity is compared.
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v0 v0/2

experiment simulation

Figure 3.4: Plate impact experiment and simplified model. The alumina target material is backed by a PMMA
plate. Due to the axial loading nature the problem can be simplified to a column of material, subjected to an
applied velocity on its lower edge. In plate impact the impactor arrives with initial velocity v0 and impacts on
the target material, generating v(t ) = 0.5v0 if both materials are the same. Please note that the true thickness
ratios are different from those depicted here.

SPALL - CONCLUDED

The spall simulations show that the rate dependent apex pressure in the JH2-V model
allows to capture the rate effect under tension. The JH2 model fails to do so. This means
that the apex viscosity is not only beneficial for regularization purposes, but it is also
required in order to capture the (physical) rate dependent tensile strength.

3.3.2. PLATE IMPACT SIMULATIONS
The spall simulations from the previous section show that the viscosity regularized JH2
model works well for alumina ceramics. The spall strength as a function of loading rate
could be captured and (as far as experimental data are available) the failure zone was
also found to be correct. In the current section the material is tested under compressive
loading. Again a plate impact experiment is simulated, this time with a sufficiently high
stress to cause failure under compression.

In [55] results are reported for plate impact experiments on an aluminium oxide
AD995, manufactured by the Coors Porcelain corporation. In these experiments a 5mm
thick alumina flyer plate was given an initial velocity v0. This flyer plate impacted a
10mm thick alumina target, which was backed by 25.4mm thick PMMA material. The
impact velocity was such that the ceramic material failed under compression. The PMMA
material was transparent, which allowed for a velocity measurement of the interface alu-
mina/PMMA. This velocity signal at the interface contains information on the inelastic
material behaviour. A schematic overview of the experiment is shown in Figure 3.4.

The plate impact experiment is simulated as a single column of four noded quadri-
lateral plane strain elements elements, with the JH2-V material model. A constant ele-
ment size h = 0.01mm is used to mesh the column. A mixed Gauss integration scheme
is used, where 2*2 integration is used for the deviatoric terms and 1 point integration for
the hydrostatic terms [56]. Similar to the spall simulations the lateral movements of this
column are constrained, while axial motion is allowed. The flyer plate is not modelled,
instead a sudden velocity is applied on the target ceramic with a magnitude of half the
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flyer plate velocity. This generates a sudden shock wave in the ceramic target material,
which will propagate as a stress wave. This idealized plate impact experiment is also
shown on the right side in Figure 3.4.

The plate impact experiments in [55] report a material density of 3890kg/m3, which
is slightly higher than what was used in the spall experiments (i.e. 3850kg/m3). Also the
material stiffness is higher, 380GPa in the plate impact and 360GPa for the spall test. It
is important to correct these values as they affect the wave speed in the material, which
will in turn affect the interface velocity measurement obtained from the plate impact
test. When changing the elastic properties the shock related PHEL and σHEL should also
be modified, as these quantities are related to the HEL of the material through the elas-
tic constants. In the spall and plate impact experiments HEL = 6.25GPa, which gives
PHEL = 3.25GPa and σHEL = 4.5GPa for the modified material stiffness. The full param-
eter set with modified values can be found in the column ’Plate impact’ from Table 3.2.

Figure 3.5 shows the experimental and numerical results for plate impact. The graph
shows the velocity as a function of time, measured at the ceramic/PMMA interface. The
dotted lines show the experimental results while the solid lines are used for the simula-
tion results. An elastic stress wave arrives at the interface at point “A” in the graph. The
velocity is found to rapidly rise to point “B”. At this point the material behaviour changes
from elastic to inelastic. This point is referred to as the Hugoniot elastic limit (HEL) of
the material. After reaching the HEL the velocity continues to rise until a maximum ve-
locity is reached at “C”. The behaviour between points “B” and “C” will be referred to
as the post-HEL behaviour. This post-HEL behaviour holds information on the ceramic
strength during inelastic deformation. After reaching point “C” the velocity remains con-
stant until the material experiences unloading at “D”. This unloading is caused by wave
reflection on the free surface of the flyer plate. In the simulations the focus lies on the
loading behaviour (post-HEL, from “B” to “C”) and no unloading is applied. Simulations
are therefore terminated after 2µs and the unloading behaviour is not captured.

The experimental and numerical results can be compared in Figure 3.5. The arrival
time of the stress wave and the HEL are captured well, as are the peak plateau values for
the first four impact velocities. However, the post-HEL behaviour shows a major mis-
match between experiments and simulations. This mismatch will be investigated closer
to find its origin.

CHANGING POST-HEL BEHAVIOUR

For plate impact tests the post-HEL behaviour is determined by the inelastic response of
the ceramic material. When using a material model such as the JH2-V model this relates
to the plastic deformation and softening of the material. The velocity profiles obtained
from the simulations in Figure 3.5 indicate a rapid loss of material strength. The experi-
ments show a smooth post-HEL behaviour, indicating that failure of the material is more
gradual and strength is retained for a longer time. To introduce this effect in the JH2-V
model the softening related parameter d1 and the viscosity parameters η and λ̇t are ob-
vious choices. However, in the JH2-V model the material strengths (intact and residual)
may also play a role. The intact strength can be directly obtained from experiments, thus
is a known quantity. The residual strength of ceramics is less certain, hence its effect on
the post-HEL behaviour will be considered, more specifically the effect of the B param-
eter from (3.6).
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Figure 3.5: Simulation results for a plate impact test on alumina ceramic. The JH2-V model with the parameter
set for the spall test is used, with a slightly increased material stiffness, density, PHEL and σHEL . There is
clearly a large difference in post-HEL behaviour. The dotted lines show the experimental results from [55], the
solid lines are simulation results.

Figure 3.6 presents the velocity profiles for the spall test simulated with a larger resid-
ual strength. In the current results B = 0.81, while the previous results were obtained
with B = 0.31. The current results show a closer agreement with the experiments. The
post-HEL behaviour is now more smooth and also the peak plateau is reached at a time
comparable to experiments. Although the post-HEL velocities are lower than the experi-
mental values it can be found that increasing the B parameters improves the simulation
results. It is however important to realize that there is almost no loss in strength for the
chosen value of residual strength, as B = 0.81 lies close to the intact strength parame-
ter A = 0.93. It is known that a ceramic pulverises under impact, which greatly reduces
strength. So, although the plate impact results for simulations and experiments have
a better match than before, it is not likely that this is a physically acceptable solution.
There are other ways to retain a high material strength, such as a slower rate of damage.

The rate of damage in the JH2-V model is directly controlled by the failure strain for-
mulation given in (3.9), as well as indirectly through the viscosity parameters η and λ̇t .
The most obvious way of lowering the rate of damage is by increasing the d1 parame-
ter. Figure 3.7 shows the plate impact results for d1 = 0.050, which is a factor ten larger
than the d1 = 0.005 used in the spall simulations. This higher value of d1 makes the be-
haviour more ductile. For these results it is clear that the post-HEL gives a more smooth
behaviour. The lowest two impact velocities seem to match well with the experimental
results. However, for the highest three velocities the post-HEL curve is convexly shaped.
Both the experimental results and the simulation with a higher B show a more concave
response.

The convexly shaped simulation response of the highest three impact velocities indi-
cate that the damage rate is now too slow for these cases. To speed up the rate of damage
one can change the viscosity parameters. Since the viscosity η was already determined



3.3. JH2-V MODEL ANALYSIS

3

67

0.8 1 1.2 1.4 1.6
0

500

1,000

1,500

time [ms]

v
[m

/s
]

2329m/s

1943m/s

1573m/s

1070m/s

544m/s

Figure 3.6: Simulation results for a plate impact test on alumina ceramic. The parameter set used to obtain
Figure 3.5 was also used here, but the residual strength parameter B is now increased to B = 0.81. The post-
HEL behaviour is now more smooth and the peak plateau arrival time is now also closer to the experimental
values. The dotted lines show the experimental results from [55], the solid lines are simulation results.
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Figure 3.7: Simulation results for a plate impact test on alumina ceramic. The parameter set used to obtain Fig-
ure 3.5 was also used here, but with a softening parameter d1 = 0.050. The dotted lines show the experimental
results from [55], the solid lines are simulation results.
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Figure 3.8: Simulation results for a plate impact test on alumina ceramic. The parameter set used to obtain
Figure 3.5 was also used here, but with d1 = 0.050 and λ̇t = 40000s−1. The dotted lines show the experimental
results from [55], the solid lines are simulation results.

by the spall test, only the threshold rate λ̇t can be altered. It is important to choose a
threshold rate which leaves the lowest two velocities unaffected since they already show
good agreement between simulations and experiments. After some parametric study a
threshold value λ̇t = 40 · 103 s−1 was selected. This value is higher than the maximum
rate experienced in the 1070m/s test, but below the maximum experienced rate in the
1573m/s test. Figure 3.8 holds the results for the new threshold rate. This new threshold
is found to improve the results as the higher impact velocity results now show a more
concave response in the post-HEL behaviour. The current value of the threshold rate
does not pose a problem for the spall simulations, as the threshold rate of λ̇t = 40·103 s−1

is not reached during the spall simulations. Changing the threshold rate improves the
simulation results. There is however still delay in the highest impact results compared to
experiments, which can be found in the post-HEL behaviour as well as the peak plateau
arrival time. Additional parametric study showed that the results can improve further by
increasing the d1 parameter once more to d1 = 0.500. Results for this parameter set can
be found in Figure 3.9. The parameter sets introduced in this section are also shown in
Table 3.2 in the columns labelled ’variation 1, 2, 3’. Since none of these three parameter
sets appears to be better than the other, a deeper investigation is required.

PLATE IMPACT CONCLUDED

When moving from spall simulations to plate impact simulations it was clear that the
JH2-V model with a single set of material parameters was not able to properly predict
both experiments. A major mismatch was found in the post-HEL behaviour of the ma-
terial. The largest contributions were found to come from material softening, viscosity
and the residual strength. Altering material properties resulted in a good match between
experiments and simulations. However the residual strength had to be increased by a
factor three and the failure strain even by a factor ten or hundred. These changes can
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Figure 3.9: Simulation results for a plate impact test on alumina ceramic. The parameter set used to obtain
Figure 3.5 was also used here, but with d1 = 0.500 and λ̇t = 40000s−1. The dotted lines show the experimental
results from [55], the solid lines are simulation results.

no longer be explained by small differences in the tested materials. Hence, these large
variation in the model parameters indicate that there is an inconsistency in the formu-
lation. The current results do however not show if the mismatch is caused by the soften-
ing/viscosity or the residual material strength. In the next subsections additional tests
will be performed to further investigate the origin of this mismatch.

3.3.3. SPHERE IMPACT
Two types of impact tests have been simulated and analysed so far. One in which failure
occurred under tension (spall test) and one where failure occurred under compressive
loading (plate impact). In both cases a dense alumina ceramic was used and an uniax-
ial deformation was imposed. These two extremes in loading condition did not give a
unique answer in terms of material properties. In the current section a sphere impact
test is simulated where the deformation is far from uniaxial and a wide range of stress
states is encountered. Compression, tension and mixed mode loading will be found in
this test, which can help revealing the correct material model behaviour.

In sphere impact experiments a projectile is given an initial velocity v0 and impacts
on a target material. This test is schematically shown in Figure 3.10. In the current sec-
tion a steel projectile is assumed to impact on a ceramic target material. During this
interaction both the projectile and target undergo (in)elastic deformation. Experimen-
tal results of sphere impact on alumina ceramic and silicon carbide ceramic are shown in
Figures 3.11a, 3.11b and 3.11c. The figures show that the main mode of failure in the ce-
ramic is cone cracking. The silicon carbide results also show a dark zone directly below
the impact site. This is referred to as the quasi-plastic zone, which is characterized by
micro-cracking and even plastic deformation. It is important to notice that the material
in this subsurface zone is not pulverized. Although there is damage to the material the
strength has not yet reduced to its minimum. This knowledge will prove vital in analysing
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Figure 3.10: Sphere impact test, the projectile is given an initial velocity v0. Geometry of the simulated problem
is given. The red dashed box is the spatial domain in which the simulation results will be presented. Note that
the figure does not show the true aspect ratios.

the sphere impact results.

The sphere impact experiment is simulated. The projectile is assumed to be a sphere
with a diameter of 4.5mm, made of SAE51200 ball bearing steel. A Johnson-Cook ma-
terial model was used to simulate this steel material, with a yield stress of 2.2GPa and
hardening parameters from [59]. In the current simulations temperature and rate effects
on the yield stress of the steel are ignored. The target is a ceramic plate with a thickness
of 7mm and lateral dimension of 50mm (see Figure 3.10). The ceramic plate is not sup-
ported and without any material attached to the back surface. The ceramic material itself
is a high density alumina ceramic, similar to the material previously considered in the
spall and plate impact experiments. For the ceramic material the JH2-V model is used.
As base model parameters the values from the plate impact test are chosen, as well as the
three variations introduced in the previous section. These parameter sets can be found
in Table 3.2 in the columns ’Plate impact’ and ’variation 1,2,3’. The variations correspond
to the parameter sets used to obtain the plate impact results from Figures 3.6, 3.8 and 3.9.
The sphere impact experiment is simulated in a 2d axi-symmetric formulation, with the
axis of impact as obvious axis of symmetry. Any lateral movement is constrained along
this axis of symmetry and no other boundary conditions are applied to the system. As
such the ceramic can be considered a free standing or unsupported target. Three noded
linear elements are used to mesh this problem. The mesh is unstructured and the ele-
ment size ranges from h ≈ 0.05mm along the axis of impact to h ≈ 1.0mm at the far side
of the ceramic target. A penalty stiffness model with Coulomb friction (µ = 0.5) is used
to describe the contact between projectile and target.

Figure 3.12 shows the ceramic damage after sphere impact using four different pa-
rameter sets for the JH2-V model. The figures show only the material directly under-
neath the projectile corresponding to the dashed box shown in Figure 3.10. For all cases
the alumina ceramic is impacted by a steel sphere with an initial velocity of 200m/s. The
figures are taken after 1.4µs of simulated time. For the given tile thickness and elastic
properties this is sufficient time for the initial pressure wave to travel to the back surface
of the ceramic tile and return to the impact surface. This time is long enough to study the
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184 m/s

(a) An alumina ceramic cone, retrieved after a sphere im-
pact experiment (E.P. Carton, TNO, personal communica-
tion, 2018). Figure was obtained by X-ray imaging (A. Thi-
jssen, Delft University of Technology, personal communica-
tion, 2018).

300 m/s

400 m/s

(b) Alumina ceramic after sphere impact, pictures are
obtained from [57]. Comminution of ceramic directly
below the projectile is absent.

161 m/s

322 m/s

(c) Silicon carbide ceramic after sphere impact, pic-
tures are obtained from [58]. A quasi-plastic zone
is found below the projectile, but the material is not
comminuted.

Figure 3.11: Experimental results for a steel sphere impacting ceramic tiles. Top figure shows the result of im-
pact on a ceramic plate without backing, the bottom figures are cross-sections of ceramic plates with backing
after impact. Projectile velocities are shown. Cone cracking is clearly visible in all cases.
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initiation of failure, but not enough to observe if the projectile is stopped by the ceramic.
Although the latter is interesting from a practical point of view, the former is sufficient to
investigate the previously found mismatch in parameters.

All cases show cone cracking (see Figure 3.12). However, the reference set and vari-
ation 1 of the model parameters both show a zone of fully failed material (D = 1.0) di-
rectly underneath the projectile. From (3.2) it can be found that these zones retain a
strength under compression, but can no longer sustain any tensile loading. This is typ-
ical behaviour of fragmented material, which is what a ceramic is expected to be after
full failure under compressive loading. Recall that full fragmentation was not observed
in experiments (Figure 3.11), where some damage could be found underneath the pro-
jectile but the ceramic was not pulverized. This shows that the parameter set with a fast
softening and the set with a high residual strength can not be correct. The variations
2 and 3, which have a slower softening than the reference set, provide a better match
with experiments. Variation 2, with d1 = 0.050, shows a cone crack as well as a (semi-)
spherical zone of damage below the projectile. Although this is an improvement from
the fully failed top layer found for a fast softening these results would still indicate a fully
comminuted material. The best match with experiments is found for variation 3 with
d1 = 0.500, for which a clear cone crack forms. For this case minor damage is predicted
below the projectile (D ≈ 0.01), but the material is not fully failed as in the other cases.
This minor damage is found from the figure as an ever so slightly light blue discoloura-
tion.

SPHERE IMPACT CONCLUDED

The plate impact and spall test have shown that it was impossible for the JH2-V model
with a single parameter set to match both sets of experimental results. It was argued
that both softening/viscosity or residual strength could be the reason for this mismatch.
However, the spall and plate impact tests did not offer any certainty as to which option
was the correct one.

Sphere impact was proposed as a third test case. This experiment is often performed
on armour ceramics, where the main failure mechanism is cone cracking as well as some
(incomplete) subsurface damage. Sphere impact simulations showed that these mech-
anisms could only be predicted for material with a slow softening and not for material
with a high residual strength. So the sphere impact test has shown that the mismatch in
earlier simulations and experiments was caused by the softening and viscosity.

For the plate impact experiment it was shown that slow softening is required. In the
spall test a fast softening was assumed. However, it also would have been possible to
use slow softening for the spall test and tune the viscosity accordingly. So, although the
previous experiments have shown that there is some mismatch between experiments
and simulations, the mismatch can still be solved by recalibration of the parameters. In
the next section one more experiment is considered to investigate this behaviour.

3.3.4. RING ON RING
Three types of tests have been performed so far, namely a spall test with pure tensile
loading, a plate impact test with pure compressive loading and a sphere impact test
where a wide range of stress states including both tensile and compressive stresses. The
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Figure 3.12: Sphere impact results for the JH2-V model. Damage variable D ∈ [0..1] is shown after 1.4µs of
simulated time.
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results for these tests have shown an inconsistency in the material softening modelling.
For the spall test a softening parameter d1 = 0.005 was used, for which the material soft-
ening is fast and the response may be considered as being brittle. However, plate and
sphere impact showed good agreement with simulations using d1 = 0.500, for which the
softening is slow and the response is more ductile. A possible solution to this inconsis-
tency would be to increase the softening parameter for the spall test. In fact, the spall
experiments could also be matched for d1 = 0.500 by tuning the viscosity parameters.
However, increasing d1 would jeopardize the brittle response of ceramics under tension.
This would be highly unwanted since the brittle nature of (armour) ceramic under ten-
sile loading is a well accepted material trait.

A ring-on-ring (ROR) bending test is considered as final test. This is a tensile domi-
nated test, where a disk of material is supported by a large ring on the bottom and loaded
through a smaller ring on top. This creates a constant and bi-axial bending moment in
the specimen inside the smaller ring. Figure 3.13 gives a schematic representation of
the ring-on-ring test. The test is controlled by applying a deformation δ on the smaller
inner ring, a force can then be measured either in the same ring or on the large bottom
ring. The test is performed at a very slow loading rate (δ̇= 0.1mm/s), such that the test
can be considered quasi-static and inertia effects can be excluded. The low loading rate
removes the dynamic effects such as wave propagation and allows to focus solely on the
material failure. Please note that the material rate dependency from the JH2-V model is
still present, even though inertial effects are excluded by using quasi-static simulations.
The only requirement is that there is some measure of (pseudo) time in the simulation,
which can be found from the applied deformation rate δ̇ = 0.1mm/s. This ensures the
material model retains its regularizing properties.

An analytical solution for the stress field inside the specimen under ROR loading ex-
ists [60, 61]. This makes it possible to relate an applied force to a (tensile) stress in the
disk and find the strength of the tested material. The tensile stresses in radial (σr ) and
tangential direction (σθ) at the bottom of the specimen, inside the internal ring can be
given as

σr =σθ =
3F

4πh2

[
2(1+ν)ln

( a

b

)
+ (1−ν)(a2 −b2)

R2

]
, (3.11)

where F is the applied force, ν the Poisson’s ratio, h the specimen thickness and a,b,R
the radii of the internal ring, external ring and specimen.

Experimental results for ROR bending on alumina ceramics are available in liter-
ature. In [62] an ultimate tensile stress of Wesgo alumina is presented ranging from
190 to 260MPa. In [27] the experimental results show the ultimate tensile stress ranges
from 168.6− 232.7MPa. Between these two sources the experimental set-up differs in
dimensions and the alumina ceramics are similar but not exactly the same.

The geometry of the test as presented in [27] was assumed, such that R = 9mm,
a = 5mm, b = 8mm and e = 1mm. Since the ROR experiment was performed on the same
material as the spall test the model parameters for spall are used as (brittle) base values.
A more ductile behaviour is found by using d1 = 0.500. The parameter sets used in the
ROR simulations are those found in columns ’Spall’ and ’variation 4’ from Table 3.2. The
ROR problem is simulated in a 2d axi-symmetric strain formulation. Here the centre of
the disk is considered as axis of symmetry, where all horizontal movement is constrained.
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Figure 3.13: Ring on ring bending experiment. The red dashed box is the spatial domain which is used for a 2D
axisymmetric simulation of the experiment.

Vertical movement is constrained for a single node on the bottom of the disk, at distance
b. Vertical displacements are imposed on a single node on the top surface of the disk, at
distance a. The mesh for this problem is unstructured and three noded linear triangular
elements are used with a size h ≈ 0.025mm. Figure 3.14 holds the force and displace-
ment measured on the inner top ring during the simulation. The figure also shows two
hatched zones corresponding to the experimental results from [62] and [27], for which
the reported failure stresses were converted to forces using (3.11). When comparing to
the experimental results it is clear that slow softening results in an overestimated ma-
terial strength, while an acceptable material strength is found with fast softening of the
material. The maximum stress found in the simulations was 240MPa and 329MPa for the
fast and slow softening cases respectively.

RING-ON-RING CONCLUDED

The ring-on-ring test confirms that a fast softening is required under tension. Earlier
it was demonstrated that slow softening was required for the compression dominated
tests. This shows the obvious need for a separation in material softening, where control-
ling the response under tension and compression independently is possible. The next
section will show that a separated material softening can indeed be used to match all
previously described experiments, with a single set of parameters.

3.4. JH2-V MODEL IMPROVEMENT
The experiments and simulations in the previous sections have shown that the original
failure strain formulation of the JH models is inadequate. The analysed experiments
could only be matched by changing softening related parameters and could not be cap-
tured by a single set of model parameters.

For a ceramic the failure mechanisms under compression and under tension are sig-
nificantly different. Failure under tension occurs by brittle fracture of the material, while
a ductile response can be found under sufficiently high compression. Under high com-
pression failure is characterized by crystal plasticity and micro-cracking. If the failure
mechanisms under tension and compression are so different, it is reasonable to also
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Figure 3.14: Ring on ring bending test. Results are obtained by simulation with the JH2-V material model,
for two values of softening. The simulations fail to converge at the crosses, this is when a large number of
points fail under apex return. This may be seen as the sudden and brittle failure of the specimen. The ultimate
force for the two tests is found as 662N and 904N, corresponding to tensile stresses of 240MPa and 329MPa.
Experimentally measured ranges from De Smet [62] and Zinsner [27] are given by the hatched areas.

distinguish between these two mechanisms in the material model. The material mod-
els by Deshpande-Evans and Simha presented in the section 3.2 acknowledge that a ce-
ramic material has multiple failure mechanisms. These models capture each of the dif-
ferent failure mechanisms by its own softening/damage behaviour. In the JH2 material
model failure is captured by the failure strain formulation (3.9). This single formula-
tion includes a pressure dependency, but does not offer a clear separation in behaviour
for each of the failure mechanisms. In fact the function couples the behaviour under
tension and compression through the softening parameters d1 and d2. Because of this
coupling, changing the failure strain under compression will inadvertently change the
damage rate under tension and vice versa. In a recent publication the limited flexibility
of the JH failure strain formulation (3.9) was also addressed [63], albeit for glass material
using different strength formulations. In the publication a shift was proposed to the fail-
ure strain, to have zero plastic deformation to failure under low pressures and allow for
accumulation of plasticity beyond some pressure threshold. This does indeed provide
a clear separation between brittle tensile failure and more ductile compression failure.
Such approach can however not be used in the current visco-plastic framework, since a
non-zero plastic strain is required to activate viscosity and obtain regularization.

A new softening formulation is proposed, in which the damage rate under tension
and compression can be controlled independently. The formulation for the rate of dam-
age can remain the same as (3.8). The failure strain formulation from (3.9) is replaced by
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Figure 3.15: Failure strain as function of pressure, in the original JH2 and the proposed formulation.

the tri-linear equivalent plastic strain formulation

ε̄
f
p (σ) =


ε̄mi n

p , p(σ) < pt(
ε̄max

p − ε̄mi n
p

)(
p(σ)−pt

pc−pt

)
+ ε̄mi n

p , pt < p(σ) < pc

ε̄max
p , pc < p(σ).

(3.12)

This formulation assumes a failure strain ε̄mi n
p for pressures below pt , a failure strain

ε̄max
p for pressures above pc and interpolates between these two values for intermediate

pressures. This formulation allows for independent changes to the failure strain and
thus damage rate under tension and compression. Furthermore, the model is simple,
providing a clear advantage when calibrating the model as will be shown later in this
section.

The proposed failure strain formulation is shown together with the original failure
strain formulation in Figure 3.15. In this figure the failure strain is plotted for arbitrary
model parameters. The proposed model parameters can be chosen such that the original
formulation is linearly approximated in the domain pt < p < pc , but obviously this is not
required.

The new formulation (3.12) requires information on the failure strains, as well as a
pressure range for which the behaviour transitions from brittle to ductile. For brittle
materials it is not uncommon to have a transition from brittle to ductile behaviour. Often
this is linked to an ambient temperature, but a transition can also be found at a given
confining pressure [64–66]. To use the proposed formulation one should ideally know
the transition pressure. If this data is not available one may calibrate the model for a
given test under tension and one under compression. The latter approach will be used
in this chapter.

The spall and plate impact tests from the previous section can be used to calibrate
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the newly proposed failure strain formulation. These tests provide insight in the failure
behaviour under uniaxial tensile and compressive loading. Results from sections 3.3.1
and 3.3.2 showed that the failure strain might differ by a few orders of magnitude be-
tween uniaxial tensile or compressive loading. A first approximation of the model pa-
rameters in equation (3.12) can be obtained as follows.

First consider uniaxial tensile loading on a ceramic with the material properties from
Table 3.2. Under these conditions the yield strength will be reached at a pressure pmi n =
−0.17GPa. In the original failure strain formulation with d1 = 0.005 this pressure leads

to ε̄ f
p (pmi n) = 0.00015. Similarly for uniaxial compressive loading a pressure of pmax =

3.02GPa is found and d1 = 0.500 leads to a failure strain of ε̄ f
p (pmax ) = 0.4965. Here the

original model parameter d1 was chosen as the values for which spall and plate impact
simulations agreed well with experimental results. This procedure is also visualized in
Figure 3.16, where the top graphs shows the intact material strength with uni-axial load-
ing directions and the bottom graph shows the failure strain. For the failure strain the
original and proposed formulations are plotted. This procedure shows how simple it
is to calibrate the proposed failure strain model, using just two well established experi-
ments.

The newly proposed tri-linear failure strain formulation (3.12) will now be used to
simulate spall, plate impact, sphere impact and the ring-on-ring test. If the formulation
is an improvement over the original one, all four experiments should be matched by the
simulations. The JH2-V model parameters used in this final section of the chapter, for
the various tests, are shown in Table 3.3. The model parameters related to viscosity and
failure are kept the same in all simulations. The only variations in parameters are those
in stiffness, density and Hugoniot pressure. These are well justified since the experi-
mentally tested materials showed small variations in the elastic properties, as discussed
in section 3.3.1.

Figure 3.17 provides the predicted spall strength as a function of loading rate, when
using the proposed tri-linear failure strain formulation. The rate dependency in the spall
strength is still captured by the model. The strengths of the JH2-V model with original
and the proposed softening formulation are a very close match. This can be easily ex-
plained, as the problem is tension dominated and both formulations used a minimal
failure strain ε̄mi n

p = 0.00015 (see (3.10) and (3.12)). When the failure zone of the simula-
tion is compared to the experiment in Figure 3.18, it is found that the failure zones agree
well.

Figure 3.19 shows the inter-facial velocities measured in the plate impact simulation
using the tri-linear failure strain formulation. The results agree well with the experimen-
tal results and are quite similar to those obtained with the original JH2 formulation with
d1 = 0.500. Again this can be easily explained since the problem is compression domi-
nated and the failure strain in the original or tri-linear formulation is of the same order.

Figure 3.20 shows the damage predicted by a sphere impact simulation using the
tri-linear failure strain formulation. The results are similar to those for d1 = 0.500 from
Figure 3.12. That is, a cone crack is predicted and some minor subsurface damage is
present. Two differences can be found when comparing to the results from Figure 3.12.
The first is that the cone crack for the tri-linear failure strain extends further into the
target material. This can be explained by the more brittle behaviour found at tensile
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Table 3.3: JH2-V model parameters using the improved failure strain formulation from (3.12). The model pa-
rameter sets for each test are shown. Only the stiffness, density and Hugoniot pressure are changed, which is
justified because of small differences in experimentally tested ceramics.

Spall Plate impact Sphere impact ROR
variable unit value value value value

E GPa 360.0 380.0 380.0 360.0
ν - 0.22 0.22 0.22 0.22
ρ kg/m3 3850 3890 3890 3850
A GPa 0.930 0.930 0.930 0.930
B GPa 0.310 0.310 0.310 0.310
n - 0.6 0.6 0.6 0.6
m - 0.6 0.6 0.6 0.6
C - 0.0 0.0 0.0 0.0
T GPa 0.2 0.2 0.2 0.2
η GPa·s 0.028·10−3 0.028·10−3 0.028·10−3 0.028·10−3

λ̇t s−1 4 ·104 4 ·104 4 ·104 4 ·104

HEL GPa 6.25 6.25 6.25 6.25
PHEL GPa 3.50 3.25 3.25 3.50
σHEL GPa 4.125 4.50 4.50 4.125
ε̄mi n

p - 1.5 ·10−4 1.5 ·10−4 1.5 ·10−4 1.5 ·10−4

ε̄max
p - 0.4965 0.4965 0.4965 0.4965
pt GPa −0.17 −0.17 −0.17 −0.17
pc GPa 3.02 3.02 3.02 3.02
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Figure 3.16: Intact material strength and failure strains plotted as a function of pressure. The original and
proposed tri-linear failure strain is shown. The proposed failure strain formulation is fitted to the original
failure strains, found under uni-axial deformation of the ceramic.
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Figure 3.17: Spall strength, experimentally measured and predicted by simulation. The proposed tri-linear
failure strain model is used, all cases use η= 0.028 ·10−3 GPa·s and λ̇t = 40 ·103 s−1 as these values were used
to obtain good results in sphere impact simulations. A minimal failure strain ε̄mi n

p = 1.5 ·10−4 is used for both
the original and the tri-linear failure strains.
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Figure 3.18: Damage profiles obtained in the spall experiment [27] and FE simulations. Stress wave 2 from
Figure 3.2a is applied. The JH2-V material model with original and newly proposed tri-linear failure strain
formulation is compared.
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Figure 3.19: Simulation results for a plate impact test on alumina ceramic. The parameter set for the spall test
is used, but with the newly proposed failure strain formulation and λ̇t = 40000s−1. The results are very similar
to those obtained with the original JH2 formulation with d1 = 0.500 and λ̇t = 40000s−1, from Figure3.9. The
dotted lines show the experimental results from [55], the solid lines are simulation results.

states in the new formulation. The second difference is that the tri-linear formulation
results show more damage at the target surface. Again this is a zone where the pressure
is low (or even negative), for which the behaviour is brittle in the tri-linear formulation.

As a final step the ring-on-ring simulations are performed with the newly proposed
failure strain formulation. A tensile strength is found of 251MPa. This is slightly higher
than the previously found value for the original model with d1 = 0.005. However, the
strength predicted by the newly proposed model still falls within the experimentally
measured ranges (190−260MPa from [62] and 168.6−232.7MPa from [27]).

3.5. CONCLUSIONS
A ceramic material may fail as a consequence of different mechanisms. Depending on
the stress state in the material one or more of these failure mechanisms may be activated.
Since the mechanisms are different, so should the modelling of these mechanisms be.
The original JH2 model does not distinguish between different failure mechanisms. In
the JH2 model the rate of damage is determined by the failure strain. This failure strain
is a function of pressure, where tensile states have a low strain to failure and a brittle
response while high pressures have a high strain to failure and a more ductile response.
The failure strain is, however, a single function and behaviour under tension and com-
pression are inseparably coupled. By simulating a number of experiments under dif-
ferent loading conditions it was shown that this single function is indeed incapable of
properly capturing the behaviour of the various failure modes in ceramic material.

Four experiments were simulated using the JH2-V model with the original JH2 fail-
ure strain formulation. All experimental results were obtained from literature and in all
experiments a similar high purity alumina ceramic was considered. The first experiment
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Figure 3.20: Sphere impact results for the JH2-V model with tri-linear failure strain. Cone cracks are clearly
visible, as well as some minor subsurface damage. Complete failure of the ceramic below the projectile is not
observed.

was spall, which loads the material in uni-axial extension. The second experiment was
plate impact, loading the material in uni-axial contraction. Sphere impact was the third
experiment, in which the material experiences a wide range of stress states. As a final
test ring-on-ring bending was considered, a quasi-static test with failure of the material
in bi-axial tension.

Simulation of spall and plate impact experiments showed that a match for both could
only be obtained by changing the material parameters. Either increasing the residual
strength of the material or the failure strain of the material was required to match the
plate impact experiments by simulation. A recalibration of the model parameters would
be sufficient to match both types of tests, although this would increase some model pa-
rameters by a few orders of magnitude compared to what is used in literature.

The sphere impact experiments and simulations were used to investigate the param-
eter choice in the material model. Increasing the residual strength of the material, which
was found to give a match in plate impact results, did not lead to good results in the
sphere impact test. It was found that a match with experiments could only be found
by increasing the failure strain. At this point recalibrating the failure strain parameters
would be sufficient to find matching results of the spall, plate impact and sphere impact
tests. However, doing so would require a failure strain two orders of magnitude larger
than what was reported in literature. This could jeopardize the brittle behaviour of the
material under tension.

As a final check a ring-on-ring test was simulated. This quasi-static test loads the
material in bi-axial tension. It was shown that the material tensile strength was greatly
overestimated when using a high failure strain.

The results of the four experiments and simulations showed that the ceramic mate-
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rial required both a high and a low failure strain, depending on the stress state. The origi-
nal failure strain formulation in the JH models could not be tuned to provide this range of
failure strains. A new tri-linear formulation was proposed, in which failure strains under
tension and compression were treated as independent quantities. With this formulation
a brittle response could be obtained under tension, while maintaining a ductile response
under compression. It was shown that this new formulation could be used to match all
experiments considered in this chapter, for a single set of failure parameters. The latter
is key, as this was not possible with the original failure strain formulation.
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4
AN EXPERIMENTAL AND

NUMERICAL INVESTIGATION OF

SPHERE IMPACT ON ALUMINA

CERAMIC

4.1. INTRODUCTION
Ceramic materials are good candidates for armour systems because they have a high
hardness and a relatively low weight. During impact on such a hard ceramic a projec-
tile may deform and even fracture. During this interaction the ceramic target can also
damage. Ceramic damage ranges from brittle crack formation to ductile plasticity when
sufficient confinement is provided. Understanding this complex failure behaviour of ce-
ramic is challenging, but necessary to improve ceramic armour performance.

Full projectile-target tests can provide useful information on an armour ceramic’s
protective capability. Upon impact, the ceramic is often pulverized and although the ar-
mour system’s performance may be known [2], the actual failure mechanisms can gener-
ally not be studied in these tests. An alternative method is to perform spherical projectile
impact tests, where a lighter and spherical projectile leads to clean failure of the ceramic.
In a sphere impact experiment, cone cracks, radial cracks and lateral cracks can all be
clearly identified when analysing the tested specimen. Thus, sphere impact offers a sim-
pler way to study failure in ceramics under impact loading and literature offers many
examples [3–6].

To understand the ceramic failure process during sphere impact one may simulate
the experiment, for instance using the Finite Element Method [7–11]. However, perform-

This chapter is based on [1]
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ing proper simulations is challenging as the problem is both highly dynamic and highly
non-linear. The choices one makes on the models and methods will affect physical cor-
rectness, numerical soundness and computation time.

In order to derive a physically correct response in a sphere impact simulation the
choice of material model is very important. For ceramic material one may for instance
use one of the models by Johnson and Holmquist [12–14], the model by Simha [15] or one
of the models by Deshpande and Evans [16, 17]. The model presented in 1994 by Johnson
and Holmquist [13] (JH2) is an often used and widely accepted model, hence this model
was chosen as starting point for the current research. The JH2 ceramic material model
is a softening plasticity model, which is a class of models known to suffer from mesh
dependency. In Chapter 2 the mesh dependency of this model was solved by introducing
a viscosity on the tensile strength of the material model, renaming it to the viscosity
regularized JH2 model or simply JH2-V. It was also shown that this viscosity allowed to
properly capture rate dependency in the spall strength of ceramics. After providing a
solution to mesh dependency the next step was to check the physical correctness of the
JH2-V model. This was thoroughly done in Chapter 3,where the model was validated
to four different types of experiments. It was found that the original failure formulation
lacked flexibility to capture both the brittle behaviour under tension as well as the ductile
behaviour under large confining pressures. An adaptation to the failure formulation was
proposed, which separated the failure behaviour under tension and compression. This
upgraded JH2-V model from Chapter 3is used as basis in the current paper, as it is known
to give mesh independent and physically correct results for the relevant loading cases.

The goal of the current chapter is to study the failure of ceramics under sphere im-
pact. Both numerical and experimental results will be presented. The chapter is struc-
tured as followed. First, the experimental method for sphere impact on ceramic material
will be explained in Section 4.2. Experimental results are also shown in this section, as
well as a schematic overview of all expected failure mechanisms in the test. In Section 4.3
the material models used to describe the projectile and target in the finite element simu-
lations are presented. Section 4.4 continues to complete the numerical framework nec-
essary for sphere impact simulations. Here additional model choices are investigated, to
analyse the necessity to include material bulking and contact friction and to validate the
mesh-independency of the upgraded JH2-V model. The completed framework is then
used to perform a 3d simulation on sphere impact, to show that all failure mechanisms
are captured correctly. Using this numerical framework, in Section 4.5, the simulations
of sphere impact are compared to new experimental results. This section validated both
the framework and the upgraded JH2-V model for sphere impact on ceramics. As a final
part of this chapter, the simulation results are discussed in more details in Section 4.6.
Here simulations provide insight into the failure process under sphere impact, which
could not be derived from experiments.

4.2. SPHERE IMPACT EXPERIMENTS
Experiments were carried out [18] to monitor the damage evolution occurring in alu-
minum oxide (alumina) tiles impacted by a spherical projectile. The projectile was fired
with a gas gun, at velocities v0 = 100, 200 or 300m/s. A laser detector was used to mea-
sure the initial velocity of the projectile. Two cameras were used to record the impact ex-
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Figure 4.1: Experimental set-up, as used in [18].

t

ld
v0

Figure 4.2: Sphere impact test, the projectile is given an initial velocity v0. Geometry of the simulated problem
is given. Note that the figure does not show the true aspect ratios.

periments. One Shimadzu HPV-X camera with 1.000.000 fps was used to record the back
face response of the tile while a Photron FastCam SA-Z with 35.000 fps recorded the re-
sponse of the ceramic tile from the side. The configuration of the experiment is schemat-
ically shown in Figure 4.1. Based on high speed video recordings and post-mortem anal-
ysis of the ceramic specimen, the failure of the ceramic target could be studied.

The projectile in the sphere impact experiments had a diameter d = 6.35mm and was
made from chrome steel E52100 with a hardness of 62 HRC. The square ceramic tiles are
made from alumina ceramic (Al2O3), with a lateral size l = 101.6mm. Two tile thick-
nesses of t = 9mm and t = 13mm were considered. The ceramic tile was unsupported at
its back surface and was positioned standing on one of its sides. A schematic overview
of the projectile and target is given in Figure 4.2.

4.2.1. RESULTS
A total of 17 experiments have been performed on 9mm and 13mm thick ceramic tiles,
with impact velocities of 100-200-300m/s. The results of these experiments were previ-
ously reported by Defence Research and Development Canada (DRDC) in [18]. Figure 4.3
holds pictures of the ceramic material after the impact test. It shows the impacted front
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Table 4.1: Experimental results from DRDC compared with simulations, based on failure mechanisms. For
each experiment the 7and 3symbols are used to show if the failure mode was found. The Hsymbol is used for
unavailable test data.

9mm Experiment, cracks
velocity cone radial lateral
100m/s 333 333 333
200m/s 333 333 3H3
300m/s 333 333 333

13mm Experiment, cracks
velocity cone radial lateral
100m/s 77 77 77
200m/s 333 333 737
300m/s 333 333 737

face of the ceramic tiles with any ejected and retrieved material placed next to the tile.
Before taking the pictures the tile fragments were put back together. Except for the 13mm
tile impacted at 100m/s, all ceramic tiles were split by radial cracks and show ejected ce-
ramic cones. Four of the five ejected cones show that the tip is separated by a lateral
crack and that the base is fragmented by radial cracks. Only for the 13mm tile impacted
at 200m/s the ejected cone appears to be intact. However, application of a dye penetrant
also revealed radial cracks in this cone, as the picture of this target’s back surface shows
in Figure 4.4. It was also attempted to reveal any lateral cracks in this cone by applying a
dye penetrant, but unfortunately due to the rough cone surface a potential lateral crack
could not be revealed in this cone.

In Table 4.1 the failure mechanisms of all experiments are reported. The symbols
in the table indicate whether a particular failure mechanisms could be found in the ex-
periment or not. The failure mechanisms in the experiments show good reproducibility.
Most experiments performed under the same conditions show the same failure mech-
anisms. Exceptions are the lateral cracking for the 13mm tiles impacted at 200m/s and
300m/s. In these experiments only one test shows lateral cracking and two do not. It
could be that these cracks were present but are not open and visible, similar to the radial
cracking from Figure 4.4. Unfortunately the current dye penetrant method could not
reveal any lateral cracking, so the existence of these cracks can only be speculated.

The observed failure mechanisms in the ceramic under impact agree well with lit-
erature, where four main failure mechanisms are described [4, 10, 19–21]. Three types
of cracks form; cone cracks, radial cracks and lateral cracks. These were all observed in
the sphere impact experiments. The fourth failure mechanism is found as inelastic de-
formation of the ceramic below the projectile, characterized in the material by plasticity
and microcracking. This mechanisms is harder to observe and often requires additional
processing and analysis of the specimen after the experiments. In the current experi-
ments this was not done. Based on literature and the experimental observations pre-
sented in this section a schematic overview of failure can be made, which is presented
in Figure 4.5. The numerical framework presented in the next sections should be able to
predict all of these failure mechanisms.
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9mm 13mm

100m/s

200m/s

300m/s

100m/s

200m/s

300m/s

Figure 4.3: Experimental results of sphere impact on alumina ceramic. Two tile thicknesses are considered for
three impact velocities. For all test cases the target front surface is shown, with (parts of) the cone next to it.
The 13mm 100m/s cases did not result in cone formation.
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Figure 4.4: Back surface of a 13mm alumina tile impacted at 200m/s. Dye penetrant reveals unopened radial
cracks in the cone and tile.

Projectile failure

Quasi-plastic zone

Lateral cracking

Cone cracking

Radial cracking

Figure 4.5: Schematic overview of failure mechanisms in sphere impact on ceramic material.
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4.3. FINITE ELEMENT MODELLING
Finite Element (FE) simulations are performed, using an in-house C++ code written with
the libraries of JemJive [22]. A key element of these FE simulations are the constitutive
models. The models used to describe the projectile steel and the ceramic target are intro-
duced in the current section. For the ceramic material model the formulation of material
strength and failure will be briefly introduced. The material model parameters for both
the steel and ceramic will also be given.

4.3.1. STEEL MATERIAL MODEL
The projectile used in the sphere impact experiments is made out of E52100 chrome
steel. The behaviour of this material will be described by the Johnson-Cook constitu-
tive model [23]. Parameters for this material and model are obtained from [24]. Elastic
properties are: E = 210GPa, ν = 0.3 and ρ = 7800kg/m3. The yield stress is taken as
A = 2.4824GPa and hardening parameters B = 1.4985GPa and n = 0.19 are used. Effects
due to loading rate and temperature are disregarded for the projectile.

4.3.2. CERAMIC MATERIAL MODEL
The target material used in the sphere impact experiments is an alumina ceramic. This
material will be described by the upgraded viscosity regularized Johnson-Holmquist-2
material model (JH2-V). Before explaining the intricate details of this model some clari-
fication on the name of this model is given. The base ceramic model is the second model
developed by Johnson and Holmquist, also known as the “JH2” model [13]. The mate-
rial strength of this model was modified to include a viscosity, resulting in the “JH2-V”
model [25]. In addition the failure formulation was modified, finally resulting in the “up-
graded JH2-V” model [26]. The strength and failure formulation of this model are briefly
explained in this subsection.

STRENGTH

The JH2 [13] material model is widely used to describe ceramic material under ballistic
loading. The JH2 model is essentially a softening plasticity model with a yield function

f (σ,D) =σeq (σ)−σy (σ,D), (4.1)

where σ is the stress tensor, D is a scalar damage variable, σeq the Von Mises equivalent
stress and σy the yield stress. Softening plasticity models are known to suffer from mesh
dependency, which is also true for the JH2 model [25]. To solve this mesh dependency
a rate dependency (i.e. viscosity) was added to the material model. In the JH2-V model
the yield function is therefore given as

f (σ,D, ˙̄εp ) =σeq (σ)−σy (σ,D, ˙̄εp ), (4.2)

where the dependency of the material yield stress on the equivalent plastic strain rate ˙̄εp

is now clearly visible. The yield stress for the JH2-V model is given as

σ∗
y (σ,D, ˙̄εp ) = (1−D) σ∗

i (σ, ˙̄εp )+D σ∗
f (σ). (4.3)
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Here ∗ indicates a normalized value with respect to the equivalent stress σHEL at the
Hugoniot elastic limit (HEL). The quantities of σi and σ f are the intact and residual ma-
terial strength of the ceramic. The material strengths for this JH2-V material model are
defined as

σ∗
i (σ, ˙̄εp ) = A

(
T ( ˙̄εp )+p(σ)

PHEL

)n

, (4.4)

σ∗
f (σ) = B

(
p(σ)

PHEL

)m

. (4.5)

Here p(σ) is the pressure and A, B , n, m, PHEL are material properties, as is the apex
pressure T ( ˙̄εp ) which is now made a function of the equivalent plastic strain rate ˙̄εp . A
mixed linear/logarithmic formulation was proposed, describing the apex pressure as

T ( ˙̄εp ) = T (λ̇) =
{

T0 +ηλ̇ for λ̇< λ̇t ,

Tt

(
1+ ηλ̇t

Tt
ln

(
λ̇
λ̇t

))
else.

(4.6)

In this formulation T0 is the rate independent apex pressure, η a viscosity parameter,
λ̇ the rate of the plastic multiplier, λ̇t a threshold rate at which the behaviour switches
from linear to logarithmic and Tt the apex pressure at this threshold rate. In addition to
providing mesh independent results it was also shown in [25] that this formulation can
correctly capture the rate dependent tensile strength observed in ceramic spall simula-
tions [27].

FAILURE

In the JH2 and JH2-V models failure is introduced through the scalar damage variable D ,
for which the rate can be defined as

Ḋ =
˙̄εp

ε̄
f
p (σ)

. (4.7)

Here a (stress dependent) equivalent plastic failure strain ε̄ f
p is used. The rate of equiva-

lent plastic strain is related to the rate of plastic strain, which can be found as

ε̇p = λ̇ ∂g

∂σ
. (4.8)

Here λ̇ is the rate of plastic multiplier and g is the plastic potential function. In 4.4.1
more information on this potential function will be given.

In the original JH2 formulation the failure strain under tension and compression is
coupled through a single function. In [26] this original JH2 failure formulation was used
to simulate four experiments on very similar ceramics, but each with different loading
conditions. It was found that the original JH2 failure formulation was lacking flexibility
in the description of failure. As it allowed the model to capture only the brittle nature of
the ceramic under tension or the ductile nature in compression. Instead for the JH2-V
model a new failure strain formulation was proposed, where failure strains in tension
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Table 4.2: Upgraded JH2-V material properties for alumina ceramic

variable value unit variable value unit variable value unit
E 380.0 GPa n 0.6 - ε̄mi n

p 0.00015 -
ν 0.22 - m 0.6 - ε̄max

p 0.5 -
ρ 3890 kg/m3 PHEL 3.25 GPa pt −0.1625 GPa
A 0.930 GPa σHEL 4.50 GPa pc 3.25 GPa
B 0.310 GPa η 2.8·10−5 GPa·s
T 0.2 GPa λ̇t 4 ·104 s−1

and compression are independent [26]. In this formulation the equivalent plastic failure
strain is given as

ε̄
f
p (σ) =


ε̄mi n

p , p(σ) < pt(
ε̄max

p − ε̄mi n
p

)(
p(σ)−pt

pc−pt

)
+ ε̄mi n

p , pt < p(σ) < pc

ε̄max
p , pc < p(σ).

(4.9)

The failure strains under tension ε̄mi n
p and compression ε̄max

p are used, for pressure states
below the pressure pt and above the pressure pc . In the intermediate pressure regime
the failure strain is linearly interpolated. This JH2-V material model with the new failure
strain formulation is the upgraded JH2-V model.

MATERIAL PARAMETERS

The model parameters for the upgraded JH2-V material model are taken from [26] and
are shown in Table 4.2. For these model parameters the ceramic behaviour under ten-
sion, compression and mixed loading can be captured properly for the alumina ceramic
considered.

4.4. FINITE ELEMENT MODELLING OF SPHERE IMPACT
The previous section has introduced the constitutive models to use in simulations on ce-
ramic material. This provides a general basis to describe the material behaviour under
dynamic loading. Before the sphere impact test can be simulated the numerical frame-
work has to be completed.

The first modelling choice to make when using FE simulations is whether to use a
2d or 3d formulation for the problem. Many authors choose to simulate sphere impact
in a 2d axisymmetric formulation [7, 10, 28, 29]. The main benefit is that the compu-
tation time is low. The problem of this 2d formulation is, however, that it is only valid
as long as all failure phenomena are fully axisymmetric. The experimental results from
Section 4.2 have shown that this is not true, since radial cracking is not an axisymmetric
failure mechanisms. Therefore it is recommended to use 3d simulations when com-
paring to experimental results in section 4.5. However, these 3d simulations will take
considerably more computation time than when using a 2d axisymmetric formulation,
but it is more important to capture all failure mechanisms. The 2d simulations are not
abandoned completely as they will be used to quickly study some initial model choices.
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In this chapter the implicit Hilber-Hughes-Taylor-α (HHT-α) time integration scheme
will be used [30]. One advantage of the implicit HHT-α method is that equilibrium is
achieved at every time step. In addition, a critical time step size, typical for explicit
methods, does not exist in the implicit method because it is unconditionally stable. Fur-
thermore, the method includes some energy dissipation, which may reduce oscillations
that are generally produced in contact problems [31]. Since the method is uncondition-
ally stable one can take much larger time steps compared to explicit time integration
schemes. This can greatly reduce the total computation time. However, the disadvan-
tage is that implicit methods require iterations to be performed in each time step to find
the equilibrium state. This convergence process will be faster if the systems behaves
(near) linear within one time step, but may be slower if the system is highly non-linear
within one time step. To keep the simulations robust, the time step is adaptively chosen,
increasing or reducing the time step size depending on the number of required itera-
tions. As the convergence behaviour of the system depends on the level of non-linearity,
some model features will be carefully examined in this section. The goal is to keep the
framework simple and fast, without losing too much accuracy.

To reduce the non-linearity in the system, the numerical framework is critically re-
viewed. Any model introduced by the user to describe for instance the material or the
contact can introduce a non-linearity. There may be a general physical justification for
these non-linearities, but since the current chapter deals specifically with the sphere im-
pact test it is worth examining whether some of these non-linearities can be ignored.

The first source of non-linearity under consideration is the constitutive model. The
pressure dependency in the material strength and the softening of the yield stress are
important sources of non-linearity. However, the material strength is well established
and material failure is required in the problem under consideration. Therefore both
non-linearities can not be removed from the system. There is however another material
feature which has not been introduced in Section 4.3. This is material bulking or dila-
tancy, which is the tendency of a material to expand while failing. Some ceramic material
models, including the JH2 model, offer the possibility to include this behaviour. So it is
possible to add bulking to the material model, but at a cost of introducing an additional
non-linearity. The necessity of material bulking in sphere impact will be investigated in
Section 4.4.1.

A second source of non-linear behaviour is the contact between projectile and target,
for which a penalty stiffness formulation is used. Obviously this source of non-linearity
can not be ignored, since the sphere impact is a contact problem by nature. However,
one can choose how to describe the contact. More specifically, one may or may not
include contact friction. Whether this model feature is required in sphere impact will
also be investigated in Section 4.4.1.

After considering material bulking and contact friction the numerical framework is
almost complete. Two more verifications are performed. The first one is to see if the
upgraded JH2-V model indeed provides mesh independent results. The second and final
verification is to perform a 3d sphere impact simulation in the proposed framework. This
will show that all failure mechanisms described in Section 4.2 are properly captured.
After this final verification the numerical framework for sphere impact is completed and
can be used with confidence in the remainder of this chapter.
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4.4.1. BULKING
When ceramic material fails and undergoes shear deformation it has a tendency to ex-
pand. This behaviour is referred to as dilatation or bulking. The result of dilation or
bulking is an inelastic increase of volumetric strain. Most ceramic material models allow
for this dilatation effect. The original JH models have an explicit bulking formulation,
increasing volumetric plastic strain as damage in the material grows. A more suitable
approach when using an implicit time integration scheme is to include a volumetric
deformation in the material flow rule [17, 32], this was also shown to work for the JH2
model [33].

In a plasticity model the direction of plastic flow can be defined through the plastic
potential function g , as can be seen from (4.8). Any volumetric component of plastic
flow should therefore be included in the potential function. A simple plastic potential
function which includes a volumetric component is based on the Drucker-Prager (DP)
model, where the potential may be defined as

g (σ) =σeq (σ)−αp(σ). (4.10)

In this potential function σeq is the equivalent stress, p the pressure and α a variable
to scale the volumetric effect. It is easy to observe that volume preserving flow is found
for α = 0.0. In the DP model there are a number of ways to define the α variable, one
possible relation [34] is given as

α= 6sinψ

3− sinψ
. (4.11)

This sets a direct relation between the value of α and the angle of dilatancy ψ.
The potential function from (4.10) is simple but may be unphysical. This is because

the volumetric plastic strain is unbounded in this formulation, it keeps on increasing as
long as there is plastic deformation. To limit the amount of volumetric plastic flow the
potential function (4.10) can be modified to

g (σ) =σeq (σ)− (1−D)αp, (4.12)

where the volumetric component of plastic flow gradually reduces with damage and
eventually disappears when the material reaches full failure at D = 1.0. This is similar
to the model presented in [32] where the dilation effect is also scaled with damage. It is
also in line with the concept of a critical state in soil mechanics, where shear deforma-
tion may reach a stable state without any further increase of volume [35, 36].

The sphere impact experiment from Section 4.2 is simulated in a 2d axisymmetric
strain formulation. The potential function from (4.12) is used. As presented in the pre-
vious subsections the upgraded JH2-V model is used for the ceramic material and the
Johnson-Cook model for the steel projectile. Results of 200m/s sphere impact on a 9mm
ceramic tile when using the potential function are presented in Figure 4.6. Here the di-
lation angle is varied from ψ = 0◦..25◦ and the results are presented 10µs after impact.
The first observation is that the main cone crack remains very similar for all angles of
dilatancy. This is the most important observation, as cone cracking is the main failure
mode in a ceramic target under sphere impact. The simulation with ψ= 0◦ does show a
partial second cone crack. For other values of dilatancy this second cone is suppressed
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Figure 4.6: Effect of material bulking explored, potential function from (4.12) is used. The damage variable
D ∈ [0..1] is shown after 10.0µs of simulated time. A clear cone crack forms in all cases. Increasing the angle of
dilation has only minor consequences for the failure mode, as it does not affect the primary cone crack.

and only surface damage remains. A second observation is that failure on the back of
the target is present for all cases, albeit with some slight variations. It can be found that
the number of cracks reduces as the dilatation angle increases and the damage is more
diffuse for a high dilatation angle, although differences are small. This failure at the tar-
get back side should have been radial cracking, but in the 2d axisymmetric formulation
this can obviously not be captured. Differences in the backside failure are therefore not
too important for this initial consideration. A third observation can be made on the lat-
eral cracking in the specimen. The location and number of lateral cracks appears to
change when a different value of the bulking is chosen. There is however no clear trend
in the lateral crack formation. Also this mechanism is of less importance because it ap-
pears during unloading. Overall it can be found that there are some small changes in
the failure of the ceramic target when altering the dilation angle fromψ= 0◦..25◦, but no
significant changes are found in the main failure mode.

In literature multiple values for dilatancy in ceramic material are given. Some au-
thors choose to have a zero dilatancy [10, 17, 37], where others [32] choose a value ψ =
15◦. This fits within the considered range in the current section. The results from Fig-
ure 4.6 showed only minor effect of dilatancy when using ψ= 0◦..25◦. Combining these
findings leads to the conclusion that bulking is not important for the considered sphere
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impact experiment. It is important to note that this does not mean that bulking should
never be included in the upgraded JH2-V material model. It simply shows that its effect
is limited under sphere impact, quite possibly because there are no large shear deforma-
tions under these conditions. Any following simulations will be performed with volume
preserving plastic flow (i.e. ψ= 0◦). This reduces the non-linearity in the system and will
aid the global convergence process of the implicit time integration scheme.

4.4.2. CONTACT FRICTION

As a projectile comes in contact with a ceramic target, a reaction force is exerted on the
projectile. This reaction force slows down the projectile and may eventually defeat the
threat of the projectile. In the contact of projectile and target the main forces are trans-
mitted normal to the contact surface, however, sliding of the projectile along the target
surface can occur during the impact event. This will generate frictional forces in tan-
gential direction to the contact surface. Such a frictional force can be captured by in-
troducing a Coulomb friction in the penalty stiffness contact model [38]. The question
to be answered in this subsection is to determine if friction can be neglected or if it sig-
nificantly changes the simulation results. Figure 4.7 shows the damage found in a 2d
axisymmetric simulation, 10µs after being impacted by a steel sphere with an impact ve-
locity v = 200m/s. The figure on the left is obtained with a coefficient of friction µ= 0.0
and the one on the right with µ = 1.0, whereas a typical coefficient of friction between
steel and ceramic would be µ = 0.5 [39–41]. The primary cone crack is very similar in
both cases. A small secondary cone forms in the frictionless simulation, while only sur-
face damage is found in the results with friction. Minor difference is found in the back-
side failure, which appears more extensive in the high friction case. Also lateral cracks
are more frequent in the high friction case. The simulation results show that even if the
coefficients of friction are very different, the results obtained are similar. Therefore, it
can be concluded that friction does not need to be included in the current simulation
of a sphere impact test. The results obtained in the following sections are therefore ob-
tained without friction (i.e. with µ= 0.0), which will simplify the simulations.

4.4.3. MESH DEPENDENCY

The upgraded JH2-V model presented in Section 4.3.2 is used for the simulations in the
current chapter. In Chapter 2it was shown that this model can be used to give mesh in-
dependent results, thereby preventing spurious localization and the mesh bias effect. It
is good practice to show that the model indeed provides mesh independent results for
the current application. For sphere impact simulations mesh bias is of particular inter-
est, as the absence of bias will confirm the validity of the predicted cone crack angles and
paths. To study mesh dependency for the sphere impact problem the 2d mesh from 4.4.1
is used as a basis. Three variations to the mesh for sphere impact are considered. The
first variation is a refinement or coarsening of the top surface of the target mesh. The
second variation is again a refinement or coarsening of the mesh, this time for the inter-
nal element size of the ceramic target. The third and final variation is made by applying
a bias in the mesh. The bias is applied through the input geometry of the mesh. Parallel
lines spaced 1mm apart run from the surface to 3.6mm depth. The angles of these lines
vary between the meshes from 45◦−70◦, with 1◦ increments. An example mesh with a
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Figure 4.7: Effect of contact friction explored. Damage parameter D ∈ [0..1] in ceramic target is shown 10µs
after being impact by a steel sphere with initial velocity v0 = 200m/s. Figure on the left shows the results
obtained with a coefficient of friction µ= 0.0, figure on the right is obtained with µ= 1.0. Resulting cone cracks
are highly similar and show that friction can be neglected for these simulations.

50◦

Figure 4.8: Mesh with a bias of 50◦. Parallel lines running from the target surface are clearly visible.

bias of 50◦ is shown in Figure 4.8. The projectile mesh remains unchanged in all these
mesh variations.

Figure 4.9a shows the traced paths of the cone crack tips, obtained for the first mesh
variation in surface element size. The crack tip is traced for the first 1µs of the simulated
time, which is enough to see initiation and some propagation. It is easy to observe that
there is a considerable effect of the surface mesh size. It is found that the cone angle
increases with surface mesh size. The cone angle can be measured to vary from 53◦

for the 0.0125mm surface mesh size to 61◦ for the 0.1mm surface mesh size. Although
the angle changes between the meshes, the cone crack length is similar. For the biggest
element size considered, only a ring crack initiates and the cone crack does not develop.
This is because the stress field near the contact surface experiences high gradients in the
stress field. These high gradients are not well captured by the linear triangular elements
used. To get a reasonable description of these high gradients a fine mesh is required.

Figure 4.9b shows the traced paths of cone cracks, obtained for five different internal
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mesh sizes. Again the crack tip path is shown for the first 1µs of the simulated time. The
element size at the target surface is chosen as h = 0.050mm and is equal for all cases.
These results show a very similar cone crack path and initiation point for all five cases.
The cone crack length does appear to be a function of internal element size, as finer
elements lead to a longer cone crack.

Finally Figure 4.10 presents the cone crack angles measured in meshes with a bias.
The bias range considered here is 45◦−70◦, which encompasses the range of expected
cone angle. For the series of simulations the resulting cone angle is found to vary be-
tween 56◦− 63◦, measured from origin to tip of the cone crack. When the angle of the
bias is near the average cone angle of 60◦ one may find a small bias effect. The cone
angles found for a bias angle below the average cone angle appear to be below the aver-
age. For bias angles above the average cone angle the opposite is found. However, this
effect may be limited to a few degree change in cone angle and is not consistent for all
bias angles. The range of measure cone angle is also much smaller than the bias given,
indicating there is a limited effect of mesh bias.

Despite using the regularizing upgraded JH2-V material model there is some visible
effect of the mesh on the cone crack initiation and propagation. Variation of the target
surface mesh is found to have the largest effect. Smaller effects are found for the internal
mesh size and bias. It is concluded that the mesh at the target surface should be suffi-
ciently fine, but the internal mesh can be coarser. In the current chapter the comparison
to experiments is only done qualitatively in Section 4.5. When performing a quantitative
comparison one should consider the ±3◦ spread in simulated cone angle due to bias.

4.4.4. CHARACTERISTIC BEHAVIOUR

Sphere impact is a highly dynamic event. Failure of the ceramic is time dependent and
failure mechanisms may interact. To give a good idea of what might occur in a ceramic
under sphere impact a 3d simulation is performed and the results are analysed. This will
also show whether all failure mechanisms found in 4.2 are captured properly, thereby
validating the numerical framework. Figure 4.11 shows the 3d damage results for a 9mm
thick ceramic target after being impacted at 300m/s, for different points in time. The
projectile velocity is also plotted as a function of time. The results at 1.365µs clearly
show an initiated cone crack (orange arrows) as well as a quasi-plastic zone (grey ar-
row). The quasi-plastic zone is generally difficult to see but in the simulations it may
show up as a light blue discolouration, indicating a low level of damage. At 5.704µs the
cone crack has extended further in the ceramic material. Radial cracks are also visible
(blue arrows), both on the ceramic back surface and propagating in vertical direction
along the central axis. This confirms that a 3d simulation is indeed required since ra-
dial cracking is expected. At 5.704µs the projectile has reached a zero velocity and the
unloading phase begins. During the unloading phase lateral cracks form (green arrows),
as is clearly visible in the snapshot at 7.409µs. Contact between target and projectile is
lost around 7.409µs, which can be found from the constant velocity of the projectile af-
ter this point in time. The lateral cracks still continue to grow after the projectile loses
contact. This can be found from the snapshot taken at 10.0µs, showing the fully grown
lateral cracks which separate the cone into multiple parts. For this particular impact ve-
locity an additional failure mechanism is found as a ring crack on the target back surface
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(a) Mesh dependency study, variable element size h at the contact surface. The target interior element size
is the same for all cases. For a coarser mesh the radius of the surface ring crack is larger, as is the cone crack
angle.
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(b) Mesh dependency study, variable element size h in the target interior. The target surface element size is the
same for all cases. The cone crack direction is found to be insensitive to the mesh size, but the crack length is.

Figure 4.9: Mesh dependency study on cone crack initiation and propagation. Cone crack paths are shown for
different mesh sizes h.
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Figure 4.10: Cone crack angles obtained from the simulations with mesh bias. Elements are aligned to a given
angle and the cone crack angle is measured. The considered bias range 45◦ − 70◦ is chosen as the expected
cone angles are within this range. The green dashed line shows the mean value for the results, the red dashed
lines indicate the 95% confidence interval of 56◦−63◦.

(white arrow). This ring crack is generally not found. The snapshots from Figure 4.11
show how the failure mechanisms occur in time. This timing is very typical and all con-
sidered test cases show this order of failure. That is: first cone cracking and quasi-plastic
zone, then radial cracking and last lateral cracking. The results of the current simulation
show that the upgraded JH2-V model can capture all failure mechanisms expected in a
sphere impact experiment. A thorough comparison of the failure mechanisms for other
impact velocities and tile thicknesses will be presented in the next section.

4.4.5. CONCLUDING REMARKS

In this section the numerical framework for the sphere impact simulations was estab-
lished. This first part of the section considered two sources of non-linear behaviour. The
first was the possible addition of material bulking in the upgraded JH2-V material model.
The second was including Coulomb friction in the contact between projectile and target.
Both these model aspects were not found to have a considerable effect on cone cracking
in the ceramic target under sphere impact, which is the main failure mode. Minor and
negligible changes in failure on the target back surface and changes in lateral cracking
were also found.

To complete the numerical framework for sphere impact FE simulations a final veri-
fication and validation was performed. The verification was to see if there is any mesh-
dependency found in the simulation results. Although the upgraded JH2-V model was
used, which was shown in an earlier contribution to provide mesh-independent results,
some mesh dependency was observed. The greatest effect on the simulation results was
found by changing the surface mesh, leading to variations in cone crack length and an-
gle. Changing the internal mesh size or providing bias in the mesh was found to have
only minor effect. In the study on mesh bias it was observed that the bias effect on the
cone crack angle could be ±3◦. The validation was to perform a full sphere impact sim-
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Figure 4.11: Velocity of the projectile plotted for a 3d sphere impact simulation. Damage variable D ∈ [0..1] in
the ceramic is shown at four points in time. The first point is just before radial cracking starts, the second point
is when the projectile reaches zero velocity. The third point is (roughly) when contact is lost and the fourth
when the simulation is complete.
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ulation in 3d, to confirm that all failure mechanisms could be captured. These results
were also analysed to determine the timing of the failure process. Overall, the simula-
tion results showed that all failure mechanisms could be captured in the current numer-
ical framework. It is therefore concluded that all following sphere impact simulations
should be performed in 3d, with the upgraded JH2-V model without material bulking
and without contact friction.

4.5. RESULTS
As presented in Section 4.2, the experiment under consideration is sphere impact where
three different velocities are considered for two target thicknesses. The material models
and parameters presented in sections 4.3.1 and 4.3.2 are used. Similar to the 3d sim-
ulations performed in the final part of the previous section, quarter symmetry will be
used. The simulations only consider the first 10µs after projectile impact. This period of
time is sufficient to reflect the impacting steel sphere [42] and to induce the damage and
fracture processes in the ceramic tile.

Figure 4.12 shows the scalar damage value predicted in the simulations, ranging from
intact (blue) to fully damaged (red). From top to bottom the impact velocity is chosen
as 100-200-300m/s. The left column holds results for the 9mm thick ceramic tile and
the right column for the 13mm thick ceramic tile. It is possible to see cone and lateral
cracking in these frontal images of the impacted ceramics, as well a quasi-plastic zone
and the vertical propagation of radial cracks through the thickness of the ceramic. Fig-
ure 4.13 shows the same impacted ceramics, but now seen from below. Radial cracking
on the ceramic back surface is also visible from this viewpoint. Both the 9 and 13mm
thick targets show more failure in the ceramic as the projectile velocity increases. For
100m/s no cone cracking is visible and only the 9mm thick tile shows radial and lateral
cracking. The 13mm thick tile only shows surface damage and some slight discoloura-
tion in the sub-surface zone, but no cracking. The presence of cone cracking in the 9mm
tile but not in the 13mm tile was expected for some impact velocity. This is because the
amplitude of a spherical wave decays with distance squared. Therefore the stress wave
amplitude will be more than halved for the 13mm thick tile. For 200m/s impact both tile
thicknesses show cone cracking, although this cone only fully develops in the 9mm thick
tile. For the 13mm tile the cone crack does not extend through the ceramic tile. It is also
observed that the final part of the cone crack is found to extend towards the impact sur-
face rather than away from it. Step by step analysis of the impact simulation has shown
that the upward part of the cone crack forms when the projectile starts to rebound and
the target is unloaded. Radial and lateral cracking is found in both tile thicknesses. For
the 9mm thick tile the lateral cracks are found to separate the cone in three parts. The
300m/s impact cases show cone, lateral and radial cracking. Again the thin 9mm tile
shows more damage than the thick tile. The thin tile shows additional ring/cone cracks
at the impact surface, two lateral cracks and even a ring crack forming on the target back
surface and within the formed cone. Some element inversion is also visible for both ce-
ramic tiles impacted at 300m/s.

Similar to Section 4.2.1 the failure mechanisms were collected in a table. This is done
in Table 4.3, in which the experimental results from Table 4.1 are repeated once more for
easy comparison. The 9mm ceramic tile results agree very well between experiment and
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Figure 4.12: Sphere impact simulations performed in 3d with the same set-up as the experiments from DRDC.
The simulations are terminated after 10µs of simulated time.
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Figure 4.13: Sphere impact simulations performed in 3d with the same set-up as the experiments from DRDC.
The simulations are terminated after 10µs of simulated time.
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Table 4.3: Experimental results from Table 4.1 compared to simulations, based on failure mechanisms. For
each experiment the 7and 3symbols are used to show if the failure mode was found. The Hsymbol is used if
the test data was not available. The simulations only have a single outcome. For the 200m/s impact on a 13mm
tile the simulation shows a partial cone crack.

9mm Experiment, cracks Simulation, cracks
velocity cone radial lateral cone radial lateral
100m/s 333 333 333 7 3 3
200m/s 333 333 3H3 3 3 3
300m/s 333 333 333 3 3 3

13mm Experiment, cracks Simulation, cracks
velocity cone radial lateral cone radial lateral
100m/s 77 77 77 7 7 7
200m/s 333 333 737 3/ 7 3 3
300m/s 333 333 737 3 3 3

simulation. The only difference is the lack of cone cracking for the 100m/s simulation,
which was clearly present in all experiments. For the 13mm ceramic tile there is again
agreement in terms of failure mechanisms. Only exception is that all three experiments
for 13mm and 200m/s show fully developed cone cracks, while only a partial cone crack
was found in the simulation. Also for the 200 and 300m/s impact it is difficult to conclude
that the lateral cracking is captured correctly, as the experiments do not seem to give a
clear result for this mechanism.

Overall there appears to be good agreement between the failure mechanisms ob-
served in simulations and experiments. The validation of the upgraded JH2-V model to
be used in sphere impact simulations is now concluded. The models and methods can
now be used to study the failure mechanics in more detail than what the experimental
results allow.

4.6. DISCUSSION
In the current section conical and radial cracking of the ceramic target are analysed fur-
ther using finite element simulations of sphere impact. Lateral cracking will also be
briefly mentioned, but it is not considered to be an important failure mechanism in the
projectile interaction as it forms during and after unloading.

4.6.1. CONE CRACKING

The process of cone cracking will be investigated further in the current section. For this
purpose, sphere impact tests are simulated in the same numerical framework as before,
but now impact velocities are ranging from 100 to 300m/s with 10m/s increments. In
post-processing, the cone crack tip path was traced in the same way as was done in Sec-
tion 4.4.3. This traced crack tip path gives information on the crack length during and
after the impact event. The cone crack length is defined as the distance from point of
initiation to the tip. The simulated cone crack length as a function of time for the 9 and
13mm tiles are shown in Figure 4.14. The results are shown up to 6µs, which is approx-
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imately when the projectile velocity is reduced to zero and when the unloading phase
begins. After this point in time the cone crack may still grow, but as was seen in Fig-
ure 4.12, this can also be in an upward direction. This may give a false impression on
cone crack length, hence the propagation is only considered up to 6µs.

For both the 9 and 13mm tile thicknesses cone cracking was first observed at an im-
pact velocity of 170m/s. This suggests that, for the current model parameters, the im-
pact velocity required for cone crack initiation is constant and independent of the tile
thickness, which agrees with [10]. The current simulation results show that only a par-
tial cone crack is formed for the 170m/s impact velocity. This partial cone initiates and
grows roughly in the first µs after impact. The partial cone cracks are only a few mil-
limetres in length and do not cause full failure of the ceramic target. As impact velocity
increases one may find that the partial cone crack grows for a longer time, reaching an
increased crack length. At a threshold impact velocity an interesting transition takes
place, where the partial cone cracks start to grow again after an arrest phase. Increasing
the velocity beyond this threshold velocity eventually even removes the arrest phase and
the cone cracks are found to grow for the full 6µs. For the 9mm thick ceramic tile, the
first restarted cone crack is found at an impact velocity of 200m/s, for the 13mm ceramic
tile the threshold velocity is 230m/s. For the 9mm tile impacted at 200m/s one may find
that the cone crack shows an arrest phase of a few µs, before continuing to grow after
4µs. At 210m/s impact there is also a small arrest phase and even the 220m/s impact
case shows minor signs of arrest. Any impact velocity above that shows a continuously
growing cone crack. For the 13mm thick ceramic target impacted at 230m/s, there may
be a slight crack arrest just after 2µs but certainly not as convincing as for the 9mm tar-
get. Again for higher impact velocities the cone crack develops gradually without crack
arrest. For both tile thicknesses the growth of the cone crack appears to slow down after
some distance. This can be related to the way the crack length is measured, which is
from base to tip. This gives a correct length for straight cracks, but starts to deviate when
the crack is curved or with a sudden change in cone angle. For the simulations the crack
may change angle when it grows closer to the back surface of the tile, as is clearly seen in
Figure 4.12.

The cone cracking results in the current section do not show why the simulations in
the previous section do not match the experiments. However, they do reveal an interest-
ing difference in cone crack initiation and propagation. The initiation was found to be
independent on the tile thickness, while the propagation phase of the cone crack was.
This shows that there is a correlation between cone crack propagation and wave propa-
gation in the target, which can therefore be affected by applying a backing to the system.
If one tries to suppress cone crack initiation an armour benefits from a layer on the front
surface.

4.6.2. RADIAL CRACKING

In the simulations radial cracking in the ceramic target starts after cone cracking is ini-
tiated. This process is expected based on wave mechanics, since cone cracks are found
to form even before the first pressure wave reflects on the back surface. After initiation
of the radial cracks they are found to extend both in radial and vertical direction through
the ceramic tile.
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(a) Results for 9mm thick ceramic tile.
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(b) Results for 13mm thick ceramic tile.

Figure 4.14: Cone crack length as a function of time, for variable impact velocity.
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Figure 4.15: Sphere impact results for 9mm thick ceramic impacted at 200m/s. The damage is shown on the
bottom of the ceramic target, the axis of impact is at the top left of the figure.

At first, radial crack propagation in radial direction is considered. Figure 4.15 shows
snapshots for the 9mm ceramic tile impacted at 200m/s. The images show the damage
on the target back surface, where quarter symmetry is used with the axis of impact in the
top left corner. After 1.5µs the damage is found to start around the axis of impact, but
no clear radial cracks exist yet. In the succeeding images the radial cracks have formed
and extend in radial direction. In this particular impact case there are two radial cracks
forming, but other tile thicknesses and impact velocities may show one, three or even
four radial cracks. Generally more radial cracks are found if the impact velocity is higher,
which could also be seen before in Figures 4.3, 4.13 and in literature [8, 43].

In second, the growth of the radial crack through the thickness of the tile is consid-
ered. Figure 4.16 shows snapshots of the 9mm ceramic tile impacted at 200m/s, this time
a side view of the 3d result is presented. The top row shows the damage in the material,
the bottom row the equivalent plastic strain. The quasi-plastic zone in the ceramic tar-
get just below the point of impact is clearly visible in the bottom row of figures. One may
find that no clear radial cracking is found after 1.5µs but only a small amount of damage
on the target back side, which is similar to the results in Figure 4.15. Between 1.5−3.0µs
after impact the radial crack grows and extends through the thickness of the ceramic tile.
From the plastic strain plot it can be found that the crack stops roughly when it enters
the quasi-plastic zone. This is likely related to the compressive stress state experienced
in this zone. It is interesting to note that a lateral crack forms in this same location. This
can also be observed in the simulation results from the previous section in Figure 4.12
and may explain why the experiments never show a radially fragmented cone tip.

Similar to the cone cracks it is possible to trace the radial cracks. Figure 4.17 holds
the traced radial crack lengths as function of time. Radial crack length is defined here as
distance from axis of impact to the radial crack tip. Again the results are presented for
both the 9 and 13mm thick ceramic tiles. Unlike the cone cracks there is a considerable
time after impact before the radial cracks start to grow. The vertical dotted line indicates
when the compressive wave of impact first reaches the target back surface. This is the
theoretical lower bound for radial crack formation. The cracks in the simulations do not
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Figure 4.16: Sphere impact results for 9mm thick ceramic impacted at 200m/s. The deformed geometry is
shown with (top) damage and (bottom) equivalent plastic strain. The damage is plotted on a linear scale, the
equivalent plastic strain on a logarithmic scale.



4.6. DISCUSSION

4

117

form at this minimum, some time is needed before the tensile stress amplitude reaches
the material strength and radial cracking is initiated. When a higher impact velocity is
used the radial cracks form sooner, this holds true for both ceramic tile thicknesses. This
was to be expected since a higher impact velocity increases the stress wave amplitude
and should therefore require less rise time before radial cracking. After radial cracks are
initiated the propagation velocity appears to be independent of the initial impact ve-
locity. Crack arrest is not found in the radial crack graphs, although a slight reduction
in crack growth rate is observed just after initiation for all cases. The results presented
in Figure 4.17 are for an impact velocity 170-300m/s, which is the range in which cone
cracking is observed. Radial cracks are however found below 170m/s, for the 9mm thick
tile the first radial cracks appear at 60m/s impact and for the 13mm tile at 120m/s. This
is in line with the experimental observations of the previous section, where 9mm thick
tiles impacted at 100m/s showed radial cracking, but 13mm thick tiles did not. The ob-
servation that radial cracks initiate at a lower velocity than cone cracks confirms that a
3d simulation is necessary to study cone cracking in these unsupported sphere impact
tests.

The results in Figure 4.17 can also be combined with the cone crack tip results from
Figure 4.14. To compare both the cone crack tip radial coordinate is plotted (not the
cone crack length). The cone crack tip positions are shown as dashed lines in Figure 4.17.
Only two extremes of cone crack length are shown. The first cone crack lengths are for
the lowest impact velocity still showing a propagating crack after 6µs, which is found at
200m/s for the 9mm thick tile and at 230m/s for the 13mm thick tile. The second cone
crack lengths are those found for an impact velocity of 300m/s, for both tile thicknesses.
One may find that radial cracks are initially only internal to the cone, but they pass and
extend beyond the cone crack after some time and distance. When analysing experi-
mentally tested ceramic targets after the impact event, this means the radial cracks will
extend into the tile, in a seemingly uninterrupted path. One may be tempted to assume
that this means the radial cracks are formed before the cone crack, but the simulation
results show the opposite. Currently it is not yet possible to validate this claim through
experiments.

4.6.3. GENERAL BEHAVIOUR

Initial results in this section showed damage plots for a 9mm thick ceramic tile impacted
at 200m/s. This clearly showed that a cone crack initiates before radial cracks do. It also
revealed that the radial cracks grow out and upward into the ceramic tile. The radial
cracks stop to grow up as soon as they reach the quasi-plastic zone, which is also where
a lateral crack is found to form during unloading. These observations are similar for all
tile thicknesses and impact velocities for which cone and radial cracking is found. After
the sphere impact test a ceramic cone has formed, with a separated but intact tip and
a radially fragmented base. This is confirmed by both the numerical and experimental
results from Section 4.5.
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(a) Results for 9mm thick ceramic tile.
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Figure 4.17: Radial crack length as a function of time, for variable impact velocity. Dashed lines show cone
crack position, dotted vertical lines indicate when the compressive wave of impact first reaches the target back
surface.
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4.7. CONCLUSIONS

The upgraded viscosity regularized Johnson-Holmquist-2 material model was used to
simulate ceramic material under impact in 3d. A numerical framework was specifically
set-up for sphere impact simulations. Initial 2d simulation results revealed that mate-
rial bulking and contact friction do not play a dominant role in sphere impact and these
model characteristics were therefore ignored in further analyses. The mesh indepen-
dency of the model results was also investigated. Although the JH2-V model is known
to regularize the solution, small effects of the mesh on the results were found. As a final
verification a characteristic 3D sphere impact test was performed. This showed that all
failure mechanisms could be captured in the current framework and also gave some in-
sight in the timing of failure. It was concluded that the framework for succeeding sphere
impact simulations should be in 3D, but bulking and contact friction can be neglected.

Using the numerical framework presented in the first part of this chapter, the sphere
impact experiments was simulated. Qualitative comparison of sphere impact simula-
tions and experiments showed good agreement. Cone cracking could be captured in
the simulations, but there was a mismatch on the impact velocity for which the cone
cracks first appeared. However, radial and lateral cracking was properly captured in the
simulations. Overall, the simulations showed that sphere impact on ceramic materials
can be captured, which further validates the upgraded viscosity regularized Johnson-
Holmquist-2 material model.

Now, using the proper material model and numerical framework, it is possible to in-
vestigate the failure processes and their sequence in more details. For this purpose, the
sphere impact test was simulated for impact velocities ranging from 100 to 300m/s, with
10m/s increments. The analysis showed that there exists a threshold impact velocity for
which cone cracking is first initiated. In the simulations this impact velocity was found
to be equal to 170m/s and independent of the ceramic tile thickness. A fully developed
cone crack does however appear at higher impact velocities, the exact value of which de-
pends on the tile thickness. This shows that cone crack propagation is subjected to wave
propagation phenomena, but initiation is not. Furthermore, radial and lateral cracking
was investigated. From both simulations and experiments it can be found that the lat-
eral crack separates the tip and base of the cone. The radial cracks are then found to
fragment only the base of the ceramic cone. The radial cracks also extend beyond the
cone crack and fragment the remainder of the target. Better understanding the failure
mechanisms and their timing was the purpose of the last part of this chapter, which was
therefore successfully concluded.

Finally, in the current chapter a numerical framework was formulated to study sphere
impact on ceramic material. The model results were found to give good agreement with
experiments. Furthermore, the model was used to study the failure processes in more
details. It can be concluded that the upgraded JH2-V model in the current numerical
framework provides a good basis for future research related to sphere impact on ceramic
material.
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5
CONCLUSION

The goal of the thesis was to simulate sphere impact on a ceramic material and use simu-
lations to understand the failure in ceramic under impact. The key focus of the research
has been the constitutive modelling of ceramic material. A new constitutive model was
proposed in this thesis. The model was based on the Johnson-Holmquist-2 (JH2) ce-
ramic material model, which is often used to describe the behaviour of a ceramic un-
der ballistic loading. The original model has been modified in two steps to ensure the
predicted behaviour to be: (1) numerically sound and (2) physically correct. To obtain
numerically correct results mesh dependency of the JH2 model had to be solved. For
this purpose a viscosity was added to the hydrostatic tensile strength in the model. To
improve the physically correctness of the model the plastic failure strain formulation
was modified, to allow for both brittle failure under tension and ductile failure under
compression. As a final step a numerical framework for sphere impact simulations was
defined. Using this numerical framework and the improved constitutive model sphere
impact experiments were simulated, leading to new insights on failure of ceramics under
sphere impact.

The mesh dependency of the JH2 model and a solution for this problem were dis-
cussed in Chapter 2. Here a viscosity to the hydrostatic tensile strength was proposed,
renaming the model to the viscosity regularized JH2 model, or simply JH2-V. A mixed
linear / logarithmic viscosity formulation was used, to provide regularization at all load-
ing rates but prevent unphysical growth of the failure zone under high rate loading. This
mixed formulation was shown to give mesh independent results, removing any spurious
localization of the failure as well as removing the mesh bias effect in the results. The
newly introduced rate dependent tensile strength did not only solve for mesh depen-
dency, it also allowed the model to capture rate dependency found in the spall strength
of ceramic materials. This was not possible in the original JH2 model, but only in the
JH2-V model.

The physical correctness of the JH2-V model developed in Chapter 2 was thoroughly
examined in Chapter 3. Four experiments on ceramics were simulated using the JH2-V
model with the main purpose to validate the results. This validation, however, revealed
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an inability of the model to predict both brittle failure under tension and ductile failure
under compression. This inability was found to originate from the plastic failure strain
formulation, used by the JH2 and JH2-V material models. In the original formulation the
failure strain is a function of pressure, which should account for the difference between
failure under tension and compression. However, this single formulation inadvertently
couples the failure strain under tension and compression. As a result either failure under
tension or compression could be captured correctly, but not both. A solution was found
by upgrading the failure strain formulation, using two independent failure strains for
high and low pressures. By using this failure strain formulation both brittle failure under
tension and ductile failure under compression could be captured, with a single set of
material parameters. The upgraded JH2-V model was shown to correctly capture the
ceramic behaviour in all four experiments considered.

The upgraded JH2-V material model can be used to simulate ceramic behaviour, as
the validation steps in Chapter 3 have shown. A final step towards sphere impact simula-
tions is to define the full numerical framework in which these simulations should be per-
formed. Model aspects related to the projectile, the contact and additional features for
the ceramic constitutive model were considered in Chapter 4. Finally it was concluded
that simulations should be performed in 3d, without contact friction or ceramic bulking.
It was shown that all failure mechanisms could be captured by simulating in this numer-
ical framework. Comparison of simulation results to experiments showed good agree-
ment, although some discrepancies in cone crack initiation were found. The upgraded
JH2-V model and the numerical framework were finally used to perform a detailed study
of ceramic failure under sphere impact. This revealed a typical order of failure processes
in the ceramic material and also showed how the failure mechanisms interact. A cone
crack and a quasi-plastic zone are first to form. After some time radial cracks will appear,
growing in radial direction as well as through the thickness of the ceramic target. Radial
cracks are initially internal to the cone, but may grow beyond the cone towards the end
of the interaction. The radial cracks extend through the thickness of the ceramic target
up to the quasi-plastic zone. This is also the position where a lateral crack will form when
the material is unloaded. A typical post-experimental specimen shows an ejected cone
with a separated tip and a radially fragmented base. The ceramic target will also be split
by radial cracks.

It is concluded that the upgraded JH2-V model can correctly capture ceramic be-
haviour under dynamic loading. In the current numerical framework sphere impact ex-
periments can be correctly simulated. The constitutive model and numerical framework
provide a good basis for future research related to sphere impact and other ballistic tests
on ceramic material.

5.1. FUTURE RESEARCH
The constitutive model and numerical framework presented in this thesis allowed to
successfully simulate sphere impact on a ceramic material. The sphere impact test was
chosen because it is a simple and controllable dynamic test. The upgraded JH2-V consti-
tutive model which was tested and validated on this sphere impact test may now also be
used to the full scale ballistic loading of the ceramic armour system. Although the model
was shown to give correct results in sphere impact, there will be new challenges when
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simulating ballistic loading on armour systems. Some of the future challenges were al-
ready revealed during the current project. This section will discuss some potential future
research topics related to (1) the constitutive model, (2) the numerical framework and (3)
experiments on ceramics.

5.1.1. CONSTITUTIVE MODEL

The JH2 ceramic material model was chosen as a base model. The upgraded JH2-V
model is the final constitutive model used in this thesis. There are still some features in
this model which are a good candidate for improvement. First some possible improve-
ments from a physical point of view:

• In Chapter 4 of this thesis it was found that cone cracking in simulations appeared
at lower velocities than in experiments. One possible explanation is that tensile
failure is not properly captured in the current model. The current model relates
the material strength and softening to the pressure state in the material. This
might overestimate the material strength under combined tensile and compres-
sive stresses. Some models try to deal with this by including a dependency on the
lode angle [1, 2], or even on the principal stresses [3]. This changes the basis of the
material model, but may be worth investigating.

• A new failure formulation was proposed for the JH2 material model, where soft-
ening under tensile and compressive states was separated. The model could be
extended one step further by having two scalar damage variables to drive soften-
ing, one for tensile failure and one for failure under compression. The rationale is
that failure under tension and compression not only accumulates differently, but
also affects the material strength in a different way. For instance, lowering either
the deviatoric or hydrostatic material strength.

Improvements for a constitutive model can have a physical justification, but there
may also be numerically justified improvements. Consider that the Finite Element Method
was used in the current thesis, in which the system of equations was solved using an im-
plicit time integration scheme. This implicit integration scheme allows for large time
steps and can result in relatively fast simulation of dynamic problems. To keep this im-
plicit integration scheme robust the system of equations should be (near) linear. This
is complicated, since material failure itself is inherently non-linear. Therefore, in Chap-
ter 4, some non-linearities of the constitutive model were evaluated, to find and remove
any unnecessary sources of non-linearity. More sources of non-linearity can be found
in the JH2-V model than those discussed in Chapter 4. Two of these are discussed be-
low. Obviously one must ensure the model still provides physically correct results after
removing some non-linearity.

• The JH2 intact and residual strength formulations have a singularity in their derivate
at their respective apexes. These singularities are detrimental to the local and
global Newton-Raphson procedure. A change in the strength formulations may al-
leviate this. For example, using a strength formulation such as in the JHB model [4],
where there is no singularity at the apex. Since the apex deals with low or negative
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pressure behaviour this may very well be studied together with better capturing
tensile failure in the model.

• The JH models maintain a constant ultimate hydrostatic tensile strength up to the
point of full failure. In the JH2-V model the ultimate hydrostatic tensile strength is
even increased as function of loading rate. In both models there is no mechanism
which lowers the hydrostatic tensile strength, except for full failure when there
is a sudden collapse to zero strength. Providing a smooth softening of the hydro-
static tensile strength to zero may improve convergence behaviour of the local and
global system of equations. Furthermore, from a physical point of view a softening
of the hydrostatic tensile strength may even be a more realistic approach to dam-
age. This topic may be studied together with a separation of the damage variables,
as a tensile damage variable may be a good candidate to drive hydrostatic strength
reduction.

Although the focus has been on the ceramic material model, it should be kept in
mind that there are two materials involved in this interaction, the other being from the
projectile. In the current thesis the projectile was simplified to one material (steel) and
a Johnson-Cook (JC) model was chosen for the projectile in the simulations. Two factors
were not considered in the current simulations, they may be included to improve the
simulation results:

• Temperature and loading rate effects in the JC model. Currently the model param-
eters for this projectile were simplified to ignore these effects. Temperature effects
are likely to lower the yield strength of the projectile, while rate effects will increase
its strength.

• Failure of the projectile. Experiments showed not only plastic deformation of a
projectile, but also severe fragmentation for high impact velocities. This fragmen-
tation was not captured by the current projectile material model.

Both the temperature/rate effect and failure of the projectile are likely to change the ex-
erted force by the projectile onto the ceramic. Properly capturing these effects may give
more physically realistic results.

5.1.2. NUMERICAL FRAMEWORK
In Chapter 4 a framework was presented to properly simulate sphere impact on a ce-
ramic material. There are many more options related to the framework which one may
consider, apart from choosing the best ceramic material model. There are two consider-
ation which will become more important as higher impact velocities are to be studied.
This is related to large deformation and rotation found in some of the sphere impact
simulations. Two extensions of the current framework should be considered:

• In the current framework the model is based on infinitesimal strain (small strain).
In some impact experiments deformations are large and an extension to large de-
formation should be considered. For this, use a strain measure which can describe
large rotation and deformation. Since this adds a geometric non-linear behaviour
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to the system, its effect on convergence for the implicit time integration scheme
should be reinvestigated.

• Apply either element erosion schemes or re-meshing algorithms to solve for ele-
ment inversion. The former may be simple, but choosing the right erosion scheme
is difficult and may reintroduce mesh dependency to the problem. The latter ap-
proach is more appealing from a theoretical point of view, as energy and mass in
the system can be maintained. However, re-meshing may be costly and some loss
of accuracy due to data transfer is to be expected.

5.1.3. EXPERIMENTAL WORK

This work has been numerical in nature, with a strong focus on constitutive modelling.
To validate the upgraded JH2-V model results, experiments are indispensable.

• Many experimental results can be found from literature, even large collections of
experimental results [5]. However, consistent data sets for which the same ce-
ramic has been used in a wide range of experiments is lacking. This became clear
in Chapter 3, where the simulation results were thoroughly compared to exper-
iments. Unfortunately the experimental results did not originate from the same
source and although the ceramic material was similar, it was not the same. Ideally
one would need to have a consistent set of experiments performed on the same
material.

• In Chapter 4 a qualitative analysis of sphere impact and the damage in ceramic
was performed. The simulation results could also be studied quantitatively, for
instance by measuring the cone angle under an increasing impact velocity. This
would provide valuable information necessary to improve the final armour sys-
tem behaviour. However before the numerical results can be used for a quantita-
tive analysis they need to be validated. Although current research presents some
quantitative results [6], the quantitative data show great variation. New experi-
ments will be needed, with a larger number of tests to clearly identify trends in the
quantitative data.

• In Chapter 4 the simulation results were used to analyse timing of failure. This is
one of the strongest points of the simulation, since one is able to follow ceramic
failure internally and as a function of time. Interesting observations on interac-
tion of cone and radial cracks were done. Although strength and failure of the ma-
terial model were thoroughly validated for individual load cases, it makes sense
to also validate the timing of failure for the considered sphere impact cases. For
instance one needs to know when a cone crack initiates and when it is fully devel-
oped. There is a serious challenge here for the experiments. A good approach is to
simplify impact loading and first study crack propagation in notched specimens
under impact, such as done in [7]. Although more challenging loading conditions
can also be studied, as is shown in [8] where the radial crack velocity is determined
in an alumina ceramic under sphere impact.
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