
 
 

Delft University of Technology

Simulating brittle and ductile response of alumina ceramics under dynamic loading

Simons, E. C.; Weerheijm, J.; Sluys, L. J.

DOI
10.1016/j.engfracmech.2019.05.013
Publication date
2019
Document Version
Accepted author manuscript
Published in
Engineering Fracture Mechanics

Citation (APA)
Simons, E. C., Weerheijm, J., & Sluys, L. J. (2019). Simulating brittle and ductile response of alumina
ceramics under dynamic loading. Engineering Fracture Mechanics, 216, 1-20. [106481].
https://doi.org/10.1016/j.engfracmech.2019.05.013

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.engfracmech.2019.05.013
https://doi.org/10.1016/j.engfracmech.2019.05.013


Simulating brittle and ductile response of alumina ceramics1

under dynamic loading2
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3
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Abstract6

Alumina ceramic is often used in armour systems. This material is known to have a brittle response under ten-
sile loading, while a ductile response is found when sufficiently high pressures are reached. During projectile im-
pact a ceramic material experiences both tensile loading and high pressures, hence fails in both a brittle and ductile
way. Properly capturing the ceramic failure in a single material model remains challenging. A viscosity regularized
Johnson-Holmquist-2 model has been used to simulate dynamic loading on alumina ceramic. The simulations show
that the brittle and ductile nature of the material can not be captured simultaneously in the current material model.
A new failure strain formulation is proposed where the behaviour under tensile and compressive loading can be con-
trolled independently. This allows to properly capture both the brittle and ductile response of the material in a single
constitutive framework, with a single set of model parameters.

Keywords: ceramic, Johnson-Holmquist, ductile, brittle, failure7

1. Introduction8

Ceramic materials such as alumina and silicon carbide are widely used in armour systems. These ceramics have9

a high hardness and relatively low weight when compared to traditional armour materials such as steel. The high10

hardness of the ceramic ensures heavy deformation and even fracturing of incoming projectiles. The ceramic material11

itself may also damage during this interaction. As long as the ceramic can exert a force on the projectile, the deforma-12

tion and deceleration of the projectile continues. Understanding the failure process of a ceramic material is therefore13

key in understanding the projectile/armour interaction [1, 2, 3]. Armour ceramics show multiple modes of failure.14

Under tension the behaviour is brittle, while a more ductile behaviour can be found under compression. The brittle15

nature under tensile loading is attributed to macro crack formation. While the ductile behaviour of the ceramics under16

compression can be explained by micro-crack formation and plasticity. Plastic deformation of ceramics under impact17

is well known and appears for sufficiently high confining pressures [4, 5, 6, 7, 8].18

Although the main modes of failure are known for armour ceramics it is still difficult to properly capture their19

behaviour, the sequence of occurrence and the interaction of mechanisms with a computational model. Experimental20

measurements of the individual failure processes are very limited. True impact experiments with projectiles can21

be performed, but material behaviour is often deducted rather than measured. The latter is difficult due to highly22

varying stress states and the catastrophic nature of the experiments. There are two main paths one can take to better23

understand the failure process. The first way is to limit the loading rates, and therefore consider quasi-static indentation24

tests [9, 10] and slow dynamic testing such as drop-weight impact tests [7]. The main advantage of these tests is that25

the ceramic does not fail catastrophically. This makes it possible to examine intermediate stages of failure which lie26

between intact and fully failed. A second way to study ceramic failure is by simplifying the dynamic loading, e.g. by27

plate impact or spall tests. In these experiments the material is loaded in a well defined way, which makes it possible28

to deduct the material behaviour under these dynamic loading scenarios. When building a constitutive model for29

ceramics this type of information is essential. The main advantage of the second type of tests over the first one is that30

the dynamic nature of the impact problem is maintained, which is why the second approach is adopted in this paper.31

Plate impact tests have been performed on ceramic materials over the past decades, providing a great deal of32

information in literature [11, 12, 13, 14, 15, 16, 17, 18, 19, 20]. In a plate impact experiment high pressures can be33
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Nomenclature

A intact deviatoric strength parameter
B residual deviatoric strength parameter
C rate dependency parameter
d1 deviatoric failure strain parameter
d2 failure strain pressure dependency exponent
D scalar damage variable
Ḋ rate of the scalar damage variable
E Young’s modulus
f yield function
HEL Hugoniot Elastic Limit
m residual strength pressure dependency expo-

nent
n intact strength pressure dependency exponent
p pressure
pc maximum failure strain threshold pressure
pt minimum failure strain threshold pressure
PHEL pressure at HEL
T hydrostatic tensile strength
T0 rate independent hydrostatic tensile strength
Tt hydrostatic tensile strength for transition rate

ε strain tensor
˙̄ε0 reference equivalent plastic strain rate
˙̄εp equivalent plastic strain rate
˙̄ε∗p equivalent plastic strain rate normalized to ˙̄ε0

ε̄
f
p equivalent plastic failure strain
ε̄

f ,min
p minimum equivalent plastic failure strain
ε̄min

p minimum equivalent plastic failure strain
ε̄max

p maximum equivalent plastic failure strain
η viscosity
λ̇ rate of plastic multiplier
λ̇t threshold rate of plastic multiplier
ν Poisson’s ratio
ρ density
σ stress tensor
σeq Von Mises equivalent stress
σHEL equivalent stress at HEL
σi intact deviatoric material strength
σ f residual deviatoric material strength
σ∗i intact deviatoric material strength normalized

to σHEL

σ∗f residual deviatoric material strength normal-
ized to σHEL

σy yield stress
σ∗y yield stress normalized to σHEL

FE Finite Element
JH2 Johnson-Holmquist-2
JH2-V Viscosity regularized Johnson-Holmquist-2
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reached and the material fails under compressive loading. The material is loaded in uniaxial strain and by measuring34

the free surface velocity of the impacted plate the stress wave inside the material can be reconstructed. This stress35

wave signal can then be used to derive material behaviour. Spall tests provide a second simplified loading scenario.36

Two types of spall tests can be performed, either a slender bar [21, 22, 23, 24] of ceramic or a wide plate [25, 26, 27]37

is loaded. Similar to plate impact a spall test performed on a plate will load the material in uniaxial strain conditions,38

but in the spall test the target material fails under tension.39

The plate impact and spall tests provide good insight in the material behaviour under pure compressive or tensile40

loading. This information can be used to calibrate or validate a constitutive model. The constitutive model should41

be able to capture the behaviour of the ceramic for both tests. This means that the model should be able to capure42

the brittle and ductile behaviour under tension and compression. Multiple constitutive models for ceramics have been43

proposed in literature over the past decades. Noteworthy models are those by Johnson and Holmquist [28, 29, 30],44

Simha [31] and Deshpande-Evans [32, 33]. Most of the available ceramic material models are essentially softening45

plasticity models. The main difference lies in the description of the material strength and the way the models deal46

with ceramic failure. In the current paper the second model by Johnson-Holmquist [29] (JH2) is chosen as this is an47

often used and widely accepted ceramic material model for ballistic impact.48

Softening plasticity models (such as the JH2 model) are well known to suffer from mesh dependency. In [34] a49

modification of the JH2 model was proposed which solved this mesh dependency. The modification consisted of the50

inclusion of rate dependency (i.e. viscosity) on the hydrostatic tensile strength of the material. Adding a viscosity to a51

constitutive model is known to provide an implicit length scale, which can regularize the solution and solve the mesh52

dependency problem [35, 36, 37]. In addition to providing mesh independency for the JH2 model results it was seen53

that the rate dependency of the tensile strength allowed the model to properly capture experimentally measured rate54

dependency of the spall strength of ceramic [26], where the original JH2 model failed to do so.55

The goal of the current paper is to find a generic model, capable of simulating ceramic failure both under tension56

and compression, subjected to a range of loading rates. The viscosity regularized JH2 model (JH2-V) from [34] is57

used as a starting point. This model will be described in Section 2. In Section 3 the JH2-V model (and the original58

JH2 model) will be extensively tested. The models will be used to simulate a spall test, a plate impact tests, a59

spherical impact test and a quasi-static ring-on-ring bending test. For a correct material model all of these tests should60

give an adequate match between experiments and simulations, for a single set of model parameters. Unfortunately61

the analysis shows that this is not true for the JH2-V model (or the JH2 model). Fortunately the simulation results62

give a clear indication that this is related to the failure formulation of the model. The failure formulation in these63

models only allows for either brittle failure under tension or ductile failure under compression. This is because the64

damage rate in the failure formulation is a single pressure dependent function, coupling the behaviour under tension65

and compression through the model parameters. In section 4 the failure formulation is modified such that the failure66

response under tension and compression is separated. This allows independent control over the damage rate under67

tensile and compressive loading. Calibration of the new formulation is done based on spall and plate impact tests. It68

is shown that the JH2-V model with the new softening formulation can properly capture the ceramic’s behaviour in69

all four considered loading scenarios, for a single set of model parameters.70

2. Methods and Models71

Finite element (FE) simulations are performed. For the FE simulations a C++ based code is used, developed with72

the open source FE libraries provided by JemJive[38]. Implicit solution schemes are used for the simulations in this73

paper, Newton-Raphson for the quasi-static simulations and Hilbert-Hughes-Taylor-α for the dynamic simulations.74

The choice for this numerical framework will be briefly explained by two comments. First a comment on the FE75

method. This is a well established method to solve a partial differential equation (PDE). Other methods may also be76

used, such as the material point method (MPM) [39, 40], smooth particle hydrodynamics (SPH) [41, 42, 43, 44, 45]77

and many others. These methods may have some advantages and disadvantages over the FE method. One major78

advantage of MPM and SPH is that these mesh-less methods easily deal with large deformations, but they tend to be79

more computationally heavy than FEM. Since the test cases in the current paper do not experience large deformation80

the FE method remains a good choice. The second comment is on the choice for the implicit time integration scheme.81

Compared to explicit time integration schemes these implicit schemes have two main advantages. The first is that the82

balance of linear momentum is exactly satisfied in each time step, which is not true for explicit schemes. The second83
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advantage is that these implicit schemes are unconditionally stable, and as such do not have a critical time step. This84

means time steps can be much larger than what is possible in explicit time integration schemes. This feature is further85

exploited in the current paper by using an adaptive time integration scheme, to keep the implicit scheme robust and86

fast. The Hilbert-Hughes-Taylor-α method furthermore has some damping included in its formulation, which may87

help when simulating dynamic contact problems [46]. The choice of how one solves the PDE and how one deals with88

time integration is independent of the material model. The constitutive model developed in the current paper should89

therefore be considered as a general model, not bound by the FEM or implicit time integration.90

In the current paper the Johnson-Holmquist-2 [29] model is used, as this is a widely accepted material model for91

ceramics. The section will start with a short description of the material strength in this model, as well as the viscosity92

regularized formulation from [34]. The second part of the section will show how failure is captured in the ceramic93

material models JH2 and JH2-V, as well as several others.94

2.1. Material strength95

2.1.1. Johnson-Holmquist-296

In the Johnson-Holmquist-2 (JH2) model the yield function f of the material is described as97

f (σ,D) = σeq(σ) − σy(σ,D), (1)

where σ is the stress tensor, D a scalar damage variable, σeq the Von Mises stress and σy the material strength. This98

material strength can be found as99

σ∗y(σ,D) = (1 − D) σ∗i (σ) + D σ∗f (σ), (2)

where ∗ indicates that the values are normalized with respect to the equivalent stress at the Hugoniot elastic limit, i.e.100

σHEL. The material strength σy is an interpolation of the intact and residual strengths σi and σ f with damage D. The101

intact and residual material strengths are a function of the pressure p(σ) = − 1
3σii and can be expressed as102

σ∗i (σ) = A
(

T + p(σ)
PHEL

)n (
1 + Cln˙̄ε∗p

)
, (3)

σ∗f (σ) = B
(

p(σ)
PHEL

)m (
1 + Cln˙̄ε∗p

)
. (4)

Here A, B, C, n, m, T and PHEL are material properties and ˙̄ε∗p is the rate of equivalent plastic strain normalized with103

respect to reference rate ˙̄ε0. The rate dependency is controlled through parameter C. This rate dependency provides a104

deviatoric scaling of the material strength.105

2.1.2. Johnson-Holmquist-2 Viscosity-regularized106

In [34] a modification to the JH2 model was proposed. To solve mesh dependency of the original model an107

apex viscosity was introduced (hence Johnson-Holmquist-2 viscosity-regularized or JH2-V). The material strengths108

from (3) and (4) are now replaced by109

σ∗i (σ) = A
(

T ( ˙̄εp) + p(σ)
PHEL

)n

, (5)

σ∗f (σ) = B
(

p(σ)
PHEL

)m

. (6)

In this formulation the apex pressure T is now a function of rate, providing a rate dependent tensile strength to the110

material. In the above formulations the original logarithmic rate dependency is absent, however the new formulation111

does not exclude the original formulation as both formulations may be used together.112

The proposed apex viscosity is a mixed linear/logarithmic formulation113

T ( ˙̄εp) = T (λ̇) =

T0 + ηλ̇ for λ̇ < λ̇t,

Tt

(
1 +

ηλ̇t
Tt

ln
(
λ̇
λ̇t

))
else.

(7)
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Here, λ̇ is the rate of plastic multiplier, which is equal to the rate of equivalent plastic strain when using a deviatoric114

plastic flow rule. Furthermore, T0 is the rate independent apex pressure, η is the viscosity and λ̇t is the threshold rate115

for which the viscosity changes from linear to logarithmic. A transition pressure Tt = T0 + ηλ̇t is also used in the116

formulation. The mixed linear/logarithmic formulation was found to provide mesh-independent results. In addition it117

was shown that the proposed viscosity formulation could match experimentally measured rate dependency of the spall118

strength of ceramics. The original strength formulation of the JH2 model failed to have mesh-independent results and119

also failed to capture the rate dependency in the spall strength.120

2.2. Ceramic softening121

A strength reduction in the JH2 and JH2-V models is achieved by the damage parameter D, as is shown in (2).122

This single damage parameter should be able to properly describe the underlying failure phenomena. This may be123

challenging since the failure behaviour of a ceramic under tension and compression can be very different. In this124

subsection damage growth of the JH2 model is compared to other models.125

2.2.1. Johnson-Holmquist-2126

In the JH2 model failure is a gradual process, where the yield stress reduces as the damage parameter D grows (as127

shown in (2)). The rate of damage is found as128

Ḋ =
˙̄εp

ε̄
f
p

, (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.129

The failure strain is not constant in the JH models but follows130

ε̄
f
p (σ) = d1

(
T + p(σ)

PHEL

)d2

, (9)

where d1 and d2 are material constants. The values of d1 and d2 are typically unknown for a ceramic, because131

direct measurement of plastic failure strain in ballistic experiments is currently impossible. The functional form of132

the failure strain formulation in (9) is therefore an assumption and the parameters are determined through inverse133

modeling. Table 1 lists some of the failure related properties used in literature when modeling alumina ceramic. The134

material density is added to give insight in the type of alumina ceramic considered in these sources. The difference135

between highest and lowest values for d1 and d2 is found to be one order of magnitude. This great diversity is a clear136

indication of their level of uncertainty.137

Table 1: JH2 failure strain constants for alumina ceramics

d1 d2 ρ [kg/m3] source
0.002 0.83 3625 [47]
0.005 0.83 3625 [48]
0.005 1.00 3700 [49]
0.010 1.00 3800 [50]
0.001 1.00 3890 [51]
0.010 0.07 3890 [52]
0.0125 0.70 3890 [53]

In the JH2 formulation the failure strain for p < T is zero and failure is instantaneous. In the JH2-V model the138

rate dependent material strength allows for the material to reach p < T . However, if the JH2 failure strain is used this139

will still result in sudden failure. Tensile failure in ceramic material is related to fracture and thus crack propagation.140

Crack propagation is known to occur at a finite and limited velocity. This argues against the sudden failure found in141

the JH2 softening formulation. A simple modification can be made to (9) to ensure a finite rate of damage and at the142

same time allow pressure beyond the apex pressure. The failure strain formulation is changed to read143

ε̄
f
p (σ) = max

d1

(
T + p(σ)

PHEL

)d2

, ε̄
f ,min
p

 , (10)
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where ε̄ f ,min
p is a small but non-zero failure strain value. Please note that this is not the ‘modified formulation’ of144

the failure strain as mentioned in the introduction. Equation (10) is merely a fix to allow the failure strain to exist145

for pressures below the apex pressure. This is the formulation used to perform the initial comparative analyses in146

Section 3. Later in Section 4 a completely new failure strain formulation will be proposed to improve the model147

results.148

2.2.2. Other ceramic models149

The way the JH2 model deals with a reduction of strength is not unique. There are other softening plasticity150

models for ceramics which use similar approaches. For instance the closely related Johnson-Holmquist-1 (JH1) and151

the Johnson-Holmquist-Beissel (JHB) model, as presented in [28] and [30], respectively. These models use the same152

damage parameter as the JH2 model. However, the gradual interpolation of the material strengths is not present in the153

JH1/JHB models. Instead, for these models an intact strength is maintained until full failure is reached at D = 1.0, at154

which there is a sudden transition to the residual strength. This approach essentially means that the ceramic behaves155

perfectly plastic, with one sudden reduction of strength as full damage is reached.156

Another approach is found in the Deshpande-Evans-2 (DE2) model [33]. In this model there are three distinct157

failure mechanisms incorporated. Depending on the triaxiality ζ = σm/σe, with mean stress σm and equivalent stress158

σe, cracks grow: in pure tension, in tension/shear or do not grow. In this model the rate of damage increases as the159

stress state is closer to hydrostatic tension. Also interesting to note is that a hardening response is found for high160

compressive stress states.161

A third approach is found in the material model by Simha [31]. In this model again three domains are identified,162

based on the principal stress in the material. The rate of damage is then determined by the number of principal stresses163

in tension, as well as the magnitude of the largest principal tensile stress. The difference between damage rate for164

compression and hydrostatic tension is even in the order of 104.165

3. JH2-V model analysis166

In the previous section multiple models for the failure behaviour of ceramics have been presented. In the current167

section the JH2-V model with the original JH2 failure strain formulation from (10) is examined. The model is validated168

with four different experimental tests: Spall, plate impact, spherical impact and quasi-static ring-on-ring bending. If169

the JH2-V material model is valid, it should be able to match experimental results in all four tests, for a single set of170

model parameters. This thorough analysis is meant to challenge and critically analyze the current material model. It171

will reveal shortcomings of the material model. Based on the analysis in the current section an improved model will172

be proposed in Section 4.173

One comment should be made in advance regarding the experiments in this section. The experimental results are174

obtained from literature. These experiments have all been performed on a similar high purity alumina ceramic. In175

an ideal scenario they should have been performed on the exact same material, but unfortunately no such data set is176

available. Small variations in the material properties are therefore expected and have to be accepted.177

3.1. Spall simulations178

Spall experiments on plate material are typically performed by impact. One plate of material is given an initial179

velocity (the “impactor”) and impacts a plate of the same material (the “target”), as is shown in Figure 1. The180

impacting plate generates a shockwave, which can lead to spall failure in the target material. The free surface velocity181

of the target plate can be measured to determine the spall strength of the material. Given that the lateral dimensions182

of the plates are much larger than the thickness, the central part of the plate experiences uniaxial strain. The problem183

can thus be simplified to a single column of material, with an axial velocity applied to the bottom surface. This is also184

shown in Figure 1, by the red dashed box.185

Spall experiments on AL23 high purity alumina ceramics have been performed by Forquin’s group [26]. These186

spall experiments were performed on alumina plates, but the stress wave was induced through an electromagnetic187

device rather than impact. This allows for the generation of a more controlled stress wave, or as the authors state a188

“shockless” spalling. In an earlier paper this experiment was simulated using the JH2 and JH2-V material models [34].189

It was found that the original JH2 model with or without rate dependency fails to capture the rate effect under tension,190

6



Target

Impactor
v0

v0/2

experiment simulation

Figure 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 [26].

while the JH2-V model is able to capture the rate dependency measured in the spall strength of alumina ceramic.191

The current section briefly describes the simulations and results for the JH2-V model. The material properties from192

Table 2 in the column ’Spall value’ are used in the simulations. These properties are based on [26], complemented193

by typical alumina values for the JH2 model from literature. Note that a minimal failure strain is imposed through194

equation (10) to allow a pressure below the (static) apex pressure T .195

The spall test is simulated as a 10mm long and 2.5mm wide column, using linear three noded triangular elements196

under plane strain. The mesh is unstructured with element size h ≈ 0.1mm. A velocity is prescribed on the bottom197

of the column, while the top remains free to move. As mentioned before, the sides of the column are constrained198

from lateral movement. The applied velocities in the experiments are known. Idealized applied velocity profiles are199

presented in Figure 2a, which are the velocities applied in the simulations.200

The predicted spall strength as a function of rate is shown in Figure 2b. The spall strength is defined as the highest201

axial stress found when apex failure is first experienced. The rate is the total axial strain rate experienced by the point202

of maximum stress at this moment. From the graph it is clear that a viscosity formulation with η = 0.028 · 10−3 GPa·s203

and λ̇t = ∞ is sufficient to capture the rate effect of the spall strength. For η = 0.000 GPa·s the rate independent204

JH2 formulation is retrieved. It can be seen that this model fails to capture the rate dependency. The rate independent205

model results are similar to the stress at which a yield surface is reached under tension, which is the ‘theoretical’206

strength in Figure 2b.207

Figure 3 holds both the experimental and numerical predicted failure in the spall tests. Experimentally the ceramic208

could only be recovered from a single test. In this test the material was subjected to a wave similar to wave 2 from209

Figure 2a. The failure zones predicted in both simulations agree well with the experiment. The JH2-V model with210

zero viscosity shows a discrete failure pattern, typical for a material model suffering from mesh dependency. The211

viscous JH2-V model shows a more smooth damage profile, with intermediate values between intact and fully failed.212

Furthermore the viscous case shows damage extending beyond the experimentally observed failure zone. Whether213

this is also the case in the experiment is unknown, but the simulations performed in [26] also show non-zero crack214

densities beyond the cracked zone.215

3.1.1. Spall - concluded216

The spall simulations show that the rate dependent apex pressure in the JH2-V model allows to capture the rate217

effect under tension. The JH2 model fails to do so. This means that the apex viscosity is not only beneficial for218

regularization purposes, but it is also required in order to capture the (physical) rate dependent tensile strength.219

3.2. Plate impact simulations220

The spall simulations from the previous section show that the viscosity regularized JH2 model works well for221

alumina ceramics. The spall strength as a function of loading rate could be captured and (as far as experimental222

data are available) the failure zone was also found to be correct. In the current section the material is tested under223

compressive loading. Again a plate impact experiment is simulated, this time with a sufficiently high stress to cause224

failure under compression.225
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Table 2: JH2-V material properties used in simulations, based on [26] and complemented by typical alumina 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.

Spall Plate impact variation 1 variation 2 variation 3 variation 4
variable unit value value value value value value

E GPa 360.0 380.0 380.0 380.0 380.0 360.0
ν - 0.22 0.22 0.22 0.22 0.22 0.22
ρ kg/m3 3850 3890 3890 3890 3890 3850
A GPa 0.930 0.930 0.930 0.930 0.930 0.930
B GPa 0.310 0.310 0.810 0.310 0.310 0.310
n - 0.6 0.6 0.6 0.6 0.6 0.6
m - 0.6 0.6 0.6 0.6 0.6 0.6
C - 0.0 0.0 0.0 0.0 0.0 0.0
T GPa 0.2 0.2 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 0.028·10−3 0.028·10−3

λ̇t s−1 ∞ ∞ ∞ 4 · 104 4 · 104 ∞
HEL GPa 6.25 6.25 6.25 6.25 6.25 6.25
PHEL GPa 3.50 3.25 3.25 3.25 3.25 3.50
σHEL GPa 4.125 4.50 4.50 4.50 4.50 4.125

d1 - 0.005 0.005 0.005 0.050 0.500 0.500
d2 - 0.75 0.75 0.75 0.75 0.75 0.75
ε̄

f ,min
p - 1.5 · 10−4 1.5 · 10−4 1.5 · 10−4 1.5 · 10−4 1.5 · 10−4 1.5 · 10−4

0 0.2 0.4 0.6 0.8 1 1.2
·10−3

0

20

40

60

80

time [ms]

v
[m
/s

]

wave 9 wave 6 wave 3
wave 8 wave 5 wave 2
wave 7 wave 4 wave 1

(a) Applied velocity to induce a stress wave in the spall
simulations.

103 104

300

400

500

600

rate [s−1]

σ
sp

al
l
[M

Pa
]

experiment

JH2-V, η = 0.028 · 10−3 GPa·s, λ̇t = ∞
JH2-V, η = 0.028 · 10−3 GPa·s, λ̇t = 4 · 103 s−1

JH2-V, η = 0.028 · 10−3 GPa·s, λ̇t = 1 · 103 s−1

JH2-V, η = 0.000 GPa·s
JH2-V, η = 0.000 GPa·s, theoretical strength

(b) Spall strength, experimentally measured and predicted
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 2: Spall test on alumina ceramic, comparing experiments to simulations.
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D = 1.0
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Zinsner 2015
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η = 0.028 · 10−3 GPa·s

λ̇t = ∞
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η = 0.000 GPa·s

λ̇t = ∞

2.1mm

Figure 3: Damage profiles obtained in the spall experiment [26] and FE simulations. Stress wave 2 from Figure 2a is applied. The
JH2-V material model with and without viscosity is compared.

Alumina

PMMA

Alumina
v0 v0/2

experiment simulation

Figure 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.
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In [54] results are reported for plate impact experiments on an aluminium oxide AD995, manufactured by the226

Coors Porcelain corporation. In these experiments a 5mm thick alumina flyer plate was given an initial velocity v0.227

This flyer plate impacted a 10mm thick alumina target, which was backed by 25.4mm thick PMMA material. The228

impact velocity was such that the ceramic material failed under compression. The PMMA material was transparent,229

which allowed for a velocity measurement of the interface alumina/PMMA. This velocity signal at the interface230

contains information on the inelastic material behaviour. A schematic overview of the experiment is shown in Figure 4.231

The plate impact experiment is simulated as a single column of four noded quadrilateral plane strain elements232

elements, with the JH2-V material model. A constant element size h = 0.01mm is used to mesh the column. A mixed233

Gauss integration scheme is used, where 2*2 integration is used for the deviatoric terms and 1 point integration for the234

hydrostatic terms [55]. Similar to the spall simulations the lateral movements of this column are constrained, while235

axial motion is allowed. The flyer plate is not modeled, instead a sudden velocity is applied on the target ceramic with236

a magnitude of half the flyer plate velocity. This generates a sudden shock wave in the ceramic target material, which237

will propagate as a stress wave. This idealized plate impact experiment is also shown on the right side in Figure 4.238

The plate impact experiments in [54] report a material density of 3890kg/m3, which is slightly higher than what239

was used in the spall experiments (i.e. 3850kg/m3). Also the material stiffness is higher, 380GPa in the plate impact240

and 360GPa for the spall test. It is important to correct these values as they affect the wave speed in the material,241

which will in turn affect the interface velocity measurement obtained from the plate impact test. When changing the242

elastic properties the shock related PHEL and σHEL should also be modified, as these quantities are related to the HEL243

of the material through the elastic constants. In the spall and plate impact experiments HEL = 6.25GPa, which gives244

PHEL = 3.25GPa and σHEL = 4.5GPa for the modified material stiffness. The full parameter set with modified values245

can be found in the column ’Plate impact’ from Table 2.246

Figure 5 shows the experimental and numerical results for plate impact. The graph shows the velocity as a function247

of time, measured at the ceramic/PMMA interface. The dotted lines show the experimental results while the solid lines248

are used for the simulation results. An elastic stress wave arrives at the interface at point “A” in the graph. The velocity249

is found to rapidly rise to point “B”. At this point the material behaviour changes from elastic to inelastic. This point250

is referred to as the Hugoniot elastic limit (HEL) of the material. After reaching the HEL the velocity continues251

to rise until a maximum velocity is reached at “C”. The behaviour between points “B” and “C” will be referred to252

as the post-HEL behaviour. This post-HEL behaviour holds information on the ceramic strength during inelastic253

deformation. After reaching point “C” the velocity remains constant until the material experiences unloading at “D”.254

This unloading is caused by wave reflection on the free surface of the flyer plate. In the simulations the focus lies on255

the loading behaviour (post-HEL, from “B” to “C”) and no unloading is applied. Simulations are therefore terminated256

after 2µs and the unloading behaviour is not captured.257

The experimental and numerical results can be compared in Figure 5. The arrival time of the stress wave and the258

HEL are captured well, as are the peak plateau values for the first four impact velocities. However, the post-HEL259

behaviour shows a major mismatch between experiments and simulations. This mismatch will be investigated closer260

to find its origin.261

3.2.1. Changing post-HEL behaviour262

For plate impact tests the post-HEL behaviour is determined by the inelastic response of the ceramic material.263

When using a material model such as the JH2-V model this relates to the plastic deformation and softening of the264

material. The velocity profiles obtained from the simulations in Figure 5 indicate a rapid loss of material strength.265

The experiments show a smooth post-HEL behaviour, indicating that failure of the material is more gradual and266

strength is retained for a longer time. To introduce this effect in the JH2-V model the softening related parameter267

d1 and the viscosity parameters η and λ̇t are obvious choices. However, in the JH2-V model the material strengths268

(intact and residual) may also play a role. The intact strength can be directly obtained from experiments, thus is a269

known quantity. The residual strength of ceramics is less certain, hence its effect on the post-HEL behaviour will be270

considered, more specifically the effect of the B parameter from (6).271

Figure 6 presents the velocity profiles for the spall test simulated with a larger residual strength. In the current272

results B = 0.81, while the previous results were obtained with B = 0.31. The current results show a closer agreement273

with the experiments. The post-HEL behaviour is now more smooth and also the peak plateau is reached at a time274

comparable to experiments. Although the post-HEL velocities are lower than the experimental values it can be found275

that increasing the B parameters improves the simulation results. It is however important to realize that there is almost276
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Figure 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 [54], the solid lines are simulation results.

no loss in strength for the chosen value of residual strength, as B = 0.81 lies close to the intact strength parameter277

A = 0.93. It is known that a ceramic pulverizes under impact, which greatly reduces strength. So, although the plate278

impact results for simulations and experiments have a better match than before, it is not likely that this is a physically279

acceptable solution. There are other ways to retain a high material strength, such as a slower rate of damage.280

The rate of damage in the JH2-V model is directly controlled by the failure strain formulation given in (9), as well281

as indirectly through the viscosity parameters η and λ̇t. The most obvious way of lowering the rate of damage is by282

increasing the d1 parameter. Figure 7 shows the plate impact results for d1 = 0.050, which is a factor ten larger than283

the d1 = 0.005 used in the spall simulations. This higher value of d1 makes the behaviour more ductile. For these284

results it is clear that the post-HEL gives a more smooth behaviour. The lowest two impact velocities seem to match285

well with the experimental results. However, for the highest three velocities the post-HEL curve is convexly shaped.286

Both the experimental results and the simulation with a higher B show a more concave response.287

The convexly shaped simulation response of the highest three impact velocities indicate that the damage rate is288

now too slow for these cases. To speed up the rate of damage one can change the viscosity parameters. Since the289

viscosity η was already determined by the spall test, only the threshold rate λ̇t can be altered. It is important to choose290

a threshold rate which leaves the lowest two velocities unaffected since they already show good agreement between291

simulations and experiments. After some parametric study a threshold value λ̇t = 40 ·103 s−1 was selected. This value292

is higher than the maximum rate experienced in the 1070m/s test, but below the maximum experienced rate in the293

1573m/s test. Figure 8 holds the results for the new threshold rate. This new threshold is found to improve the results294

as the higher impact velocity results now show a more concave response in the post-HEL behaviour. The current value295

of the threshold rate does not pose a problem for the spall simulations, as the threshold rate of λ̇t = 40 · 103 s−1 is not296

reached during the spall simulations. Changing the threshold rate improves the simulation results. There is however297

still delay in the highest impact results compared to experiments, which can be found in the post-HEL behaviour as298

well as the peak plateau arrival time. Additional parametric study showed that the results can improve further by299

increasing the d1 parameter once more to d1 = 0.500. Results for this parameter set can be found in Figure 9. The300

parameter sets introduced in this section are also shown in Table 2 in the columns labeled ’variation 1, 2, 3’. Since301

none of these three parameter sets appears to be better than the other, a deeper investigation is required.302

3.2.2. Plate impact concluded303

When moving from spall simulations to plate impact simulations it was clear that the JH2-V model with a single304

set of material parameters was not able to properly predict both experiments. A major mismatch was found in the305

post-HEL behaviour of the material. The largest contributions were found to come from material softening, viscosity306

and the residual strength. Altering material properties resulted in a good match between experiments and simulations.307
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Figure 6: Simulation results for a plate impact test on alumina ceramic. The parameter set used to obtain Figure 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 [54],
the solid lines are simulation results.
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Figure 7: Simulation results for a plate impact test on alumina ceramic. The parameter set used to obtain Figure 5 was also used
here, but with a softening parameter d1 = 0.050. The dotted lines show the experimental results from [54], the solid lines are
simulation results.
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Figure 8: Simulation results for a plate impact test on alumina ceramic. The parameter set used to obtain Figure 5 was also
used here, but with d1 = 0.050 and λ̇t = 40000s−1. The dotted lines show the experimental results from [54], the solid lines are
simulation results.
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Figure 9: Simulation results for a plate impact test on alumina ceramic. The parameter set used to obtain Figure 5 was also
used here, but with d1 = 0.500 and λ̇t = 40000s−1. The dotted lines show the experimental results from [54], the solid lines are
simulation results.
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Figure 10: Spherical 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.

However the residual strength had to be increased by a factor three and the failure strain even by a factor ten or308

hundred. These changes can no longer be explained by small differences in the tested materials. Hence, these large309

variation in the model parameters indicate that there is an inconsistency in the formulation. The current results do310

however not show if the mismatch is caused by the softening/viscosity or the residual material strength. In the next311

subsections additional tests will be performed to further investigate the origin of this mismatch.312

3.3. Spherical impact313

Two types of impact tests have been simulated and analyzed so far. One in which failure occurred under tension314

(spall test) and one where failure occurred under compressive loading (plate impact). In both cases a dense alumina315

ceramic was used and an uniaxial deformation was imposed. These two extremes in loading condition did not give316

a unique answer in terms of material properties. In the current section a spherical impact test is simulated where the317

deformation is far from uniaxial and a wide range of stress states is encountered. Compression, tension and mixed318

mode loading will be found in this test, which can help revealing the correct material model behaviour.319

In spherical impact experiments a projectile is given an initial velocity v0 and impacts on a target material. This320

test is schematically shown in Figure 10. In the current section a steel projectile is assumed to impact on a ceramic321

target material. During this interaction both the projectile and target undergo (in)elastic deformation. Experimental322

results of spherical impact on alumina ceramic and silicon carbide ceramic are shown in Figures 11a, 11b and 11c.323

The figures show that the main mode of failure in the ceramic is cone cracking. The silicon carbide results also show324

a dark zone directly below the impact site. This is referred to as the quasi-plastic zone, which is characterized by325

micro-cracking and even plastic deformation. It is important to notice that the material in this subsurface zone is not326

pulverized. Although there is damage to the material the strength has not yet reduced to its minimum. This knowledge327

will prove vital in analyzing the spherical impact results.328

The spherical impact experiment is simulated. The projectile is assumed to be a sphere with a diameter of 4.5mm,329

made of SAE51200 ball bearing steel. A Johnson-Cook material model was used to simulate this steel material, with330

a yield stress of 2.2GPa and hardening parameters from [58]. In the current simulations temperature and rate effects331

on the yield stress of the steel are ignored. The target is a ceramic plate with a thickness of 7mm and lateral dimension332

of 50mm (see Figure 10). The ceramic plate is not supported and without any material attached to the back surface.333

The ceramic material itself is a high density alumina ceramic, similar to the material previously considered in the334

spall and plate impact experiments. For the ceramic material the JH2-V model is used. As base model parameters the335

values from the plate impact test are chosen, as well as the three variations introduced in the previous section. These336

parameter sets can be found in Table 2 in the columns ’Plate impact’ and ’variation 1,2,3’. The variations correspond337

to the parameter sets used to obtain the plate impact results from Figures 6, 8 and 9. The sphere impact experiment338

is simulated in a 2d axi-symmetric formulation, with the axis of impact as obvious axis of symmetry. Any lateral339

movement is constrained along this axis of symmetry and no other boundary conditions are applied to the system. As340

such the ceramic can be considered a free standing or unsupported target. Three noded linear elements are used to341
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184 m/s

(a) An alumina ceramic cone, retrieved after a spherical impact exper-
iment (E.P. Carton, TNO, personal communication, 2018). Figure was
obtained by X-ray imaging (A. Thijssen, Delft University of Technology,
personal communication, 2018).

300 m/s

400 m/s

(b) Alumina ceramic after spherical impact, pictures are
obtained from [56]. Comminution of ceramic directly be-
low the projectile is absent.

161 m/s

322 m/s

(c) Silicon carbide ceramic after spherical impact, pictures
are obtained from [57]. A quasi-plastic zone is found be-
low the projectile, but the material is not comminuted.

Figure 11: Experimental results for a steel sphere impacting ceramic tiles. Top figure shows the result of impact 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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mesh this problem. The mesh is unstructured and the element size ranges from h ≈ 0.05mm along the axis of impact342

to h ≈ 1.0mm at the far side of the ceramic target. A penalty stiffness model with Coulomb friction (µ = 0.5) is used343

to describe the contact between projectile and target.344

Figure 12 shows the ceramic damage after spherical impact using four different parameter sets for the JH2-V345

model. The figures show only the material directly underneath the projectile corresponding to the dashed box shown346

in Figure 10. For all cases the alumina ceramic is impacted by a steel sphere with an initial velocity of 200m/s. The347

figures are taken after 1.4µs of simulated time. For the given tile thickness and elastic properties this is sufficient time348

for the initial pressure wave to travel to the back surface of the ceramic tile and return to the impact surface. This time349

is long enough to study the initiation of failure, but not enough to observe if the projectile is stopped by the ceramic.350

Although the latter is interesting from a practical point of view, the former is sufficient to investigate the previously351

found mismatch in parameters.352

All cases show cone cracking (see Figure 12). However, the reference set and variation 1 of the model parameters353

both show a zone of fully failed material (D = 1.0) directly underneath the projectile. From (2) it can be found354

that these zones retain a strength under compression, but can no longer sustain any tensile loading. This is typical355

behaviour of fragmented material, which is what a ceramic is expected to be after full failure under compressive356

loading. Recall that full fragmentation was not observed in experiments (Figure 11), where some damage could be357

found underneath the projectile but the ceramic was not pulverized. This shows that the parameter set with a fast358

softening and the set with a high residual strength can not be correct. The variations 2 and 3, which have a slower359

softening than the reference set, provide a better match with experiments. Variation 2, with d1 = 0.050, shows a cone360

crack as well as a (semi-) spherical zone of damage below the projectile. Although this is an improvement from the361

fully failed top layer found for a fast softening these results would still indicate a fully comminuted material. The best362

match with experiments is found for variation 3 with d1 = 0.500, for which a clear cone crack forms. For this case363

minor damage is predicted below the projectile (D ≈ 0.01), but the material is not fully failed as in the other cases.364

This minor damage is found from the figure as an ever so slightly light blue discolouration.365

3.3.1. Spherical impact concluded366

The plate impact and spall test have shown that it was impossible for the JH2-V model with a single parameter set367

to match both sets of experimental results. It was argued that both softening/viscosity or residual strength could be368

the reason for this mismatch. However, the spall and plate impact tests did not offer any certainty as to which option369

was the correct one.370

Spherical impact was proposed as a third test case. This experiment is often performed on armour ceramics,371

where the main failure mechanism is cone cracking as well as some (incomplete) subsurface damage. Spherical372

impact simulations showed that these mechanisms could only be predicted for material with a slow softening and373

not for material with a high residual strength. So the spherical impact test has shown that the mismatch in earlier374

simulations and experiments was caused by the softening and viscosity.375

For the plate impact experiment it was shown that slow softening is required. In the spall test a fast softening was376

assumed. However, it also would have been possible to use slow softening for the spall test and tune the viscosity377

accordingly. So, although the previous experiments have shown that there is some mismatch between experiments378

and simulations, the mismatch can still be solved by recalibration of the parameters. In the next section one more379

experiment is considered to investigate this behaviour.380

3.4. Ring on ring381

Three types of tests have been performed so far, namely a spall test with pure tensile loading, a plate impact test382

with pure compressive loading and a spherical impact test where a wide range of stress states including both tensile383

and compressive stresses. The results for these tests have shown an inconsistency in the material softening modeling.384

For the spall test a softening parameter d1 = 0.005 was used, for which the material softening is fast and the response385

may be considered as being brittle. However, plate and spherical impact showed good agreement with simulations386

using d1 = 0.500, for which the softening is slow and the response is more ductile. A possible solution to this387

inconsistency would be to increase the softening parameter for the spall test. In fact, the spall experiments could also388

be matched for d1 = 0.500 by tuning the viscosity parameters. However, increasing d1 would jeopardize the brittle389

response of ceramics under tension. This would be highly unwanted since the brittle nature of (armour) ceramic under390

tensile loading is a well accepted material trait.391
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Figure 12: Spherical impact results for the JH2-V model. Damage variable D ∈ [0..1] is shown after 1.4µs of simulated time.
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Figure 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.

A ring-on-ring (ROR) bending test is considered as final test. This is a tensile dominated test, where a disk of392

material is supported by a large ring on the bottom and loaded through a smaller ring on top. This creates a constant393

and bi-axial bending moment in the specimen inside the smaller ring. Figure 13 gives a schematic representation394

of the ring-on-ring test. The test is controlled by applying a deformation δ on the smaller inner ring, a force can395

then be measured either in the same ring or on the large bottom ring. The test is performed at a very slow loading396

rate (δ̇ = 0.1mm/s), such that the test can be considered quasi-static and inertia effects can be excluded. The low397

loading rate removes the dynamic effects such as wave propagation and allows to focus solely on the material failure.398

Please note that the material rate dependency from the JH2-V model is still present, even though inertial effects are399

excluded by using quasi-static simulations. The only requirement is that there is some measure of (pseudo) time in400

the simulation, which can be found from the applied deformation rate δ̇ = 0.1mm/s. This ensures the material model401

retains its regularizing properties.402

An analytical solution for the stress field inside the specimen under ROR loading exists [59, 60]. This makes it403

possible to relate an applied force to a (tensile) stress in the disk and find the strength of the tested material. The404

tensile stresses in radial (σr) and tangential direction (σθ) at the bottom of the specimen, inside the internal ring can405

be given as406

σr = σθ =
3F

4πh2

[
2(1 + ν)ln

(a
b

)
+

(1 − ν)(a2 − b2)
R2

]
, (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,407

external ring and specimen.408

Experimental results for ROR bending on alumina ceramics are available in literature. In [61] an ultimate tensile409

stress of Wesgo alumina is presented ranging from 190 to 260MPa. In [26] the experimental results show the ultimate410

tensile stress ranges from 168.6−232.7MPa. Between these two sources the experimental set-up differs in dimensions411

and the alumina ceramics are similar but not exactly the same.412

The geometry of the test as presented in [26] was assumed, such that R = 9mm, a = 5mm, b = 8mm and e = 1mm.413

Since the ROR experiment was performed on the same material as the spall test the model parameters for spall are414

used as (brittle) base values. A more ductile behaviour is found by using d1 = 0.500. The parameter sets used in the415

ROR simulations are those found in columns ’Spall’ and ’variation 4’ from Table 2. The ROR problem is simulated416

in a 2d axi-symmetric strain formulation. Here the center of the disk is considered as axis of symmetry, where all417

horizontal movement is constrained. Vertical movement is constrained for a single node on the bottom of the disk,418

at distance b. Vertical displacements are imposed on a single node on the top surface of the disk, at distance a. The419

mesh for this problem is unstructured and three noded linear triangular elements are used with a size h ≈ 0.025mm.420

Figure 14 holds the force and displacement measured on the inner top ring during the simulation. The figure also421

shows two hatched zones corresponding to the experimental results from [61] and [26], for which the reported failure422

stresses were converted to forces using (11). When comparing to the experimental results it is clear that slow softening423

results in an overestimated material strength, while an acceptable material strength is found with fast softening of the424

material. The maximum stress found in the simulations was 240MPa and 329MPa for the fast and slow softening425

cases respectively.426
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Figure 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 [61] and Zinsner [26]
are given by the hatched areas.

3.4.1. Ring-on-Ring concluded427

The ring-on-ring test confirms that a fast softening is required under tension. Earlier it was demonstrated that slow428

softening was required for the compression dominated tests. This shows the obvious need for a separation in material429

softening, where controlling the response under tension and compression independently is possible. The next section430

will show that a separated material softening can indeed be used to match all previously described experiments, with431

a single set of parameters.432

4. JH2-V model improvement433

The experiments and simulations in the previous sections have shown that the original failure strain formulation434

of the JH models is inadequate. The analyzed experiments could only be matched by changing softening related435

parameters and could not be captured by a single set of model parameters.436

For a ceramic the failure mechanisms under compression and under tension are significantly different. Failure437

under tension occurs by brittle fracture of the material, while a ductile response can be found under sufficiently high438

compression. Under high compression failure is characterized by crystal plasticity and micro-cracking. If the failure439

mechanisms under tension and compression are so different, it is reasonable to also distinguish between these two440

mechanisms in the material model. The material models by Deshpande-Evans and Simha presented in the section 2441

acknowledge that a ceramic material has multiple failure mechanisms. These models capture each of the different442

failure mechanisms by its own softening/damage behaviour. In the JH2 material model failure is captured by the443

failure strain formulation (9). This single formulation includes a pressure dependency, but does not offer a clear444

separation in behaviour for each of the failure mechanisms. In fact the function couples the behaviour under tension445

and compression through the softening parameters d1 and d2. Because of this coupling, changing the failure strain446

under compression will inadvertently change the damage rate under tension and vice versa. In a recent publication447

the limited flexibility of the JH failure strain formulation (9) was also addressed [62], albeit for glass material using448

different strength formulations. In the publication a shift was proposed to the failure strain, to have zero plastic449

deformation to failure under low pressures and allow for accumulation of plasticity beyond some pressure threshold.450

This does indeed provide a clear separation between brittle tensile failure and more ductile compression failure. Such451

approach can however not be used in the current visco-plastic framework, since a non-zero plastic strain is required452

to activate viscosity and obtain regularization.453
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Figure 15: Failure strain as function of pressure, in the original JH2 and the proposed formulation.

A new softening formulation is proposed, in which the damage rate under tension and compression can be con-454

trolled independently. The formulation for the rate of damage can remain the same as (8). The failure strain formula-455

tion from (9) is replaced by the tri-linear equivalent plastic strain formulation456

ε̄
f
p (σ) =


ε̄min

p , p(σ) < pt(
ε̄max

p − ε̄min
p

) (
p(σ)−pt
pc−pt

)
+ ε̄min

p , pt < p(σ) < pc

ε̄max
p , pc < p(σ).

(12)

This formulation assumes a failure strain ε̄min
p for pressures below pt, a failure strain ε̄max

p for pressures above pc and457

interpolates between these two values for intermediate pressures. This formulation allows for independent changes to458

the failure strain and thus damage rate under tension and compression. Furthermore, the model is simple, providing a459

clear advantage when calibrating the model as will be shown later in this section.460

The proposed failure strain formulation is shown together with the original failure strain formulation in Figure 15.461

In this figure the failure strain is plotted for arbitrary model parameters. The proposed model parameters can be462

chosen such that the original formulation is linearly approximated in the domain pt < p < pc, but obviously this is463

not required.464

The new formulation (12) requires information on the failure strains, as well as a pressure range for which the465

behaviour transitions from brittle to ductile. For brittle materials it is not uncommon to have a transition from brittle466

to ductile behaviour. Often this is linked to an ambient temperature, but a transition can also be found at a given467

confining pressure [63, 64, 65]. To use the proposed formulation one should ideally know the transition pressure. If468

this data is not available one may calibrate the model for a given test under tension and one under compression. The469

latter approach will be used in this paper.470

The spall and plate impact tests from the previous section can be used to calibrate the newly proposed failure471

strain formulation. These tests provide insight in the failure behaviour under uniaxial tensile and compressive loading.472

Results from sections 3.1 and 3.2 showed that the failure strain might differ by a few orders of magnitude between473

uniaxial tensile or compressive loading. A first approximation of the model parameters in equation (12) can be474

obtained as follows.475

First consider uniaxial tensile loading on a ceramic with the material properties from Table 2. Under these con-476

ditions the yield strength will be reached at a pressure pmin = −0.17GPa. In the original failure strain formulation477

with d1 = 0.005 this pressure leads to ε̄ f
p (pmin) = 0.00015. Similarly for uniaxial compressive loading a pressure of478

pmax = 3.02GPa is found and d1 = 0.500 leads to a failure strain of ε̄ f
p (pmax) = 0.4965. Here the original model479

parameter d1 was chosen as the values for which spall and plate impact simulations agreed well with experimental480
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Table 3: JH2-V model parameters using the improved failure strain formulation from (12). The model parameter 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
ε̄min

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

results. This procedure is also visualized in Figure 16, where the top graphs shows the intact material strength with481

uni-axial loading directions and the bottom graph shows the failure strain. For the failure strain the original and pro-482

posed formulations are plotted. This procedure shows how simple it is to calibrate the proposed failure strain model,483

using just two well established experiments.484

The newly proposed tri-linear failure strain formulation (12) will now be used to simulate spall, plate impact,485

spherical impact and the ring-on-ring test. If the formulation is an improvement over the original one, all four exper-486

iments should be matched by the simulations. The JH2-V model parameters used in this final section of the paper,487

for the various tests, are shown in Table 3. The model parameters related to viscosity and failure are kept the same488

in all simulations. The only variations in parameters are those in stiffness, density and Hugoniot pressure. These are489

well justified since the experimentally tested materials showed small variations in the elastic properties, as discussed490

in section 3.1.491

Figure 17 provides the predicted spall strength as a function of loading rate, when using the proposed tri-linear492

failure strain formulation. The rate dependency in the spall strength is still captured by the model. The strengths of493

the JH2-V model with original and the proposed softening formulation are a very close match. This can be easily494

explained, as the problem is tension dominated and both formulations used a minimal failure strain ε̄min
p = 0.00015495

(see (10) and (12)). When the failure zone of the simulation is compared to the experiment in Figure 18, it is found496

that the failure zones agree well.497

Figure 19 shows the inter-facial velocities measured in the plate impact simulation using the tri-linear failure498

strain formulation. The results agree well with the experimental results and are quite similar to those obtained with499

the original JH2 formulation with d1 = 0.500. Again this can be easily explained since the problem is compression500

dominated and the failure strain in the original or tri-linear formulation is of the same order.501

Figure 20 shows the damage predicted by a spherical impact simulation using the tri-linear failure strain formula-502

tion. The results are similar to those for d1 = 0.500 from Figure 12. That is, a cone crack is predicted and some minor503

subsurface damage is present. Two differences can be found when comparing to the results from Figure 12. The first504

is that the cone crack for the tri-linear failure strain extends further into the target material. This can be explained by505

the more brittle behaviour found at tensile states in the new formulation. The second difference is that the tri-linear506
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Figure 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.

22



103 104

300

400

500

600

rate [s−1]

σ
sp

al
l
[M

Pa
]

experiment
JH2-V, original failure strain
JH2-V, tri-linear failure strain
JH2-ri, theoretical strength

Figure 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 spherical impact
simulations. A minimal failure strain ε̄min

p = 1.5 · 10−4 is used for both the original and the tri-linear failure strains.

formulation results show more damage at the target surface. Again this is a zone where the pressure is low (or even507

negative), for which the behaviour is brittle in the tri-linear formulation.508

As a final step the ring-on-ring simulations are performed with the newly proposed failure strain formulation. A509

tensile strength is found of 251MPa. This is slightly higher than the previously found value for the original model510

with d1 = 0.005. However, the strength predicted by the newly proposed model still falls withing the experimentally511

measured ranges (190 − 260MPa from [61] and 168.6 − 232.7MPa from [26]).512

5. Conclusions513

A ceramic material may fail as a consequence of different mechanisms. Depending on the stress state in the514

material one or more of these failure mechanisms may be activated. Since the mechanisms are different, so should the515

modeling of these mechanisms be. The original JH2 model does not distinguish between different failure mechanisms.516

In the JH2 model the rate of damage is determined by the failure strain. This failure strain is a function of pressure,517

where tensile states have a low strain to failure and a brittle response while high pressures have a high strain to518

failure and a more ductile response. The failure strain is, however, a single function and behaviour under tension519

and compression are inseparably coupled. By simulating a number of experiments under different loading conditions520

it was shown that this single function is indeed incapable of properly capturing the behaviour of the various failure521

modes in ceramic material.522

Four experiments were simulated using the JH2-V model with the original JH2 failure strain formulation. All523

experimental results were obtained from literature and in all experiments a similar high purity alumina ceramic was524

considered. The first experiment was spall, which loads the material in uni-axial extension. The second experiment525

was plate impact, loading the material in uni-axial contraction. Spherical impact was the third experiment, in which526

the material experiences a wide range of stress states. As a final test ring-on-ring bending was considered, a quasi-527

static test with failure of the material in bi-axial tension.528

Simulation of spall and plate impact experiments showed that a match for both could only be obtained by changing529

the material parameters. Either increasing the residual strength of the material or the failure strain of the material530

was required to match the plate impact experiments by simulation. A recalibration of the model parameters would531
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Figure 18: Damage profiles obtained in the spall experiment [26] and FE simulations. Stress wave 2 from Figure 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 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 Figure9. The dotted lines show the experimental results from [54], the solid
lines are simulation results.
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Figure 20: Spherical 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.

be sufficient to match both types of tests, although this would increase some model parameters by a few orders of532

magnitude compared to what is used in literature.533

The spherical impact experiments and simulations were used to investigate the parameter choice in the material534

model. Increasing the residual strength of the material, which was found to give a match in plate impact results, did535

not lead to good results in the spherical impact test. It was found that a match with experiments could only be found536

by increasing the failure strain. At this point recalibrating the failure strain parameters would be sufficient to find537

matching results of the spall, plate impact and spherical impact tests. However, doing so would require a failure strain538

two orders of magnitude larger than what was reported in literature. This could jeopardize the brittle behaviour of the539

material under tension.540

As a final check a ring-on-ring test was simulated. This quasi-static test loads the material in bi-axial tension. It541

was shown that the material tensile strength was greatly overestimated when using a high failure strain.542

The results of the four experiments and simulations showed that the ceramic material required both a high and543

a low failure strain, depending on the stress state. The original failure strain formulation in the JH models could544

not be tuned to provide this range of failure strains. A new tri-linear formulation was proposed, in which failure545

strains under tension and compression were treated as independent quantities. With this formulation a brittle response546

could be obtained under tension, while maintaining a ductile response under compression. It was shown that this new547

formulation could be used to match all experiments considered in the paper, for a single set of failure parameters. The548

latter is key, as this was not possible with the original failure strain formulation.549
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