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Abstract 

In this report, an investigation of some of the most common damage models available in 

literature is performed. Their ability to predict ductile failure of metals will be compared and 

a specific focus is put on burst failure prediction of the cooling channels inside a sandwich 

wall structure. This structure is intended to be used at future versions of the Ariane rocket 

nozzles developed at GKN-Aerospace in Trollhättan, Sweden. Currently GKN-Aerospace 

uses a prediction method of burst failure based on the Rice and Tracey damage model but it 

has been shown to sometimes deviate from experimental results, why they seek for a new 

method to predict ductile failure. Hence the objective of this project is to find a more accurate 

method to predict burst failure of the sandwich wall than the one used today at GKN-

Aerospace. This will be done by both a literature research and performing simulations with 

the studied damage models.  

The project was demarcated to investigate four damage models; the Gurson-Tvergaard-

Needleman, Johnson-Cook, the Extended Mohr Coulomb criterion and the currently used 

damage model at GKN-Aerospace. Further the simulations were delimited to the softwares 

ANSYS APDL and LS-DYNA, for which burst test simulations was only performed in 

ANSYS APDL. It was found that only the Gurson-Tvergaard-Needleman and the Rice and 

Tracey based model could be used for prediction of burst failure in ANSYS APDL, why only 

those damage models could be evaluated against the objective of the project. The burst test 

simulation results showed that the Rice and Tracey based model gave predictions of burst 

pressure closest to experimental results, why the objective of the project was not met since a 

more accurate prediction method was not found. However important conclusions could be 

drawn and valuable recommendations for future work could be given.  
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1. Introduction 

1.1 Background 

Rupture of ductile materials has traditionally been analyzed with respect to the strain at 

failure, also called the elongation at rupture, obtained from experimental tests. This method 

has shown to be conservative but predictions of the rupture load have shown to scatter 

depending on which prediction method used, sometimes giving results far away from the true 

material behavior. Therefore developing prediction methods based on material laws that 

accurately can model the rupture mechanism of ductile materials is crucial for designing safe 

and reliable structures.  

The rupture mechanism of ductile materials has shown to depend on microscopic defects such 

as small particles and pores i.e. voids inside the material [1]. When a material is subjected to 

loads, stress concentrations will arise in the vicinity of these defects leading to large plastic 

deformations which will make the voids grow. The accumulation of these defects continue as 

long as the material is loaded and will lead to macroscopic failure when the material has 

reached a critical level of void content. How much defects the material contains is often 

referred to the damage of the material which depends on the void volume fraction [1]. Further 

fracture of ductile materials has also shown to depend on the stress state inside the material 

[2]. Today several different models for predicting ductile rupture have been developed [3] [4] 

[5] [6]. Those models are commonly referred to as damage models and aims of describing 

ductile failure by considering its dependency on damage and the stress state inside the 

material. One example is the Gurson-Tvergaard-Needleman failure criterion [7] that has the 

void volume fraction as one of its parameters. Another example is the model developed by 

Rice and Tracey [6] that predicts the growth of the radius in a single void. 

At GKN-Aerospace ductile metals are used as material for the rocket nozzle to European 

Space Agency’s rocket Ariane 5. Today the internal structure that is in contact with the outgas 

flame is built up of welded pipes in which a cooling medium is floating. For future versions of 

the nozzle the aim is to change the construction of the internal structure so that it consists of 

two metal sheets, one thicker where the cooling channels have been milled out and a thinner 

which is welded onto the thick sheet to enclose the channels. This new construction builds up 

a sandwich like structure and is often referred to the sandwich wall. For the old version of the 

rocket nozzle, the damage and stress state dependency on ductile failure have been considered 

by using the Rice and Tracy model [6] to calculate a factor that transfer the ultimate strain 

obtained from a unidirectional tensile test to a representative ultimate strain in a 3-

dimensional stress state. This strain value is then the failure criterion when dimensioning the 

nozzle in a Finite Element (FE) program using normal plasticity theory without damage. It is 

important that the internal structure is able to sustain the pressure from the cooling medium. 

To check the capability of the sandwich wall to withstand this load, a small panel is tested at 

room temperature in a so called burst test. It includes pressurizing the cooling channels until 

rupture occurs. The problem is that some predictions of failure using this approach on the new 
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sandwich wall structure have shown to deviate from experimental tests, why GKN-Aerospace 

has started to seek for new methods to predict ductile failure. 

1.2 Purpose and Objective 

The purpose of this project is to investigate some of the most common damage models 

available in literature and compare their ability to predict ductile failure of metals. The 

investigated damage models will also be compared with the Rice and Tracey based model 

currently used at GKN-Aerospace. This with the objective of finding a more accurate method 

to predict rupture of the sandwich wall panel tested at GKN-Aerospace in order to reduce the 

observed deviations between simulations and experimental results.  

1.3 Approach 

The damage models will be investigated in four different phases. The first phase consists of a 

literature study of these damage models which includes learning the theory about them but 

also finding interesting results, problems etc. that have been reported to be associated with 

them. The second to fourth phase includes finite element simulations of different structures on 

which the damage models investigated have been applied to. This with the aim of 

investigating the behavior of these damage models and their ability to predict ductile rupture. 

The second phase consists of an analysis of a structure built up of only one element to study 

the behavior of the damage models when their parameters or the external loads applied to the 

structure changes. A one element analysis is performed to exclude eventually mesh 

dependency effects on failure. The third part includes an analysis of a structure consisting of 

several elements to study the influence that the mesh has on the damage models ability to 

predict ductile rupture. For last part, burst test simulations of specimens representing the 

sandwich wall will be performed. This in order to investigate each damage model’s ability to 

predict failure of the internal structure of the rocket nozzle consisting of the sandwich wall. 

1.4 Limitations 

Due to the limited time frame of 20 weeks, the investigation will be demarcated to four 

damage models; the Gurson-Tvergaard-Needleman (GTN) model [7], the Johnson-Cook (JC) 

damage model [4], the Extended Mohr-Coulomb criterion [5] and the Rice and Tracey 

damage model [6]. The simulations will be performed in ANSYS APDL and LS-DYNA, why 

only the damage models that are available in those soft ware’s can be used. Additionally the 

finite element model of the burst test specimen will not be created in this project, instead a 

previously built model in ANSYS APDL will be used, why only the burst test simulations 

will be performed in this software. Further only static load cases will be used in the 

simulations why only implicit finite element analyses will be performed. The reason why only 

static load cases will be considered is because the burst tests are of static nature.  
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2. Theory 

In this chapter, the theory found during the literature study phase is presented. The chapter 

starts with a brief description of general plasticity and damage theory, followed by a detailed 

description of the four studied damage models. Further a section treating the experimental 

calibration related to each of the damage models is presented. The last section presents the 

application of damage models in finite element modeling. 

2.1 Stress tensors and invariants 

This section will give a brief summary of the theory of stress tensors and invariants. For a 

more thorough description the reader is referred to [1] or [8]. The stress tensor in the principal 

coordinates is defined as [1] [8], 
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The invariants for the stress tensor given by (1) are [1] [8], 

 iiI 1 , (2) 

 jiijI 
2

1
2  , (3) 

 kijiijI 
3

1
3  , (4) 

which are called the first, second and third invariants, respectively. The stress tensor in the 

principal coordinate system given by (1) can be divided into two parts; one corresponding to 

the hydrostatic stress and one corresponding to the deviatoric stress [8] i.e.  

 ijijkkij s 
3

1
. (5) 

In equation (5) kk
3

1
 is the hydrostatic stress and ijs  is the deviatoric stress tensor. ij  is the 

Kronecker delta which is defined as, 
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The hydrostatic stress is related to the change in volume of a material when it is deformed i.e. 

the dilation while the deviatoric part is causing the distortion [9]. This report will consider 

rupture of ductile materials which commonly is based on plasticity theory. Therefore the 

deviatoric part of the stress tensor will play an important role since the plastic behavior is 
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dominated by the distortion. Because of that the deviatoric stress invariants will be of 

importance and they are defined as, 

 01  iisJ , (7) 

 jiij ssJ
2

1
2  , (8) 

 kijkij sssJ
3

1
3  , (9) 

which are called the first, second and third deviatoric stress invariants, respectively. Since the 

deviatoric part is of importance in plasticity the invariants 1I , 2J  and 3J  are commonly used 

in plasticity theory. For simplicity tensors will be bolded and denoted by a line instead of the 

indices ji,  throughout the remaining part of this report. 

2.2 Plasticity   

When a material is subjected to loads, it can respond either elastic or plastic. An elastic 

response is characterized by that the deformation of the material will go back to its original 

un-deformed state when the loads are removed, while a plastic response leads to permanent 

deformations of the material [1]. This report will be demarcated to ductile metals and they 

usually have an elasto-plastic behavior [8]. That means that the material will have a linear 

elastic region where only elastic strains occur and after a certain stress level is reached i.e. the 

yield stress, the material will enter a plastic region where plastic strains will arise [8]. The 

material continuous to behave plastically until rupture occurs, unless it is unloaded. This 

report will study failure of ductile metals for which plasticity theory is of importance. Hence 

plasticity theory which describes the behavior of a material in the plastic region will be the 

focus of the analysis in this report.  

Plasticity theory is concerning the nonlinear and time independent development of permanent 

deformations [1] [8]. When a material has reached the plastic region the strain consists of an 

elastic and a plastic part. If assuming small strain theory the total strain tensor can be written 

as [8],   

 pe εεε   , (10) 

where eε  is the elastic and pε  is the plastic part of the strain tensor. This can be illustrated by 

studying a stress-strain curve from a uniaxial tensile test as shown in Figure 1. 
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Figure 1. Stress-strain curve from a uniaxial tensile test [8]. 

If Figure 1 is studied, it is clear that when the material has reached the plastic region at point 

A and is unloaded, a part of the strain will disappear which is the elastic part while another 

part, the plastic strain will remain. In order to study plasticity, one needs to define the yield 

stress limit to determine when the material enters the plastic region. This is done by modeling 

a yield criterion defined in the stress space. Many different yield criteria have been developed 

through the years, for example the von-Mises and Tresca criteria [1] [8]. In this report the 

von-Mises criterion will be used and hence the only one that will be presented herein.  The 

reader is referred to [1] [8], if interested in other yield criteria. The von-Mises yield criterion 

is given by, 

 03 2  YYe Jf  , (11) 

where e  is the equivalent von-Mises stress, 2J  is the second invariant of the deviator stress 

tensor and Y  is the current yield stress of the material which depends on the load history. 

The reason why the yield stress of a material can change is a phenomenon called hardening 

which arises when the material has reached the plastic region and is unloaded. The stress at 

which the unloading occurred will be the new yield strength of the material when it is loaded 

again in the same direction. This is illustrated in Figure 1 where the yield stress increases 

from 0Y  to Y  when the material is unloaded at point A. In this way hardening will increase 

the yield stress of the material with increased plastic strain [8]. 

The two most common types of hardening are isotropic and kinematic hardening. The 

difference between them is how the yield surface is changing with plastic deformation. The 

yield surface is the surface in the 3-dimensional stress space that the von-Mises yield criterion 

given by (11) spans and it is a cylinder centered along the hydrostatic axis. The hydrostatic 

axis is the axis where all the principal stresses are equal [8]. The yield surface for (11) is 

illustrated in Figure 2. 
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Figure 2. Yield surface for the von-Mises and the Tresca criteria [10]. 

Isotropic hardening is when the shape and position of the yield surface remain the same while 

the size of the yield surface is changing. This is illustrated in Figure 3 where the movement of 

the deviatoric plane, for isotropic hardening, is shown. Kinematic hardening is when the size 

and the shape of the yield surface remain fixed while the position of it changes with plastic 

deformation. In Figure 4 kinematic hardening is illustrated by showing the movement of the 

deviatoric plane during hardening. Note that it is also possible to have a combination of 

isotropic and kinematic hardening [8].  

 

Figure 3. Movement of the deviatoric plane for isotropic hardening [8]. 
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Figure 4. Movement of the deviatoric plane for kinematic hardening [8]. 

As seen in Figure 3 and Figure 4, if hardening occurs it means that the yield criterion 

according to (11) will change with plastic deformation since the yield stress Y  will change. 

Further the equivalent von-Mises stress will also change with plastic deformation and hence it 

need to be calculated to check if (11) holds [8]. If including the dependence on hardening in 

(11) one obtain, 

   0 Yef  Xσ , (12) 

where σ   is the stress tensor and X  is the back stress tensor that describes the movement of 

the origin of the yield surface in kinematic hardening [11]. For isotropic hardening Y  will 

change since it determines the size of the yield surface [11]. To determine how the plastic 

strain will develop is therefore crucial in order to calculate the new yield surface and the 

equivalent stress for the current plastic strain. The problem is that in the plastic region there 

do not exist a unique relation between the stress state given by the tensor σ  and the strain 

state given by the strain tensor ε . The reason for this is that for a certain strain one need to 

know the load history to get the correct corresponding stress. Because of that the constitutive 

relation between the stress and the strain will have to be of incremental nature [8]. When 

using increments the stress tensor will be obtained in an iterative manner i.e. 

 σσσ n1n 
, (13) 

where 1nσ   denotes the stress tensor in the new step, nσ  denotes the stress tensor in the 

current step and σ  is the stress tensor increment. In order to find the stress tensor for each 

plastic strain given by (13) one need to find a start guess on 0nσ   and then how σ  depends 

on the strain. In the remaining part of this section the focus will lie on finding an expression 

for σ . 

According to (10) the strain tensor in the plastic region can be divided into an elastic and a 

plastic part. The relation between the stress increment and the elastic strain increment will be 

determined by Hook’s law [8] i.e. 
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 e
εCσ  : , (14) 

where C  is continuum elastic stiffness tensor and e
ε  is the increment of the elastic strain 

tensor. If (10) is transformed into increments of the strain tensors, (14) can be written as, 

  p
εεCσ  . (15) 

where ε  is the strain tensor increment and p
ε  is the plastic part of the strain tensor 

increment. A flow rule that describes how the plastic strain increment p
ε  is developing, 

need to be found. In this report, the plastic strain is obtained by assuming associated flow, 

which means that the strain will grow in the normal direction to the yield surface. This 

assumption was made because this report considers metals for which the strain increments 

usually follow the associated flow rule [11] [12]. The plastic strain increment will then be 

given by [8] [11] [12], 

  nε
p , (16) 

where   is the rate of the plastic strain multiplier, n  is the normal tensor giving the 

direction of the strain increment and it is given by [8] [12], 

 
σ

n





f
, (17) 

where f  is the von-Mises yield surface given by (12). If (16) is inserted in (15) one obtain, 

   nεCσ . (18) 

As seen in (18) the increment of the stress tensor depends on the rate of the plastic strain 

multiplier   and hence an expression for this variable need to be found. This is done by 

using Prager’s consistency condition that states that the yield function given by (12) needs to 

be zero for at least a small increment in order for plasticity to occur [11] i.e. 

 0::: 













 


h

fff
f Y

Y

σnX
X

σ
σ

, (19) 

where h  is introduced as the hardening modulus which is obtained by assuming a certain 

hardening model; a kinematic, a isotropic or a combination of those. Often kinematic 

hardening models describe the hardening phenomena for metals better than isotropic models 

[11]. If (18) is inserted in (19) the following expression for   is received, 

 
nCn

εCn

::

::






h
 . (20) 

If (20)  is inserted in (18), the explicit forward-Euler scheme is obtained.  It has however been 

shown to give quite large errors and hence it is not commonly used to calculate the strain and 

stresses in plasticity [11] [12]. Further stability of forward-Euler method is only ensured for 
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small step sizes which make the computations time consuming and expensive [11]. Instead 

the implicit backward-Euler scheme is commonly used where the stress increment in matrix 

form is given by [12], 

 εDε
Rnn

RRnn
Rσ constT

T













h
, (21) 

where constD  is the consistent tangential constitutive matrix and R  is a matrix given by,  

 D
σ

n
DIR

1













  . (22) 

Note that in (21) and (22) the normal n  is on matrix form. In (22) I  is the identity matrix and

D  is the inconsistent tangential matrix. If (13) is transformed into a matrix representation, 

(21) and (22) can be used in (13) to determine the stress as a function of the strain in the 

plastic region. The derivation of the backward-Euler mechanism will be omitted in this report; 

instead the basic principle will be described. The backward-Euler scheme is an implicit 

scheme that calculates σ  for the next coming step i.e. 1n  instead of the current step n  as 

the forward-Euler scheme. It is based on equation (12), (13) and the function for the chosen 

hardening rule, which are put on a residual form and then solved as a system of equations 

with the Newton-Raphson algorithm [11].  

2.3 Damage models 

When considering rupture of ductile materials it is of importance to include the damage 

mechanism of the studied material i.e. how the material properties change in a non-favorable 

manner with the loading condition [13]. The reason for this is that ductile failure is strongly 

connected to the damage mechanism i.e. the formation and growth of voids inside the material 

during loading which leads to a coalescence of the voids when they have grown to a certain 

level. This microscopic growth of voids will build up a crack, which most certainly will lead 

to a macroscopic failure. The reason for the growth of the voids lies in that when the external 

loads is first applied to the material; they will create stress concentrations in the vicinity of the 

micro voids that initially existed in the material. This will lead to large local plastic 

deformations around the voids which will conduce to the growth of the voids. When the voids 

grow, the macroscopic behavior of the material can be either brittle or ductile i.e. give small 

or large deformations. If the material shows a brittle or ductile behavior depends on the 

density of the voids [1]. Usually ductile materials give large macroscopic deformations [2]. 

Today several damage models have been developed to describe how the formation and growth 

of micro voids depend on material and loading condition. From these models, new failure 

criteria that take the damage mechanism into account have been established, this in order to 

get more accurate predictions of rupture of ductile materials.  This chapter will present some 

of the most used and discussed damage models in the literature. The Gurson-Tvergaard-

Needleman [7], Johnson-Cook [4], Rice and Tracey [6] and the Extended Mohr Coulomb [5] 
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damage models will be presented.  A common result from all these developed models is that 

the ductile failure depends on the stress state inside the material. The two most common 

distinctions are if the stress state is dominated by shear or tensile loading. The difference 

between those states is how the coalescence of void occurs. For tensile dominate stress state 

the coalescence is due to internal necking of the ligaments between the voids while for shear 

dominated stress state it is due to shearing of the ligaments [2].  

To characterize the stress state, the stress triaxiality and a parameter called the Lode angle are 

used. The first mentioned is defined as the ratio between the mean stress and the von-Mises 

stress [2], 

 
e

m




  , (23) 

where m  is the mean stress also called the hydrostatic stress and e  is the von-Mises 

equivalent stress. The stress triaxiality can be interpreted as a measure of how the stress is 

distributed in each coordinate direction. The Lode angle is defined as [8], 

 














2/3

2

3

2

33
arccos

3

1

J

J
 , (24) 

where 2J  and 3J  is the second and third deviatoric stress invariants. The Lode angle gives 

information about the direction of the deviatoric stresses and hence is a measure of which 

stress state that is dominating i.e. if shear, compressive or tensile stress is dominating. If 

 0 tensile stress is dominating, if  60 compressive stress is dominating and if  30  

shear stress is dominating [8].  

2.3.1 Gurson-Tvergaard-Needleman 

One of the first failure criterions that took the damage mechanism into account was developed 

by Gurson in 1977 [3]. He introduced the dependency of damage on failure by including the 

void volume fraction as a variable in the failure criterion. As discussed above void formation 

and growth are the causes of damage in ductile materials and hence by including the void 

volume fraction in the failure criteria, Gurson could capture this dependency on rupture. 

Gurson’s model was further developed by Tvergaard and Needleman [7], whom created a 

function for the void volume fraction that takes the loss of load carrying capacity due to the 

void coalescence into account. This model is known as the Gurson-Tvergaard-Needleman 

model or simply the GTN-model. Before this, Tvergaard also introduced a parameter 1q  in 

the Gurson failure criterion that accounts for the non-uniform stress field around each void 

and the interaction between voids in the proximity of each other [14]. Today there are several 

finite element programs such as ANSYS APDL and LS-DYNA that uses the modified Gurson 

damage failure criterion created by Tvergaard and Needleman. This modified failure criterion 

is given by, 
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where 1q  is a parameter, eq  is the von-Mises equivalent  stress, Y  is the yield stress of the 

material,   is the macroscopic stress tensor and *f  is a function of void volume fraction, 

that Tvergaard and Needleman developed. *f  is given by [7], 
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where cf  is the critical void volume fraction when the stress carrying capacity of the material 

starts to decay more rapidly and Ff  is the void volume fraction when the material does not 

have any stress carrying capacity left. The increase in void volume fraction f  is a function 

that partly depends on the formation (nucleation) of new voids and on growth of existing 

voids [7] i.e.  

 growthnucleation fff   , with   00 ftf  , (27) 

where 0f  is the initial void volume fraction. The material in this model is assumed to be 

plastically incompressible and hence the growth of voids can be expressed as [7], 

    p

growth traceff   1 , (28) 

where p  is the rate of the plastic strain tensor. The formation of voids depends on the plastic 

strain and on the hydrostatic stress. Normally the void nucleation is assumed to only depend 

on the plastic strain and that the nucleation follows a normal distribution. This was suggested 

by Cho and Needleman [15] whom constructed the following model for the void nucleation 

rate, 
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eqnucleation Af   , (29) 

where 
p

eq  is the rate of the equivalent plastic strain and A  is given by, 
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where Nf  is the volume fraction of nucleating particles, 
p

eq  is the equivalent plastic strain, 

N  is the mean strain for nucleation and Ns  is the corresponding standard deviation. 
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Advantages and disadvantages 

One advantage of the GTN-model is that it is based on the micromechanical phenomena of 

void nucleation, growth and coalescence which affect failure and damage of a material. In this 

way the Gurson-Tvergaard-Needleman model aims of describing a real physical phenomenon 

by considering continuum mechanics. Another advantage is that the GTN-model has been 

used to a large extent in literature and hence some of the GTN-parameters can bet set to 

“standard values” that have been proven to give good results. In this way the number of 

experiments required to find the parameters can be reduced. Feucht et al. [16] took the values 

on N , Ns  and 1q  from literature and could then determine the rest of the GNT-parameters 

with only one experimental tension tests. It is important to note that if only one tension test is 

used, it is important that it clearly shows the rupture point otherwise it will be hard to tune the 

GNT-parameters to accurately predict failure. 

The Gurson-Tvergaard-Needleman model also has some disadvantages. Firstly strain 

softening occurs when using this model which leads to a systematic element size dependence 

of the results [16]. Because of that, some of the material parameters in the GTN-model, might 

need to be specified for a certain element size [17]. Feucht et al. [16] have shown that if one 

make the GTN-parameters ff , cf  and Nf  dependent on the element size one can obtain 

mesh independent results. This can be done by calculating those damage parameters for each 

element size. 

The Gurson-Tvergaard-Needleman model is a local damage model i.e. that does not consider 

what happens in the neighboring elements, this can lead to problems when using this method 

in finite element software’s for damage modeling. The problem that arises is that when an 

element fails, that element will be deleted which will lead to stress concentrations in the 

elements around it. Those stress concentrations can lead to an immediately failure of the 

neighboring elements which then will forward this stress concentrations to new elements that 

also will fail. In this way a chain reaction of failing elements could be started when using 

local damage models as the GTN-model [17]. Finally the Gurson-Tvergaard-Needleman 

damage model predicts no growth of voids when having zero triaxiality i.e. pure shear stress 

state. Only nucleation of new voids occurs for this load case. The reason for that is that 

  0ptrace   in (28) when the triaxiality is zero [2]. This is the reason for why the Gurson-

Tvergaard-Needleman model can give inaccurate predictions for shear dominated stress state 

as reported by [16]. In order to avoid this, the GTN-model can be implemented together with 

the Johnson-Cook damage model. This has been done in [16] and in LS-DYNA where the 

damage model MAT_GURSON_JC is a combination of the GTN- and Johnson-Cook-model. 

Further Nahshon and Hutchinson [18] have developed a modification of the Gurson-

Tvergaard-Needleman model by adding an extra term in (28) that account for the void growth 

under shear dominated stress state. 
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2.3.2 Johnson-Cook 

The Johnson-Cook damage model is purely phenomenological i.e. experimental and it is 

based on the plastic strain. Further this method is a macroscopic constitutive model compared 

to the GTN-model, this since it does not consider the void nucleation, growth and coalescence 

but is based on experimental data instead [17]. The failure criterion for the Johnson-Cook 

model is [4], 

 1 
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, (31) 

where D  is a damage parameter, 
p

eq  is the von-Mises equivalent plastic strain and f  is the 

equivalent strain to fracture and is given by [4], 
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, (32) 

where 1d  to 5d  are material constants which can be calculated from experiments. For the 

Johnson-Cook model five experiments is needed to find the constants 1d  to 5d . m  is the 

average of the three normal stresses i.e. the hydrostatic stress, eq  is the von-Mises equivalent 

stress, 
p

eq  is the rate of the von-Mises plastic equivalent strain, 0  is the reference strain rate 

and T  is the temperature [4]. 

Advantages and disadvantages  

An advantage of the Johnson-Cook model is that it takes the effect that the shear stresses has 

on damage into account. This is the case if one or several of the experiments for identifying 

the constants 1d  to 3d is a shear test [16]. Compared to the GTN-model that could use only 

one experimental test for obtaining its parameters, the Johnson-Cook model is more time 

consuming and expensive in terms of finding the experimental parameters since five tests are 

required.  

Another disadvantage is that the Johnson-Cook model can be hard to calibrate since the 

triaxiality parameter i.e. 
eq

m




 changes with loading process [19]. If (31) and (32) are studied, 

it is clear that the Johnson-Cook damage model does not depend on the hydrostatic part of the 

stress i.e. the first stress invariant, 1I , which is known to have a large influence of the damage 

of ductile materials. To include this dependency a combination of the GTN- and Johnson-

Cook-model could be used [16]. As mentioned above the damage model MAT_GURSON_JC 

in LS-DYNA is a combination of those criteria and could therefore be used [16]. 
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2.3.3 Rice and Tracey 

Rice and Tracey [6] developed an equation for predicting the growth of the radius of a single 

void in a ductile material. This model has further been extended by Lemaitre [20] and then 

used by GKN-Aerospace in Trollhättan, Sweden [21] to calculate a safety factor that takes the 

growth of voids into account and that transfer the ultimate strain obtained from a 

unidirectional tensile test to a representative ultimate strain when having a 3-dimesional stress 

state. The equation developed by Rice and Tracey [6] is given by, 
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where R  is the radius of the void, R  is the rate of the void radius,   is a material property, 

H  is the hydrostatic stress, 0Y  initial yield stress and
p

eq  rate of equivalent plastic strain. If 

(33) is modified to account for strain hardening, 0Y  can be set to the actual flow stress Y  

which is dependent on 
p

eq . Since (33) include rates on both the left and right hand side, it 

can be integrated i.e. 
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The integration given by (34) becomes, 
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where 0R  is the initial radius of the void. Note that (35) is only valid for one void but it is 

used herein to indicate when coalescence is taking place which is approximated as when 

failure occurs. If (35) is applied for a uniaxial tension test, one obtain 
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This since YeqH  3/13/1   when the ultimate strain occurs. cR  in (36) is the critical 

void radius at the ultimate strain (when coalescence/rupture occurs) and 
p

ultimate  is the 

ultimate strain. If (35) is applied for a 3-dimensional stress state at rupture, one obtain 
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where 
p

fail is the failure strain, H  is the hydrostatic stress at failure and eq  is the 

equivalent von-Mises stress at failure. Note that in (36) and (37) it is assumed that the critical 

radius is a material parameter that does not depend on loading condition. (36) inserted in (37) 

gives, 
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where R  is the safety factor on the ultimate strain from a uniaxial tensile test which is given 

by, 
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At GKN-aerospace this safety factor is used on the ultimate strain obtained from uniaxial 

tensile tests to determine the ultimate strain in a 3-dimensional stress state, taking the 

contribution of void growth on failure into account. The design strain when using the 

modified Rice and Tracey damage model given by (38) is given by [22], 
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 , , (40) 

where dultimate,  is the design strain i.e. ultimate strain in the 3-dimensional stress state, 

p

ultimate  is the ultimate strain obtained from a tensile test, n  is a material safety factor and 

m  is a safety factor taking the consequence of the failure into account [22]. The margin of 

safety when using modified Rice and Tracey model is then [22], 
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, (41) 

where FE  is the strain obtained from finite element simulations using a material law 

following plasticity theory which includes hardening but not damage. The reason for why 

damage is not included in the finite element simulations is that it has already been accounted 

for in the design strain via the safety factor R . 

Advantages and disadvantages  

Using the modified Rice and Tracy damage model given by (38) is an easy and effective way 

of taking the damage mechanism into account, this since no damage model need to be 

included in the finite element modeling and that only one tensile test is needed to get the 

material properties and parameters. On the other hand this criterion only depends on the 
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triaxiality i.e. eqH  /  and hence for a shear dominated stress field this damage model will 

probably get inaccurate results. This since there is no dependence of the Lode angle or no 

parameter that can be fitted to shear experiments, included in this model. 

2.3.4 Extended Mohr-Coulomb criterion 

In year 2010, the well known Mohr-Coulomb fracture criterion was modified by Wierzbicki 

and Bai [5] to describe fracture of isotropic crack-free solids. Many of the previous models 

that aimed of describing the damage mechanism of ductile materials only described the stress 

triaxiality’s effect on ductile rupture such as the Gurson-Tvergaard-Needleman and Rice and 

Tracey model presented above. It is known that the parameters that are critical for the ductile 

rupture mechanism are the stress triaxiality and the Lode angle. Because of the lack of 

previous damage models which had a dependency on the Lode angle, Wierzbicki and Bai 

extended the Mohr-Coulomb model such that it considered both parameters [5]. In this way 

the Extended Mohr-Coulomb (EMC) criterion can also predict ductile failure due to a shear 

dominated stress field.  The criterion is given by [5], 
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 (42) 

where A , n , 1c , 2c , c , 0 , 
s

c  and 
ax

c  are parameters.   is the normalized lode angle,   

is the triaxiality parameter i.e. 
eq

H




   and f  is the equivalent strain at fracture [5]. If the 

von-Mises yielding function is used in (42); 0c  and 1
axs

cc  , which gives the 

following criterion, 
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When using (43), only four parameters have to be calculated.  The material constants 1c  and  

2c  need to be determined form material tests up to fracture. The constants A  and n , can be 

obtained from the same fracture tests as 1c  and 2c  by curve fitting the stress-strain curve 

using a power function [5].  

Advantages and disadvantages 

The main advantage with the EMC-model is that it is both dependent on stress triaxiality and 

the Lode angle. Because of that the model can predict ductile failure for both a shear and 

tensile dominated stress field i.e. for both low and high triaxialities. Further Wierzbicki and 
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Bai [5] showed that by making appropriate assumptions only two parameters in (42) need to 

be found by fracture tests which facilitate the calibration. Another advantage with the EMC-

model is that it both predicts crack initiation sites and crack directions [5]. But the model also 

has some disadvantages. For example it has been reported by Wierzbicki and Bai [5] that the 

EMC-model did not predict fracture in round bars well. Fracture of materials with such 

geometry is due to void growth and linkage. Hence the EMC-model does not to capture these 

mechanisms accurately. On the other hand it has been shown to be good for predicting shear 

failure [5]. 

2.4 Experimental calibration and tests 

As mentioned in chapter 2.3, the damage models presented herein includes parameters that 

need to be determined from experiments. The type and number of experiments required to 

obtain these parameters depend on which damage model that is used.  Further assumptions 

can reduce the number of parameters that need to be determined from experiments and hence 

also reduce the number of experiments. Finally, for the damage models presented herein, 

standard values that previously have been proven to work well in literature can be used for 

some of the parameters. In this way the cost for calibrating the models can be lowered when 

reducing the number of experiments required by making appropriate assumptions and 

choosing standard values so that the models still give accurate results. Here it is obvious that 

an extensive calibration where many of the parameters would be determined from 

experiments would improve the accuracy. This section will present previously calibration 

techniques, assumptions and standard values used for each of the damage models presented in 

section 2.3. Further the procedure used today at GKN-aerospace to determine the ultimate 

strain from uniaxial tensile tests will be presented.  

2.4.1 Experimental calibration of Gurson-Tvergaard-Needleman 

The Gurson-Tvergaard-Needleman damage model have seven parameters that need to be 

determined i.e. 1q , 0f , Nf , cf , Ff , N and Ns . Many of these do not have to be determined 

by experimental test but rather set to “standard values”. For example Tvergaard [14] who 

introduced the parameter 1q , found after extensive investigation that 1q  should be set to 5.1  

to give good results and hence this value is commonly used in the GTN-model.  

Benseddiq and Imad [23] have done an extensive literature research on what values that have 

usually been used for the parameters in the GTN-model and also how they can be determined 

from experiments. This paper includes a table with GTN-parameters previously used in 

literature for different materials which could be used as a guideline on what values one should 

use. Further they state that the initial void volume fraction 0f  and fraction of void nucleating 

particles Nf  can be determined by microscopic examination of the undamaged material. The 

literature research by Benseddiq and Imad showed that the parameters N and Ns are usually 

set to 3.0  and 1.0 , respectively. Hence these values could be used instead of determining 

them from experiments. Their investigation also showed that the critical void volume fraction 

cf  is commonly the only parameter that is obtained by fitting numerical calculations with 
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experimental results, while the other parameters are kept constant. Finally Benseddiq and 

Imad found that previous investigations showed that Ff  is a parameter that may be 

determined experimentally. For example Zhang et al. [24] proposed an empirical relation for 

how Ff depends on 0f  which is given by, 

 0215.0 ffF  . (44) 

2.4.2 Experimental calibration of Johnson-Cook 

As mentioned in section 2.3.2 the material parameters 1d  to 5d in the Johnson-Cook model 

need to be determined with one experimental test each. The first three constants i.e. 1d , 2d

and 3d  are related to the effect of quasi-static loading conditions on damage while 4d  and 5d  

are related to the strain rate and temperature effect on damage, respectively [4]. Therefore 1d , 

2d  and 3d  are determined by quasi-static tests for example tensile or shear test with low 

load/displacement rates. 4d and 5d  need to be determined from tests where the strain rate and 

the temperature is a variable, respectively. 

Wierzbicki et al. [19] determined the constants 1d , 2d and 3d  for 2024-T351 aluminum alloy 

by using results from tensile and shear tests with different stress triaxiality. They neglected 

the effect of 4d  and 5d  i.e. of strain rate and temperature. Further Majzoobi and Rahimi 

Dehgolan [25] calculated the constants 1d  to 4d with a combined experimental, numerical and 

optimization technique and omitted the effect that the temperature has on damage i.e. 05 d . 

First they calculated 1d , 2d  and 3d  from both experimental and numerical tensile tests using 

notched specimens. Then 4d  was calculated from an experimental dynamic test and with a 

corresponding numerical test. The final values on 1d  to 4d  were determined by optimizing 

the difference between the experimental and numerical results.  

Trajkovski et al. [26] also used numerical and experimental tests to calculate the parameters in 

the Johnson-Cook damage model. In contrast to Majzoobi and Rahimi Dehgolan [25] they 

determined all five Johnson-Cook parameters and for armor steel PROTAC 500. 1d , 2d  and 

3d  were determined from experimental data and simulation results of tensile tests with 

different stress triaxiality. 4d  and 5d  were determined from results of experimental tensile 

test exclusively in which the strain rate and temperature were allowed to vary, respectively. 

From these results 4d and 5d were obtained from plots of the fracture strain as a function of 

strain rate and temperature, respectively. Trajkovski et al. concluded that the triaxiality has 

the highest influence on fracture strain while the influence of the strain rate on fracture can be 

neglected. The temperature influence on fracture is significant and should therefore not be 

neglected. Hence the parameters 1d , 2d , 3d  and 5d  were shown to be of most importance for 

fracture. Feucht et al. [16] determined the constants 1d  to 4d  with three types of tests; tensile, 
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compression and shear tests. Each of the parameters was obtained by a separate experimental 

test and both an aluminum alloy and a high strength steel material were studied. 

2.4.3 Experimental test for Rice and Tracey based model 

The damage model used today at GKN-Aerospace in Trollhättan is the Rice and Tracey 

model given by (39) and (41) in section 2.3.3. It consists of calculating a safety factor that 

transfers the ultimate strain obtained from a unidirectional tensile test to the ultimate strain for 

a 3-dimensional stress state. In this way the ultimate strain can be obtained from only one 

unidirectional tensile test and then be transferred via (40) to the corresponding 3-dimensional 

ultimate strain. Today at GKN-aerospace the tensile tests are performed until rupture and the 

ultimate tensile strain is determined as the strain at rupture. There are several ways to measure 

the rupture strain. Strain gauges can only be used up to 8 % strain, otherwise they will break 

when rupture occurs why the rupture strain cannot be measured by strain gauges. At the 

moment the strain is measured by studying the change of length of the specimen that is 

enclosed within two diameters on each side of the middle of the specimen. The diameter 

referred to herein is the one in the middle of the specimen. The part within the change of 

length is measured is illustrated in Figure 5. 

 

Figure 5. Illustration of the part of the specimen within the strain is measured. 

Before the test, the specimen is marked with a line at both sides of the middle of the specimen 

a distance 2 diameters away. Then the distance between these two marks is measured before 

loading the specimen. After the experiment when rupture has occurred, the two parts of the 

specimen is put together and the distance between the marks are measured again. The failure 

strain also called the failure elongation, 4A ,  is then calculated as, 

 
initial

initialfailure

f
L

LL
A


 4 , (45) 



22 

 

where initialL  and failureL  is the distance between the marks before the specimen is loaded and 

when rupture has occurred, respectively. This method of measuring the failure strain is 

conservative and appropriate to use for dimensioning but if the aim is to accurately predict the 

failure load it is not suitable. The reason is that this method has shown to give a smaller 

failure strain than the actual. Another way of calculating the failure strain is via the area 

reduction which is defined as, 
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where 0A  is the initial area and fA  the area at failure in the middle of the specimen. When 

the area reduction is known from experiments, the failure strain can be calculated via, 
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There are two types of strain, the engineering strain and the true strain. The failure elongation 

4A  is a type of engineering strain while the strain given by the area reduction in equation (47) 

is a true strain value. The engineering strain is defined as, 
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where nL  is the length of the measurement area at time n  when the strain want to be 

calculated at. The increment of true strain is given by, 
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where L  is the increment in the length of the measurement area and L  is the instantaneous 

length of the measurement area. Integrating (49) gives, 
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where (48) has been used in (50). It is also common to distinguish between engineering and 

true stress. The engineering and true stress are given by, 
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respectively. F  is the force, 0A  is the initial cross section area and nA  is the instantaneous 

cross section area. A relation between the true stress and the engineering stress and strain can 

be obtained by assuming that the volume is constant when the material is plasticizing i.e.  

 nn LALA 00 . (53) 

By combining (53) with (50) and solve for nA  one obtain, 
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(54) inserted in (52) gives, 
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During experiments the engineering stress and strain are usually measured. When doing finite 

element modeling with large deformation theory the true stresses and strains should be the 

input, why relations (50) and (55) are of high importance in order to convert the engineering 

stresses and strains from experiments to their true values.   

2.4.4 Experimental calibration of Extended Mohr-Coulomb 

criterion 

The extended Mohr-Coulomb damage model given by (42) contains eight parameters that 

need to be determined. Bai and Wierzbicki [5] that developed this model showed that the 

calibration can be done with only two experimental tests that are carried up to fracture. They 

came to this result by studying the influence that each of the parameters has on the fracture 

strain f . From this analysis they saw that the effect of c  and 1c  are similar in terms of 

stress triaxiality and hence 0c  which reduces the number of parameters in the model from 

eight to six, since the term including 0  vanishes when 0c . With this simplified version 

of (42) they showed that it is only the parameters 1c  and 2c  that need to be determined from 

the two separate fracture tests mentioned above. The reason is that A  and n  are a material 

and strain hardening parameter, respectively, that can be determined by curve fitting of the 

same experimental tests used to calculate 1c  and 2c . Further the two last parameters 
s

c  and 

ax
c  can be determined by plasticity tests such as axial-symmetric tension and compression 

tests, but their default values are one, if no tests are available [5]. Hence 
s

c  and 
ax

c  do not 

need to be determined and can be set to one instead. It is important to note that if the extended 

Mohr-Coulomb model should be fitted to experimental tests it could be necessary to tune 
s

c

and 
ax

c  to get a good fit.  
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2.5 Application of damage models in finite element modeling 

This section will discuss some of the aspects and problems that arise when using damage 

models in finite element modeling. This section is divided into 3 subsections, where the first 

deal with the mesh dependency problem, the second deal with element locking and the third 

will present the availability of the damage models treated in this report in ANSYS APDL and 

LS-DYNA.  

2.5.1 Mesh dependency 

Mesh dependency also called mesh sensitivity is a common problem occurring when 

modeling damage using the finite element discretization. The consequence of this 

phenomenon is that the prediction of failure that the damage model gives will strongly depend 

on the element size used.  This lead to that the parameters included in the damage models may 

need to be determined for each element size to give accurate predictions of failure.  

The reason why the mesh dependency problem arises is that the property of the governing 

partial differential equations, that describes the failure mechanism, locally changes when 

strain softening occurs. The strain softening leads to a loss of the ellipticity or hyperbolicity of 

the governing equations for static loading and dynamic loading, respectively. This loss leads 

to that several equilibrium states will exist that the iterative solution process has to chose in-

between, leading to a divergence of the solution. The number of possible equilibrium states 

increases with a finer mesh and hence the accuracy decreases with finer mesh size [11].  

Further a physical problem also arises when the mesh is refined. It is that the dissipated 

energy from a failed element tends to zero due to decrease in the volume of the element where 

the failure occurs. For an infinitesimal element this means that the dissipated energy is 

infinitesimal when this element fails which is not the case in reality. Because less energy is 

dissipated the material will get a more brittle behavior as the mesh is refined. That a 

refinement of the mesh leads to less dissipated energy is also due to a phenomenon called 

localization, which is that the failure will be localized to an element or an element row. This 

leads to that plastic deformations and strain softening will occur in an element or along an 

element row which result in an elastic unloading of the elements that have not yet failed. In 

this way only a few elements will fail which upon mesh refinement will lead to even less 

dissipated energy [11].  

When using the FE-discretization it is commonly known that as the mesh gets finer, the 

approximate solution will tend towards the exact solution. But if a damage model is included 

in the finite element discretization this will not be true anymore due to the mesh dependency 

problem. Therefore it is desirable to adapt the damage model so that it is independent of mesh 

size. Of the damage models studied in this report the GTN-model and the Johnson-Cook 

model have been reported to have a mesh dependency in literature; Feucht et al. [16], Andrade 

et al. [27] and Ljustina et al. [28]. As mentioned previously Feucht et al. [16] have shown that 

if one makes the GTN-parameters ff , cf  and Nf  dependent on the element size the GTN-

model can be independent on mesh size.  
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Further Andrade et al. reported that the reason why the GTN-model is mesh dependent is due 

to its local formulation of its variables. Therefore they transformed several of the GTN-

variables to a non-local form to see which variables that in their non-local form could reduce 

the mesh dependency. They concluded that the damage variable is the best candidate to 

transform into a non-local form. Samal et al. [29] also transformed the damage variable in a 

non-local form by replacing the local void volume fraction by the non-local damage variable 

in the GTN-model. Their investigation gave mesh independent results when simulating a 

tension test of a specimen. Another conclusion from Andrade et al. was also that the loading 

condition affects the mesh sensitivity and that the Lode angle may influence the mesh 

dependency more than stress triaxiality.  

Ljustina et al. tested the significance of the mesh dependence of the Johnson-Cook model. 

They found that the Johnson-Cook model had a clear mesh dependency even though it could 

contain a certain level of viscous regularization if used in a dynamic analysis which has 

shown to may act as a localization limiter. The reason why the Johnson-Cook model includes 

this is due to its rate dependence of the plastic strains.  

The Rice and Tracey model used at GKN-Aerospace today is not mesh dependent. The reason 

is that the simulations are done with normal plasticity theory first and then the damage is 

analyzed. In the literature study done for this report no information about the mesh 

dependency of the extended Mohr-Coulomb criterion has been found. 

2.5.2 Element locking 

Element locking is a well known modeling deficiency when using the finite element method 

for structural analyses. The two most common types of element locking are shear and 

volumetric locking [30]. Shear locking usually occurs when elements are subjected bending 

and is characterized by an increase in the element stiffness when the length to thickness ratio 

of the element gets larger. Therefore shear locking can be controlled by setting limits of the 

geometry of the elements. Another way of attenuating shear locking is to apply a correction 

factor to the shear strain expression used in FE-modeling, which is commonly referred to as 

the St. Venant Factor [31]. How this factor is computed will be omitted in this report, for 

further information the reader is referred to the book by Dow [31].   

Volumetric locking occurs when the material is nearly incompressible i.e. when Poisson’s 

ratio is close to 5.0  and leads to an unrealistically large strain energy that has been calculated 

from the change in volume of the element. In this way the contributions to the strain energy 

from other deformation modes will be underestimated. Volumetric locking can be eliminated 

by using a one-point integration scheme for the stress evaluation. A problem arises with this 

type of integration when an hourglass mode i.e. deformations that produce zero strain and 

stress arises. It leads to zero strain rate and zero strain energy which makes the solution 

unstable. Stability can be assured by using a so called stiffness method [32]. For further 

information about how to apply the one point integration scheme and the stiffness method the 

reader is referred to the book by Wu et al. [32]. 
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2.5.3 Availability of damage models in ANSYS APDL and LS-

DYNA  

Table 1 presents the availability of the damage models treated in this report in ANSYS APDL 

and LS-DYNA.  

Table 1. Damage models available in ANSYS APDL and LS-DYNA [33] [34]. 

Software 
Command in 

software 

Damage models 

included in the 

command 

Analysis type Comments 

ANSYS 

APDL 

TB, GURSON 
Gurson-Tvergaard-

Needleman 
Implicit  Original GTN-model 

TB,EOS, , , ,1 Johnson-Cook 
Explicit 

dynamic only 
Original Johnson-Cook 

LS-

DYNA 

*MAT_120 
Gurson-Tvergaard-

Needleman 
Explicit  Original GTN-model 

*MAT_015 Johnson-Cook 
Explicit, 

Implicit 

Original JC-model, 

Requires an equation of 

state 

*MAT_107 Johnson-Cook 
Explicit, 

Implicit 

Modified version of the 

JC-model  

*MAT_120_JC 

Gurson-Tvergaard-

Needleman, Johnson-

Cook 

Explicit  

The GTN-model with 

additional JC failure 

criterion 

*MAT_224 Johnson-Cook Explicit  

JC-model with ability 

to insert arbitrary 

stress-strain curves and 

strain rate dependency 
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3. Method  

This chapter and the following two chapters; 4. Results and 5. Discussion will treat the 

simulation phases of this project i.e. phase’s two to four. As mentioned in chapter 1. 

Introduction these three phases are; the one element analysis, the several elements analysis 

and the burst test analysis. To separate these analyses the Method, Results and Discussion 

chapters have been divided into three subsections, each corresponding to one of the 

simulation phases. The Method chapter will present how the analyses were performed, the 

Results chapter gives the relevant results obtained and the Discussion chapter will analyze and 

remark interesting results.  

3.1 One element analysis  

This subsection includes finite element analyses of a one element model to study the behavior 

of the GTN and Johnson-Cook damage models when varying their corresponding parameters 

and when subjected to different load cases.  The aim is to get a more thorough understanding 

of these damage models. Throughout all the subsections the same element geometry will be 

used and it is illustrated in Figure 6. Note that the coordinate system from which all boundary 

conditions, loads etc. will specified is inserted in Figure 6.   

 

Figure 6. Illustration of the one element geometry with a reference coordinate system inserted. Note that l  is the 

element length. 
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3.1.1 The GTN- parameters influence on failure  

The Gurson-Tvergaard-Needleman model was studied with the aim of getting an 

understanding of how the different parameters included in this model affect the failure of 

ductile metals. This was done by creating a one element model in ANSYS APDL on which 

the Gurson-Tvergaard-Needleman model was applied by using the material model GURSON 

available for TB command in ANSYS. Note that no hardening law was used together with the 

GURSON material model. A static implicit analysis was performed, why ANSYS APDL was 

used instead of LS-DYNA since it is the only software of them that offers the Gurson-

Tvergaard-Needleman model for implicit analysis, according to Table 1. The element used 

was an eight node solid element of type solid185. The model was subjected to uniaxial tensile 

loads only and all nodes along the planes where 0x , 0y  and 0z , respectively, had 

zero displacement in the corresponding direction. The load was applied at all nodes in the 

plane where lz   as a prescribed displacement of l5  in the z-direction. Note that l  is the 

element length which was set to m01.0  and that the reference coordinate system was set in 

one of the bottom corners of the element, as seen in Figure 6. The temperature was held 

constant to K293 . The GTN-model in ANSYS has the following form [34], 
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where 1q , 2q  and 3q  are parameters and h  is the hydrostatic stress. The variables and 

parameters that have to be specified in the GURSON command are 1q , 2q , 3q , Y , 0f , Nf , 

cf , Ff , N  and Ns . As mentioned in section 2.4.1, which values that should be used for 1q , 

2q  and 3q  have been investigated Tvergaard [14]. He found that 5.11 q , 12 q and 
2

13 qq   

which is the reason why Tvergaard and Needleman [7] presented the GTN-model in the form 

given by (25) rather than (56). Benseddiq and Imad [23] made an extensive literature research 

on which values that were commonly used for 1q , 2q  and 3q , they found that the values 

proposed by Tvergaard [14] are normally used. Hence those values will be used for the 

analysis herein.  

Further the model consisted of steel AMS 6487 with a Young’s modulus of GPaE 84.206 , 

a Poisson ratio of 36.0  and a yield strength of GPaY 38.1  according to The Military 

Handbook [35]. Note that this material was only used to check the influence that the GTN-

parameters have on failure and is not a material used for the rocket nozzle to Ariane rockets.  

The effect that the GTN-parameters have on the failure was studied by calculating the 

equivalent stresses and strains when varying one of the parameters 0f , Nf , cf , Ff , N  and 

Ns  while having the others constant. 1q , 2q , 3q  and Y  were held to the values specified 

above. The reference values used for 0f , Nf , cf , Ff , N  and Ns when holding them constant 

are specified in Table 2. 
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Table 2. Values used on the GTN-parameters when holding them constant [23]. 

Parameter  0f  Nf    cf  
Ff    N   Ns  

Value 0 0.002 0.06 0.212 0.3 0.1 

 

The values specified in Table 2 have previously been used in literature for steel and were 

taken from the literature research done by Benseddiq and Imad [23]. Note that in this 

reference the specific alloy of the steel was not specified and hence the GTN-parameters may 

not correspond exactly to the ones of AMS-6487 steel. Since this investigation has the 

purpose of determining the behavior of the GTN-model when its parameters are varied rather 

than predicting rupture accurately, having the correct parameters will not be of importance. 

Table 3 gives the values for the different parameters when they were varied. The literature 

research done by Benseddiq and Imad [23] was used to find an interval in which each of the 

parameters should vary. This was done by creating an interval between the smallest and the 

largest value of each of the GTN-parameters reported by Benseddiq and Imad. 

Table 3. Values for the GTN-parameters when they were varied. 

Run 
0f  Nf  cf  

Ff  N  Ns  

1 0 0.002 0.0001 0.1 0.1 0.05 

2 0.0005 0.004 0.001 0.2 0.2 0.1 

3 0.001 0.006 0.01 0.3 0.3 0.15 

4 0.0015 0.008 0.05 0.4  0.4 0.2 

5 0.002 0.01 0.1 0.5 0.5 0.25 

6 0.0025 0.012 0.2 0.6 0.6 0.3 

 

When solving the load case specified above for the different parameter values in ANSYS 

APDL, small deformation theory was used i.e. the engineering strains were calculated. Note 

that the aim of this investigation is to get an understanding of how the GTN-parameters 

influence the failure of ductile metals and hence the deformation theory specified is not of 

importance. If the aim would be to obtain accurate predictions of failure, large deformation 

theory should have been used instead.  

3.1.2 The triaxiality’s effect on the GTN-model 

The influence that stress triaxiality has on failure when using the Gurson-Tvergaard-

Needleman model was investigated by studying the response of a one element model with the 

GURSON material model in ANSYS APDL, subjected to different loads. The loads and 

boundary conditions were applied such that the triaxiality was constant throughout the 

analysis. A static implicit analysis was performed why ANSYS APDL was used instead of 

LS-DYNA since it only allows explicit analysis with the GTN-model according to Table 1. 

The element type was a squared solid185 eight node solid element with a length of m01.0 . 

The literature research done by Benseddiq and Imad [23] was studied in order to find a 

material for which the GTN-parameters have previously been determined and for which 
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enough material properties is available to specify the hardening behavior. For those reasons 

steel E690 was chosen. Its material properties and GTN-parameters are presented in Table 4 

and Table 5, respectively. 

Table 4. Material properties of steel E690 [35] [36]. 

Property Value Unit 

 E  213 GPa 

 Y  779 MPa 

 u  840 MPa 

  0.31 - 

   7778.05 kg/m3 

 

Table 5. Values for the GTN-parameters for steel E690 [36]. 

Parameter  0f  Nf    cf  
Ff    N   Ns  

1q  2q  3q  

Value 0.0015 0.00085 0.035 0.15 0.3 0.1 1.5 1 2.25 

 

Note that Poison ratio and density were not found for steel E690 and that the values for those 

material properties given in Table 4 have been taken as a mean value of the smallest and 

largest values for the Poison ratio and the density found for the steel materials given in the 

Military Handbook [35]. The hardening behavior of the material was included by combining 

the GURSON and the PLASTIC material models available for the TB command in ANSYS. 

Note that the PLASTIC material model should have TBOPT=MISO. The hardening behavior 

was included in the PLASTIC material model by defining a table using the TBPT command 

with stress versus plastic strain values. This table was created so that a stress-strain curve with 

a typical hardening behavior occurred between the yield and ultimate stress. Table 6 gives the 

values used for the hardening curve. 

Table 6. Table with stress and plastic strain values defining hardening behavior. 

Plastic strain 

[-] 

Stress 

[MPa] 

0 779 

0.01 800 

0.03 820 

0.1 830 

0.15 835 

0.5 840 

 

As mentioned previously the loads and the boundary conditions were applied such that the 

triaxiality was constant. In total five runs was performed with constant triaxiality and their 

corresponding loads and boundary conditions are specified below; 
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1) Run 1: Pure unidirectional compression 

Boundary conditions: All nodes in the planes where 0x , 0y  and 0z , were 

set to have zero displacement in the x -, y - and z -direction, respectively. 

Loads: The load was specified by setting a prescribed displacement of l5.0  in the z

-direction on all the nodes in the plane where lz  . 

2) Run 2: Pure unidirectional tension 

Boundary conditions: All nodes in the planes where 0x , 0y  and 0z , were 

set to have zero displacement in the x -, y - and z -direction, respectively. 

Loads: The load was specified by setting a prescribed displacement of l5.0  in the z -

direction on all the nodes in the plane where lz  . 

3) Run 3: Pure biaxial tension 

Boundary conditions: All nodes in the planes where 0x , 0y  and 0z , were 

set to have zero displacement in the x -, y - and z -direction, respectively. 

Loads: The load was specified by setting a prescribed displacement of l5.0  in the y - 

and z -directions on all the nodes in the planes where ly   and lz  , respectively. 

4) Run 4: Pure triaxial tension 

Boundary conditions: All nodes in the planes where 0x , 0y  and 0z , were 

set to have zero displacement in the x -, y - and z -direction, respectively. 

Loads: The load was specified by setting a prescribed displacement of l5.0  in the x -, 

y - and z -directions on all the nodes in the planes where lx  , ly   and lz  , 

respectively. 

5) Run 5: Pure shear 

Boundary conditions: All nodes in the plane where 0y  , were set to have zero 

displacement in the x -, y - and z -direction. In the plane where ly  , all nodes were 

set to have zero displacement in the y -direction.  

Loads: The load was specified by setting a prescribed displacement of l5.0  in the z -

direction on all nodes in the plane where ly  . 

Note that the reference coordinate system was placed in one of the lower corners of the solid 

element according to Figure 6. The temperature was held constant to K293  in all runs. The 

loads step was set to 001.0loadt  and 5000  sub steps were used. Further large deformation 

theory was used. For each of the runs the equivalent stress, equivalent plastic strain, porosity, 

and triaxiality were saved. 

3.1.3 The Johnson-Cook damage parameters influence on failure 

The Johnson-Cook damage model was investigated in order to study how its parameters affect 

failure and damage. This was done by studying the response of a one element model when the 

parameters of the Johnson-Cook model were varied for a specific load case. As seen in Table 

1 the Johnson-Cook damage model is available in both ANSYS and LS-DYNA but since the 
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analyses in this report are demarcated to static load cases, implicit analyses will only be 

performed. Therefore LS-DYNA was used for this investigation since it is the only of them 

that offers a Johnson-Cook damage model that can be solved with an implicit analysis. 

According to Table 1, there are two material models available for this purpose; MAT_015 and 

MAT_107. MAT_015 requires an equation of state for solid elements to describe the 

thermodynamic state of the material e.g. how pressure is dependent on the state variables 

density and temperature. MAT_107 on the other hand do not require an equation of state, why 

this material model was employed to avoid the risk of stating an incorrect equation of state for 

the material used. Note that MAT_107 is a modified version of the Johnson-Cook damage 

model and hence needed to be reduced to the original model by making some assumptions. 

The modified Johnson-Cook damage model is given by [33], 
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where *p  is the normalized equivalent plastic strain rate and *T  is the homologous 

temperature which is defined as, 
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where T  is the current temperature, rT  is the room temperature and mT  is the melting 

temperature. The modified version of the Johnson-Cook damage model also has a damage 

evolution rule which is given by, 
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where D  is the rate of the damage variable, cD  is the critical damage parameter which is set 

to one, 
p

eq  is the equivalent plastic strain rate, f  is the failure strain given by (57) and d  

is the damage threshold strain i.e. the strain at which the damage starts to develop in the 

material.  

If the original Johnson-Cook damage model given by (32) is compared with the modified 

version available in MAT_107 given by (57), it is clear that if 04 d  in (57), rTT   in (58), 

0d  in (59) and that 3d  in (57) have the same magnitude but opposite sign as 3d  in (32), 

the modified model given by (57) will be reduced to the original Johnson-Cook model given 

by (32). Hence the strain rate effect and the temperature effect on the fracture strain in the 

Johnson-Cook damage model are not considered in this investigation, this since the terms 
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including these effects differ between the original and the modified version. In order for 

rTT   to be fulfilled the Taylor-Quinney parameter,  , need to be set to zero. This since it 

will not allow any heating of the material when it is deformed and hence the set initial 

temperature will remain throughout the analysis. The initial temperature was then set to 

KT 2930  and the room temperature to KTr 295 so that rTT   holds during the analysis. 

A squared solid element with a length of ml 01.0  was employed. The material for the one 

element model was the same as used in section 3.1.2 i.e. steel E690. Note that MAT_107 need 

the specific heat, coefficient of thermal expansion and the melting temperature which were 

not specified in section 3.1.2. These material properties were not found for E690, instead 

standard values for steel were used from a physics handbook [37]. These material properties 

are presented in Table 7. 

Table 7. Thermal properties of steel E690 [37]. 

Property Value Unit 

pc  460 J/(kg K) 

  11.5E-6 1/K 

mT  1625 K 

 

In MAT_107 the hardening behavior of the E690 steel can be simulated with a modified 

version of the Johnson-Cook material model or by the Zerilli-Armstrong relation. The 

modified Johnson-Cook material model was used and is given by [33], 
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where A , B , C , m , n , 1Q , 1C , 2Q , 2C  are material parameters and r  is the damage 

equivalent plastic strain. Since the strain rate and temperature effects are neglected the two 

last terms need to be set to one. This is done by setting 0C  and as described above 0* T  

since rTT  . Therefore m  in (60) can be chosen to any value. A  in (60) should be the yield 

stress of the material. B  and n  were obtained by fitting (60) to the hardening curve given in 

Table 6. The values of B  and n  obtained from curve fitting are given in Table 8. 

Table 8. Values on the parameters B and n  in equation (60), obtained from curve fitting. 

Property Value Unit 

B   67 MPa 

 n  0.13   - 
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To investigate the influence that the parameters 1d , 2d  and 3d  have on damage and failure, 

each one of these parameters was varied while the others were kept constant.  The values on 

1d , 2d  and 3d  when they were held constant are given in Table 9. 

Table 9. Constant values on 1d , 2d  and 3d . 

1d  2d  3d  

0.11  0.41657 0.2  

 

The values presented in Table 9 were obtained by trial and error so that the fracture strain 

turned 5.0f  by using (57). Table 10 presents the values for the parameters 1d , 2d  and 3d  

when they were varied. 

Table 10. Values for the parameters 1d , 2d  and 3d when varied. 

Run 
1d  2d  3d  

1 0 0 0 

2 0.1 0.1 0.1 

3 0.2 0.2 0.2 

4 0.4 0.4 0.4 

5 0.8 0.8 0.8 

6 1.6 1.6 1.6 

 

Further the loading and boundary conditions were constant throughout the analysis. The same 

loading and boundary conditions as used in run 2 in section 3.1.2 was used. An uncoupled 

analysis was performed i.e. without coupling between ductile damage and the constitutive 

relations. The load step was set to 001.0loadt . For each of the runs given in Table 10 the 

equivalent stresses, strains, the damage variable and the triaxiality were saved. 

3.1.4 The triaxiality’s effect on the Johnson-Cook damage model 

In this analysis the effect that the triaxiality has on failure and damage when using the original 

Johnson-Cook damage model was studied. This was done by creating a one element model 

consisting of a squared solid element with a length of m01.0  which was subjected to different 

load cases and boundary conditions with constant triaxiality. The same boundary conditions 

and load cases as in run 1 to run 5 in section 3.1.2 were applied to the model. The analysis 

was performed in LS-DYNA with the same material model and assumptions as stated section 

3.1.3 i.e. MAT_107 reduced so that it corresponds to the original Johnson-Cook model given 

by MAT_015. The only difference from section 3.1.3 is that the Johnson-Cook parameters 

were held constant to the values given in Table 9. The analysis herein was performed in 3 

steps where the effect of including coupled analysis and having a damage threshold were 

investigated. The three different steps were the following, 
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1) Simulations for run 1 to run 5 were done when having uncoupled analysis with a 

damage threshold of 0d  i.e. the original Johnson-Cook damage model. 

2) Simulations for run 1 to run 5 were done when having coupled analysis with a damage 

threshold of 0d . These runs include the feature of the coupled analysis which is 

only available for the modified Johnson-Cook model given by MAT_107. 

3) Simulations for run 1 to run 5 were done when having uncoupled analysis with a 

damage threshold of 3.0d . These runs include the features of the coupled analysis 

and stating a damage threshold which are only available for the modified Johnson-

Cook model given by MAT_107. 

For each of the steps 1) to 3) the equivalent stresses, strains, the damage parameter and the 

triaxiality were saved.  

3.2 Several element analysis 

This subsection includes a finite element analysis of a structural model consisting of several 

elements in order to study if and how the mesh affects the damage models ability to predict 

failure. The analysis will be demarcated to only study the GTN-damage model ability to 

predict failure when the mesh size is varied. Further the analysis will be demarcated to only 

consider four point bending of a beam model since it is a known load case for which the stress 

and strain distribution are well recognized.  

3.2.1 Four point bending of a simply supported beam 

An analysis of the behavior of the GTN-damage model when applied to a beam, built up of 

solid elements, subjected to four point bending was studied. The beam model was created in 

ANSYS APDL with the element type solid185. The beam was divided into 3 subsections in 

order to allow the mesh size to vary along the beam. Figure 7 illustrates the beam model and 

the subsections it was divided into, each with a length ml 07.0 , a height of mh 04.0  and 

a width of mw 02.0 . Note that the position of the coordinate system is shown in Figure 7. 

 

Figure 7. Illustration of the beam model. 
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The beam model was subjected to four point bending with simply supported boundary 

conditions. In order to reduce the computational time and still being able to accurately 

simulate the stress state in the middle of the beam, the half of the beam was simulated by 

using symmetry boundary conditions along the y -axis. This was done by using mw 02.0  

as half of the width of the whole beam and by applying a displacement constraint in the y -

direction for all nodes in the mwy 02.0  plane. Further the following boundary 

conditions were set, 

 For all nodes where 0x  and 0z  the displacement in both the x - and z - 

directions were set to zero. 

 For all nodes where lx 3  and 0z  the displacement in the z - direction was set to 

zero. 

Note that the elements closest to the two boundary conditions specified above had an elastic 

material law in order to avoid getting large local plastic deformations at the boundaries. The 

material behavior of the other elements was simulated with the GURSON material model 

available for TB command in ANSYS APDL. The hardening behavior of the material was 

included by combining the GURSON and the PLASTIC material models available for the TB 

command in ANSYS APDL in the same way as in the analyzes performed in section 3.1.2. 

Note that the PLASTIC material model should have TBOPT=MISO. The same material as in 

section 3.1.2 was used i.e. steel E690. In contrast to the analyzes performed in section 3.1.2 

the table containing the hardening behavior of the material was changed so that the material 

hardens more which would represent a more realistic hardening behavior. The new hardening 

curve is given in Table 11.  

Table 11. Table with stress and plastic strain values defining hardening behavior. 

Plastic strain Stress 

0 779 MPa 

0.01 860 MPa 

0.03 910 MPa 

0.10 950 MPa 

0.15 970 MPa 

0.30 990 MPa 

0.50 1000 MPa 

 

Further the values on cf  and Ff  were changed from the values specified in Table 5 to 

002.0cf  and 1.0Ff  in order to reach the region where the load carrying capacity of the 

material starts to decrease. The other GTN-parameters were held to the values specified in 

Table 5. Further three runs were performed each of them with a different mesh. The loads 

applied to the beam were different for each of the meshes in order to reach rupture for all 

runs. This also required the number of sub steps to vary between the runs to avoid obtaining a 

too large sub steps leading to divergence of the solution. Note that the load step was 
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001.0loadt  for all of the runs. The mesh size, number of sub steps and the loading condition 

for each of the runs are given below, 

1) Run 1: Coarse mesh. Two elements were used in the y - and z -directions.  Sections 

(1) and (3) had four elements in the x -direction while section (2) had 8 elements in 

the x -direction. The mesh in the xz -plane is shown in Figure 8. 3000 sub steps were 

used. A prescribed displacement of magnitude h2  in the negative z -direction was 

applied at the nodes where lx  , hz   and at the nodes where lx 2 , hz  .  

 

Figure 8. Mesh for run 1 i.e. coarse mesh. 

2) Run 2: Medium mesh. Four elements were used in the y - and z -directions.  Sections 

(1) and (3) had eight elements in the x -direction while section (2) had sixteen 

elements in the x -direction. The mesh in the xz -plane is shown in Figure 9. 3000 sub 

steps were used. A prescribed displacement of magnitude h5.2  in the negative z -

direction was applied at the nodes where lx  , hz   and at the nodes where lx 2 , 

hz  . 
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Figure 9. Mesh for run 2 i.e. medium mesh. 

3) Run 3: Fine mesh. Eight elements were used in the y - and z -directions.  Sections (1) 

and (3) had sixteen elements in the x -direction while section (2) had 32 elements in 

the x -direction. The mesh in the xz -plane is shown in Figure 10. The number of sub 

steps was allowed to vary between 3000-10000 by using the NSUBST command in 

ANSYS APDL. A prescribed displacement of magnitude h3.2  in the negative z -

direction was applied at the nodes where lx  , hz   and at the nodes where lx 2 , 

hz  . 

 

Figure 10. Mesh for run 3 i.e. fine mesh. 
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Note that large deformation theory was used for runs 1 to 3. Further runs 1 to 3 were 

performed in two series, one having an elastic material law for the elements connected to the 

nodes where the loads were applied and the second using the GURSON and PLASTIC 

material model specified above for the same elements. This in order to study if local plastic 

deformations occurring where the loads are applied could affect the results. For each of the 

runs, results were saved at five different locations of the beam which are given in Table 12. 

Table 12. Location where results were saved. 

Location x y z 

1 1.5 l   w  0 

2 1.5 l   w   h5.0  

3 1.5 l  w    h  

4  l   -  h  

5  2 l  -  h   

 

Note that for locations 1 to 3, nodal and gauss point results were saved for the nodes and 

gauss points closes to these locations. For locations 4 and 5 the forces were saved for all 

elements connected to the nodes along the lines where lx  , hz   and lx 2 , hz  , 

respectively  while other results such as displacements etc. were saved for the nodes at lx   , 

wy  , hz   and lx 2 , wy  , hz   for location 4 and 5, respectively. 

3.3 Burst test analysis 

This subsection contains analyses of burst tests performed on specimens representing the 

sandwich wall that is intended to be used at future versions of the rocket nozzles developed at 

GKN-Aerospace. Burst test simulations will be performed using two different failure models, 

one based on the Rice and Tracey model which is currently used at GKN-Aerospace today 

and the other based on plasticity theory using the GTN-damage model. Those damage models 

are presented in section 2.3.3 and 2.3.1, respectively. The reason why only those damage 

models were studied was because the limitation addressed in section 1.4 that the finite 

element model of the burst test specimen had only been created in ANSYS APDL, where the 

Johnson-Cook damage model and Extended Mohr-Coulomb criterion are not available for 

implicit analysis according to Table 1. Another reason is that GKN-Aerospace today does not 

have all experimental tests needed to determine all parameters to the Johnson-Cook damage 

model and the Extended Mohr Coulomb criterion. 

The aim of the burst test analysis is to compare the currently used model to predict ductile 

failure at GKN-Aerospace with the GTN-model. The two models ability to predict failure will 

be compared by analyzing results from simulations performed with both plasticity theories 

and compare them with previously obtained experimental results. The burst test analysis 

phase included two major parts; one where the material data for the two plasticity models 

were tuned by fitting force versus displacement curves obtained from simulated tensile tests to 

curves obtained from equivalent experimental tests and another part where the burst test 
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simulations were performed with the tuned material data. The burst test simulations were 

performed in two series; one initial analysis and one improved analysis where an attempt to 

reduce the problems observed in the initial analysis was carried out. Therefore this subsection 

have been divided three sections; the first treating the tuning of the material data to 

experimental tests, the second treating the initial burst test simulations and the third treating 

the improved burst test simulations. 

3.3.1 Tuning material properties to experimental data 

The burst test simulations need material properties as input and to get predictions of rupture 

close to the experimental results, the material properties need to be tuned such that the 

simulation results are in agreement with the experimental results. This was done by using 

experimental results from a tensile test and simulating an equivalent tensile test with the same 

specimen geometry in ANSYS APDL. The results obtained from the simulations were 

compared with the experimental results and material parameters in the simulations were 

changed until an agreement between the experimental and the simulation results was obtained. 

More specifically the force versus displacement curve from the simulation was compared with 

the one obtained from the experiment and the material parameters were changed until the two 

curves fit each other.  

The burst test simulations were performed for two materials Material 1 (MAT 1) and Material 

2 (MAT 2) for two different plasticity models; the one currently used at GKN-Aerospace 

today and the Gurson-Tvergaard-Needleman model. This means that each material needs to 

be tuned for two plasticity models giving in total four fitted curves. Note that the failure 

prediction model used at GKN-Aerospace today will be referred to the Rice and Tracey based 

model. As mentioned in section 2.3.3 the Rice and Tracey based model consist of determine a 

design failure strain value using equation (40) which is calculated from the ultimate strain 

obtained from a unidirectional tensile test and safety factors that accounts for damage, 

material etc. Then this design strain value is used together with strain values obtain from 

finite element simulations to calculate a margin of safety according to equation (41). The FE-

simulations should be performed with plasticity theory including a hardening law but not 

damage since it has already been included in the design strain value. Thus the tuning for the 

Rice and Tracey based damage model were performed with normal plasticity theory without 

damage using the PLASTIC material model available in the TB command in ANSYS APDL 

while the simulations done with the GTN-model included damage by using the GURSON and 

the PLASTIC material models. Because of that the material parameters that were changed to 

tune the curves for normal plasticity theory were the stress and strain values that define the 

hardening curve given in the TB command using the PLASTIC material model and the MISO 

option. MISO stands for multilinear isotropic hardening. Note that the MISO option was used 

for both material models when using the PLASTIC material model.  

The curves from the GTN-simulations were fitted to experiments by only changing the GTN-

parameters, this starting from a hardening curve that initially have been tuned using only 

normal plasticity theory. It is important that these initial hardening curves do not include any 

reduced hardening that triggers necking i.e. large local plastic deformations. The reason is that 
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when damage is included in the simulations necking should start in the areas of the structure 

with large damage not in areas where the stress and strain have reached a certain point of the 

hardening curve. Therefore the hardening curves used for tuning the GTN-parameters in this 

report ended with a constant increasing slope to minimize the risk of getting necking caused 

by reduced hardening instead of damage. Note that when tuning the material parameters for 

the Rice and Tracey based model the hardening curve is allowed to include reduced hardening 

in order to obtain an as good fit as possible.  

The Gurson-Tvergaard-Needleman-parameters that were tuned were 0f , Nf , cf  and Ff  

since the conclusions from the one element analysis in section 5.1.1 showed that those are the 

parameters that exclusively determines the rupture point. Ns  and N  were set to the standard 

values presented in section 2.4.1 i.e. 1.0  and 3.0 , respectively. 

The finite element model of the specimen is shown in Figure 11. For MAT 1 it consisted of 

elements of type solid185 and for MAT 2 of type solid186. The geometry of the specimen for 

the two materials was different and since the gauge section is most critical for the strength of 

the specimen the parameters defining the gauge section geometry has been highlighted in 

Figure 11. These parameters are defined in Table 13.  

 

Figure 11. Finite element model of the tensile test specimen with the gauge section geometry marked. 

 

Table 13. Gauge section geometry parameters for MAT 1 and MAT 2. Note that the geometry parameters are scaled 

with a reference length refl . 

  
refl

l1  
refl

l2  
refl

l3  

MAT 1 1.29 6.60 1.81 

MAT 2 1.29 6.60 1.31 

 

Even though the specimen geometry was different between the two materials, the mesh 

contained the same number of elements and hence the mesh shown in Figure 11 can illustrate 
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the meshes for both materials. The geometry of the mesh in the gauge section is of interest 

since it can affect the tuning, why the geometry of an element in the gauge section relative a 

reference length refl  is presented in Table 14 for each material. Note that the geometry is the 

same for all elements in the gauge section for each material, as illustrated in Figure 11.  

Table 14. Geometry of the elements in the gauge section for MAT 1 and MAT 2. Note that the geometry is scaled with 

a reference length refl . 

  Geometry parameters for an element 

  1l -direction  

[-] 
2l -direction  

[-] 
3l -direction  

[-] 

MAT 1 0.323 0.329 0.454 

MAT 2 0.323 0.329 0.326 

3.3.2 Burst test simulations 

The Gurson-Tvergaard-Needleman model’s ability to predict ductile failure of the rocket 

nozzle sandwich wall when subjected to a burst test was studied with the aim of investigating 

if the GTN-model can give more accurate predictions of failure than the Rice and Tracey 

based model currently used at GKN-Aerospace. The study was executed by performing 

simulations for both damage models and the results obtained from these analyzes were 

compared with previously obtained experimental results. Before describing how the 

simulations were performed a brief review will be given on how an experimental burst test is 

performed and what differs between the experimental tests and the simulations.  

A burst test of the sandwich wall is performed by applying a pressure to the cooling channels 

of the specimen which is increased until rupture occurs. The specimen used in the 

experiments is produced by cutting out a circular part from the sandwich wall and then weld it 

into a manifold to allow pressurization. For the simulations a model of the cut out sandwich 

wall specimen is built up and boundary conditions representing the conditions in the manifold 

and the test rig used in the experiment are applied. The pressure from the flame side and the 

outer side of the sandwich wall specimen are set according to the ambient pressures which 

correspond to the part of the flight that the simulations or experiment should represent. There 

is a significant difference between how the pressure loads in the cooling channels are applied 

in simulations and in the experiments. In the experiments the pressure is applied in steps, for 

each of them the pressure is held constant during a specified time until it is ramped to the next 

pressure level. In the simulations on the other hand the pressure is ramped continuously until 

rupture occurs.  

As mentioned in section 3.3.1 the burst test simulations were performed for two materials; 

MAT 1 and MAT 2. For each material two damage models were studied i.e. the Rice and 

Tracey based damage model and the GTN-model. The burst test simulations were performed 

in the same finite element software as the tuning simulations i.e. ANSYS APDL for the same 

material models as presented in section 3.3.1. The FE-model of the burst test specimen 

consisted of elements of type solid185 for both MAT 1 and MAT 2. The tuned material 
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properties used in these simulations can be found in section 4.3.1 for both material models 

studied.  

For the burst test simulations using GTN-material model, rupture or burst was assumed to 

occur for the last converged time step. As mentioned in section 3.3.1 the Rice and Tracey 

based model was applied to the results from the burst test simulations using plasticity theory 

with multilinear isotropic hardening. This was done by calculating the margin of safety using 

equation (41), for a range of strains obtained from different time steps in the finite element 

simulations. The time step when the margin turns zero is when failure occurs. According to 

equation (41) the ultimate strain from a unidirectional tensile test i.e. 
p

ultimate  is needed for 

both materials. In the investigation done herein the ultimate strain was calculated both as the 

elongation at rupture and from the area reduction. The elongation at rupture 4A  is calculated 

according to equation (45). The area reduction z  was first calculated via equation (46) and 

then the true failure strain zf ,  is obtained from equation (47). Table 15 gives the values on 

4A , z  and zf ,  used when applying the Rice and Tracey based model to the FE-results [38] 

[39]. Note that 4A  and z  have been obtained from experimental unidirectional tensile tests 

performed at GKN-Aerospace.  

Table 15. Table with 4A , z  and zf , for MAT 1 [39] and MAT 2 [38]. 

 
4A  [-] z  [-] 

zf ,  [-] 

MAT 1 0.54 0.42 0.5447 

MAT 2 0.7 0.71 1.2379 

 

The geometry of the cooling channels differed when using MAT 1 and MAT 2. Figure 12 

illustrates the cooling channel geometry. Note that the cooling channels are straight along the 

sandwich wall and hence also in the sandwich wall specimen. 

 

Figure 12. Illustration of the cross section of the cooling channels with its geometry parameters inserted. 
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Further two different meshes were simulated, one coarse and one fine. The mesh was varied 

by changing certain parameters specifying the number of elements along the specimen 

geometry. In Table 16 those parameters are given for both meshes. 1n  is the number of 

elements in the flame wall thickness, 2n  is the number of elements along the flame wall, 3n  is 

half of the number of elements in the mid wall thickness, 7n  is the number of elements along 

the mid wall and 8n  is the number of elements in the corners of the cooling channels. The 

other parameters were held constant, why their meaning is omitted. 

Table 16. Parameters defining number of elements along the sandwich wall specimen geometry for the coarse and fine 

mesh. 

 
1n  2n  3n  

4n  5n  6n  7n  8n  9n  

Coarse 2 8 2 8 2 2 8 4 2 

Fine 4 16 4 8 2 2 16 8 2 

 

The parameters in Table 16 were chosen such that an as squared mesh as possible was 

obtained in the cross-section of the cooling channels, this to exclude any locking effects from 

the analysis. Hence the mesh along the cooling channels had a constant size of 2 mm and its 

effect on the results was neglected in the analysis done herein. Further it can be seen in Table 

16 that the mesh was only refined in certain parts of the cross section which is due to that 

failure has been shown to occur in either the flame or the mid wall leading to that the mesh 

was only refined in those areas to save computational power. Since the geometry of the 

cooling channels differed between MAT 1 and MAT 2 the element geometry in the cooling 

channel cross section at the flame and the mid wall are presented in Table 17. Note that the 

geometry in Table 17 are given relative a reference length refl . 

Table 17. Geometry of an element in the cross section of the cooling channels at the flame and the mid wall. The 

geometry parameters are given relative a reference length refl  for both meshes and materials. 

  

MAT 1 MAT 2 

Coarse Fine Coarse Fine 

Flame Mid wall Flame Mid wall Flame Mid wall Flame Mid wall 

refl

h
 [-] 0.0857 0.0929 0.0429 0.0463 0.0943 0.0929 0.0471 0.0466 

refl

w
 [-] 0.0751 0.0980 0.0374 0.0489 0.0860 0.0709 0.0429 0.0354 

 

To further reduce the computational power needed to perform the simulations, symmetry 

boundary conditions were used on the circular specimen model, leading to that only a quarter 

of the specimen was simulated. Figure 13 is an illustration of the specimen model with its 

boundary conditions inserted. Note that the cooling channels are straight and aligned along 

the y - axis in Figure 13. 
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Figure 13. Illustration of the specimen model used in the burst test simulations. A coordinate system has been inserted 

in the middle of the specimen. Note that the boundary conditions are marked. 

The symmetry boundary conditions were such that the displacement perpendicular to the 

symmetry edge was set to zero which in Figure 13 means that the nodes at the symmetry edge 

along the y - axis will have zero displacement in the z -direction and nodes at the symmetry 

edge along the z -axis will have zero displacement in the y -direction. To model the 

attachment between the specimen and the manifold i.e. the welded joint accurately, the nodes 

along the circumference of the specimen were clamped with zero displacement in all 

directions.  

The specimen model was subjected to three pressures at different locations; one acting on the 

wall on flame side, one inside the cooling channels and one on the outer wall. Table 18 

presents the pressures applied to the specimen.  

Table 18. Pressures applied to the specimen model. 

Location Pressure Unit 

Flame wall 0.1 MPa 

Cooling channels 30 MPa 

Outer wall 0.1 MPa 

 

As seen in Table 18 the pressure on the flame and outer side are set to atmospheric pressure to 

model the part of the launch that is inside the atmosphere. Note that the pressure inside the 

cooling channels is first ramped continuously from 0 MPa to 30 MPa between time 0 s and 

440 s and then ramped from 30 MPa to 300 MPa between time 440 s and 441 s. The 
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simulations were performed at room temperature of 293 K without including the thermal 

effects that the flame gives on the specimen. Hence in this analysis rupture is predicted 

without the thermal analysis simulating the effect that the flame has on failure of the sandwich 

wall panel.  

3.3.3 Improved burst test simulations 

For the burst test simulations in section 3.3.2, a large difference in burst pressure was 

obtained between the coarse and the fine mesh when using the Gurson-Tvergaard-Needleman 

damage model. As discussed in section 5.3.2, the cause for this could either be the mesh 

dependency problem or that the GTN-model is not appropriate to use for the elements at the 

clamped boundary. In the current section an attempt to improve the results from the burst test 

simulations for the GTN-damage model was carried out. This was done by changing the 

material law of the elements at the clamped boundary to plasticity theory with MISO since the 

local plastic deformations occurring at the boundary for this material law did not lead to a too 

early divergence of the solution. More specific all elements outside a radius of 31.9 mm of the 

burst test specimen were set to have plasticity with MISO. Further an attempt to reduce the 

mesh dependency problem was carried out by using the method proposed by Feucht et al. [16] 

on the new specimen model with changed material law at the boundaries. This method is 

presented in section 2.3.1. The method by Feucht et al. consists of tuning the GTN-parameters 

for the same mesh as used in the burst test simulations, why the mesh of the tensile test 

specimens used for tuning the GTN-parameters was changed from the one used in section 

3.3.1.  

The improved burst test simulations was only performed for MAT 1 and for same meshes as 

used in section 3.3.2, why only two new sets of GTN-parameters need to be tuned, one for 

each mesh. As mentioned in section 3.3.1 the gauge section of the test specimen model is 

critical for the strength and hence this was the area where the mesh was changed to the same 

size as used in the burst test simulations. The dimensions of the elements in the flame and the 

mid wall for MAT 1 and both meshes are given in Table 17. The elements in the gauge 

section were set to the same dimensions as for an element in the flame wall, for each mesh. 

Table 19 gives the geometry of each element in the gauge section relative a reference length 

refl  for both the coarse and the fine mesh used when tuning the new GTN-parameters. The 

tuning was performed in exactly the same way as described in section 3.3.1 i.e. on a trial and 

error basis. Note that the same initial hardening curve as presented in Figure 95 was used. 
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Table 19. Gauge section geometry parameters when the GTN-parameters were tuned for MAT 1 with the coarse and 

fine mesh used in the burst test simulations. Note that the directions given are in accordance with Figure 11 and that 

the geometry parameters are given relative a reference length refl . 

  
Geometry parameters for an element in gauge 

section 

  1l -direction  

[-] 
2l -direction  

[-] 
3l -direction  

[-] 

Coarse 0.0751 0.0857 0.0751 

Fine 0.0374 0.0429 0.0374 

 

As seen in Table 19 the width dimension w  given in Table 17 was used both in the 1l - and 

the 3l -directions. In the simulations performed in section 3.3.2 the mesh along the cooling 

channels was not considered but in order to have the same dimensions of the mesh in the 

flame wall of the burst test specimen model and in the gauge section of the tensile test 

specimen model, the mesh along the cooling channel need to be changed for the improved 

burst test simulations. This was done by setting the dimension along the cooling channel to 

the width of an element in the flame wall, as given in Table 17. 

To investigate if the mesh dependency problem arises and if the material law at the boundary 

elements could affect the burst pressure obtained when using the GTN-damage model, in total 

five simulations were performed. Those were the following, 

1) Burst test simulation for MAT 1 using GTN-damage model and the coarse mesh. The 

mesh along the cooling channel was the same as used in the simulations in section 

3.3.2. The previously tuned GTN-parameters for MAT 1 were used which are given in 

Table 20. 

2) Burst test simulation for MAT 1 using GTN-damage model and the coarse mesh. The 

mesh along the cooling channel was updated to have the width dimension given in 

Table 17 for the coarse mesh. The new tuned GTN-parameters for the coarse mesh 

were used. 

3) Burst test simulation for MAT 1 using GTN-damage model and the fine mesh. The 

mesh along the cooling channel was the same as used in the simulations in section 

3.3.2. The previously tuned GTN-parameters for MAT 1 were used, which are given 

in Table 20. 

4) Burst test simulation for MAT 1 using GTN-damage model and the fine mesh. The 

mesh along the cooling channel was updated to have the width dimension given in 

Table 17 for the fine mesh. The new tuned GTN-parameters for the fine mesh were 

used. 

5) Burst test simulation for MAT 1 using plasticity theory with MISO and the coarse 

mesh. The mesh along the cooling channel was updated to have the width dimension 

given in Table 17 for the coarse mesh. The tuned hardening curve in Figure 93 was 

used. 
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Note that for the simulations 1) to 4), the elements at the clamped boundaries had the material 

law; plasticity theory with MISO not the GTN-model. The reason why simulations with the 

old mesh and previously tuned GTN-parameters were performed was to draw conclusions 

about the significance when changing the material law at the boundaries by comparing the 

results from simulation 1) and 3) with the results obtained in section 4.3.2. Further those 

simulations were also needed to compare with the results from simulations 2) and 4), to 

conclude if mesh dependency arises or not, and if it can be reduced by the method presented 

by Feucht et al. Finally simulation 5) was performed to see if the mesh along the channel will 

affect the burst pressure significantly when using plasticity theory with MISO.  
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4. Results  

4.1 One element analysis 

4.1.1 The GTN-parameters influence on failure 

The results from the analysis investigating the GTN-parameters influence on failure are 

shown in Figure 14 to Figure 19, where the equivalent von-Mises stress versus equivalent 

von-Mises plastic strain are plotted. For each figure only one of the GTN-parameters was 

varied while the others were kept constant. 

 

Figure 14. Equivalent stress versus equivalent plastic 

strain when varying 0f . 

 

 

Figure 15. Equivalent stress versus equivalent plastic 

strain when varying Nf . 

 

Figure 16. Equivalent stress versus equivalent plastic 

strain when varying cf .  

 

 

Figure 17. Equivalent stress versus equivalent plastic 

strain when varying Ff . 
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Figure 18. Equivalent stress versus equivalent plastic 

strain when varying N . 

 

 

Figure 19. Equivalent stress versus equivalent plastic 

strain when varying Ns . 

 

4.1.2 The triaxiality’s effect on the GTN-model 

The results from the investigation of the triaxiality’s effect on damage and failure when using 

the GTN-model in ANSYS APDL are shown in Figure 20 to Figure 22. The triaxiality was 

changed according to the boundary conditions and loads specified in runs 1 to 5 in section 

3.1.2. Note that run 4 is not included in the graphs since this solution did not converge. In 

Figure 20, Figure 21 and Figure 22 the equivalent von-Mises stress, porosity and triaxiality 

are plotted as functions of equivalent von-Mises plastic strain, respectively. 

 

Figure 20. Equivalent stress versus equivalent plastic strain for the different runs when varying triaxiality. 
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Figure 21. Porosity versus equivalent plastic strain for 

the different runs when varying triaxiality. 

 

 

Figure 22. Triaxiality versus equivalent plastic strain for 

the different runs when varying triaxiality. 

 

4.1.3 The Johnson-Cook damage parameters influence on failure  

The results when varying each of the parameters in the Johnson-Cook damage model 

according to Table 10 are presented in Figure 23 to Figure 25. The results are presented as a 

graph with the damage variable as a function of the equivalent von-Mises plastic strain. The 

equivalent stress versus strain curves are not plotted since uncoupled analyses were performed 

which lead to that the stress strain curve will not change due to damage. A more damage 

material will only break earlier. Figure 23, Figure 24 and Figure 25 shows the results when 1d

, 2d  and 3d  were varied, respectively.  

 

Figure 23. Damage variable versus equivalent plastic 

strain when varying 1d . 

 

 

Figure 24. Damage variable versus equivalent plastic 

strain when varying 2d . 
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Figure 25. Damage variable versus equivalent plastic strain when varying 3d . 

4.1.4 The triaxiality’s effect on the Johnson-Cook damage model 

The results from the analysis investigating the triaxiality’s effect on damage and failure when 

using the Johnson-Cook damage model have been divided into three subsections, each of 

them corresponding to the analysis steps defined in section 3.1.4. For each of the steps all runs 

presented in section 3.1.2 were performed. Note that run 4 is not presented since no plastic 

strain, equivalents stress or damage occurred when having pure triaxial stress state. Further 

the equivalent stresses and strains plotted are von-Mises equivalent stresses and strains. 
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1) The results when varying the triaxiality for the one element model using the Johnson-

Cook damage model are presented in Figure 26 to Figure 29. Note that these results 

are for an uncoupled analysis with a damage threshold of 0d . 

 

Figure 26. Equivalent stress versus equivalent plastic 

strain when varying triaxiality for an uncoupled analysis 

with a damage threshold of 0d . 

 

 

Figure 27. The damage variable versus time when 

varying triaxiality for an uncoupled analysis with a 

damage threshold of 0d . 

 

 

Figure 28. Equivalent plastic strain versus time for an 

uncoupled analysis with a damage threshold of 0d . 

 

 

Figure 29. Triaxiality versus equivalent plastic strain 

when varying triaxiality for an uncoupled analysis with a 

damage threshold of 0d . 
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2) The results when varying the triaxiality for the one element model using the Johnson-

Cook damage model are presented in Figure 30 to Figure 33. Note that these results 

are for a coupled analysis with a damage threshold of 0d . 

 

Figure 30. Equivalent stress versus equivalent plastic 

strain when varying triaxiality for a coupled analysis 

with a damage threshold of 0d . 

 

 

Figure 31. The damage variable versus time when 

varying triaxiality for a coupled analysis with a damage 

threshold of 0d . 

 

 

Figure 32. Equivalent plastic strain versus time for a 

coupled analysis with a damage threshold of 0d . 

 

 

Figure 33. Triaxiality versus equivalent plastic strain 

when varying triaxiality for a coupled analysis with a 

damage threshold of 0d . 
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3) The results when varying the triaxiality for the one element model using the Johnson-

Cook damage model are presented in Figure 34 to Figure 37. Note that these results 

are for a coupled analysis with a damage threshold of 3.0d . 

 

Figure 34. Equivalent stress versus equivalent plastic 

strain when varying triaxiality for a coupled analysis 

with a damage threshold of 3.0d . 

 

Figure 35. The damage variable versus time when 

varying triaxiality for a coupled analysis with a 

damage threshold of 3.0d . 

 

 

Figure 36. Equivalent plastic strain versus time for a 

coupled analysis with a damage threshold of 

3.0d . 

 

 

Figure 37.  Triaxiality versus equivalent plastic strain 

when varying triaxiality for a coupled analysis with a 

damage threshold of 3.0d . 
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4.2  Several element analysis 

4.2.1 Four point bending of a simply supported beam 

This chapter has been divided into six different subsections, the first five giving the results for 

each of the locations given in Table 12 for each of the runs and the sixth giving results in form 

of contour plots. In each of the six subsections equivalent graphs/contours from the two 

different calculation series will be presented beside each other. Note that series 1 will be 

referred to the calculation series where the elements are elastic at the location where the 

external forces are applied and series 2 will be referred to the one having the GURSON and 

PLASTIC material models for the elements at the location where the external forces are 

applied. The equivalent stresses and strains plotted are von-Mises equivalent stresses and 

strains. 

  



57 

 

1) Location 1: For this location only results taken from nearest gauss point will be 

presented since it is in those points the material laws and loads are evaluated.  

 

Figure 38. Equivalent stress versus equivalent plastic 

strain for calculation series 1, taken from the gauss point 

nearest the node where lx 5.1 , wy   and 0z . 

 

Figure 39. Equivalent stress versus equivalent plastic 

strain for calculation series 2, taken from the gauss 

point nearest the node where lx 5.1 , wy   and 

0z . 

 

 

Figure 40. Porosity versus equivalent plastic strain for 

calculation series 1, taken from the gauss point nearest 

the node where lx 5.1 , wy   and 0z . 

 

Figure 41. Porosity versus equivalent plastic strain for 

calculation series 2, taken from the gauss point nearest 

the node where lx 5.1 , wy   and 0z . 
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Figure 42. Triaxiality versus equivalent plastic strain for 

calculation series 1, taken from the gauss point nearest 

the node where lx 5.1 , wy   and 0z . 

 

Figure 43. Triaxiality versus equivalent plastic strain for 

calculation series 2, taken from the gauss point nearest 

the node where lx 5.1 , wy   and 0z . 

 

 

Figure 44. Equivalent plastic strain versus absolute value 

of the displacement in z-direction for calculation series 1. 

The equivalent plastic strain is taken from the gauss 

point nearest the node where lx 5.1 , wy  , 0z  

and the displacement is taken from the node at location 4 

i.e. lx  , wy  , hz  . 

 

Figure 45. Equivalent plastic strain versus absolute value 

of the displacement in z-direction for calculation series 2. 

The equivalent plastic strain is taken from the gauss 

point nearest the node where lx 5.1 , wy  , 0z  

and the displacement is taken from the node at location 4 

i.e. lx  , wy  , hz  . 
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2) Location 2: For this location only results taken from nearest gauss point will be  

presented since it is in those points the material laws and loads are evaluated. 

 

 

Figure 46. Equivalent stress versus equivalent plastic 

strain for calculation series 1, taken from the gauss 

point nearest the node where lx 5.1 , wy   and 

hz 5.0 . 

 

Figure 47. Equivalent stress versus equivalent plastic 

strain for calculation series 2, taken from the gauss point 

nearest the node where lx 5.1 , wy   and hz 5.0
. 

 

 

Figure 48.  Porosity versus equivalent plastic strain for 

calculation series 1, taken from the gauss point nearest 

the node where lx 5.1 , wy   and hz 5.0 . 

 

Figure 49. Porosity versus equivalent plastic strain for 

calculation series 2, taken from the gauss point nearest 

the node where lx 5.1 , wy   and hz 5.0 . 
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Figure 50. Triaxiality versus equivalent plastic strain for 

calculation series 1, taken from the gauss point nearest 

the node where lx 5.1 , wy   and hz 5.0 . 

 

Figure 51. Triaxiality versus equivalent plastic strain for 

calculation series 2, taken from the gauss point nearest 

the node where lx 5.1 , wy   and hz 5.0 . 

 

 

Figure 52. Equivalent plastic strain versus absolute value 

of the displacement in z-direction for calculation series 1. 

The equivalent plastic strain is taken from the gauss 

point nearest the node where lx 5.1 , wy  , 

hz 5.0  and the displacement is taken from the node 

at location 4 i.e. lx  , wy  , hz  . 

 

Figure 53. Equivalent plastic strain versus absolute value 

of the displacement in z-direction for calculation series 2. 

The equivalent plastic strain is taken from the gauss 

point nearest the node where lx 5.1 , wy  , 

hz 5.0  and the displacement is taken from the node 

at location 4 i.e. lx  , wy  , hz  . 
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3) Location 3: For this location only results taken from nearest gauss point will be 

presented since it is in those points the material laws and loads are evaluated. 

 

Figure 54. Equivalent stress versus equivalent plastic strain 

for calculation series 1, taken from the gauss point nearest 

the node where lx 5.1 , wy   and hz  . 

 

Figure 55. Equivalent stress versus equivalent plastic 

strain for calculation series 2, taken from the gauss 

point nearest the node where lx 5.1 , wy   and 

hz  . 

 

Figure 56. Porosity versus equivalent plastic strain for 

calculation series 1, taken from the gauss point nearest 

the node where lx 5.1 , wy   and hz  . 

 

Figure 57. Porosity versus equivalent plastic strain for 

calculation series 2, taken from the gauss point nearest 

the node where lx 5.1 , wy   and hz  . 
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Figure 58. Triaxiality versus equivalent plastic strain for 

calculation series 1, taken from the gauss point nearest 

the node where lx 5.1 , wy   and hz  . 

 

Figure 59. Triaxiality versus equivalent plastic strain for 

calculation series 2, taken from the gauss point nearest 

the node where lx 5.1 , wy   and hz  . 

 

Figure 60. Equivalent plastic strain versus absolute value 

of the displacement in z-direction for calculation series 1. 

The equivalent plastic strain is taken from the gauss 

point nearest the node where lx 5.1 , wy  , hz   

and the displacement is taken from the node at location 4 

i.e. lx  , wy  , hz  . 

 

Figure 61. Equivalent plastic strain versus absolute value 

of the displacement in z-direction for calculation series 2. 

The equivalent plastic strain is taken from the gauss 

point nearest the node where lx 5.1 , wy  , hz   

and the displacement is taken from the node at location 4 

i.e. lx  , wy  , hz  . 
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4) Location 4: For this point only nodal results will be presented since the aim is to study 

the stress and deformation state in the nodes where the external force is applied. 

 

Figure 62. Force in z-direction versus the absolute value 

of the displacement in the z-direction for calculation 

series 1. Note that the force is taken as the total sum of 

the forces in the elements connected to the nodes where 

lx  , hz   and the displacement is from the node 

where lx  , wy  , hz  . 

 

Figure 63. Force in z-direction versus the absolute value of 

the displacement in the z-direction for calculation series 2. 

Note that the force is taken as the total sum of the forces in 

the elements connected to the nodes where lx  , hz   

and the displacement is from the node where lx  , 

wy  , hz  . 

 

 

Figure 64. Porosity versus the absolute value of the 

displacement in the z-direction for calculation series 1. 

Note that the results are taken from the node where 

lx  , wy  , hz  . 

 

Figure 65. Porosity versus the absolute value of the 

displacement in the z-direction for calculation series 2. 

Note that the results are taken from the node where 

lx  , wy  , hz  . 
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Figure 66. Triaxiality versus the absolute value of the 

displacement in the z-direction for calculation series 1. 

Note that the results are taken from the node where 

lx  , wy  , hz  . 

 

Figure 67. Triaxiality versus the absolute value of the 

displacement in the z-direction for calculation series 2. 

Note that the results are taken from the node where 

lx  , wy  , hz  . 

5) Location 5: Due to symmetry in both loads and boundary conditions the results at 

location 4 and location 5 will be indistinguishable. Hence the results for location 5 will 

be omitted herein and have been appended in Appendix A.  

 

6) Contour plots: Contour plots showing hydrostatic pressure, von-Mises equivalent 

plastic strain, porosity and von-Mises equivalent stress will be presented herein for 

both calculation series and all runs i.e. run 1 to run 3. The contour plots are taken for a 

point just before failure and the time at which the contour plot is taken will be 

presented in each figure. Note that all the contour plots except the ones over the 

porosity show nodal solutions. The contour plots over porosity shows element 

solutions. 

  



65 

 

Hydrostatic pressure contour plots: 

 

Figure 68. Contour plot over the hydrostatic pressure for 

calculation series 1. The plot is for time 

4143.6  Et  and for the coarsest mesh. 

 

Figure 69. Contour plot over the hydrostatic pressure for 

calculation series 2. The plot is for time 

4373.7  Et  and the coarsest mesh. 

 

Figure 70. Contour plot over the hydrostatic pressure for 

calculation series 1. The plot is for time 478.5  Et  

and for the medium mesh. 

 

Figure 71. Contour plot over the hydrostatic pressure for 

calculation series 2. The plot is for time 

4639.5  Et  and for the medium mesh. 

 

Figure 72. Contour plot over the hydrostatic pressure for 

calculation series 1. The plot is for time 

4173.6  Et  and for the fine mesh. 

 

Figure 73. Contour plot over the hydrostatic pressure for 

calculation series 2. The plot is for time 

4313.5  Et  and for the fine mesh. 
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von-Mises equivalent strain contour plots: 

 

Figure 74. Contour plot over the von-Mises equivalent 

strain for calculation series 1. The plot is for time 

4143.6  Et  and for the coarsest mesh. 

 

Figure 75. Contour plot over the von-Mises equivalent 

strain for calculation series 2. The plot is for time 

4373.7  Et  and for the coarsest mesh. 

 

Figure 76. Contour plot over the von-Mises equivalent 

strain for calculation series 1. The plot is for time 

478.5  Et  and for the medium mesh. 

 

Figure 77. Contour plot over the von-Mises equivalent 

strain for calculation series 2. The plot is for time 

4639.5  Et  and for the medium mesh. 

 

Figure 78. Contour plot over the von-Mises equivalent 

strain for calculation series 1. The plot is for time 

4173.6  Et  and for the fine mesh. 

 

Figure 79. Contour plot over the von-Mises equivalent 

strain for calculation series 2. The plot is for time 

4313.5  Et  and for the fine mesh. 
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Porosity contour plots: 

 

Figure 80. Contour plot over the porosity for calculation 

series 1. The plot is for time 4143.6  Et  and for 

the coarsest mesh. 

 

Figure 81. Contour plot over the porosity for calculation 

series 2. The plot is for time 4373.7  Et  and for 

the coarsest mesh. 

 

Figure 82. Contour plot over the porosity for calculation 

series 1. The plot is for time 478.5  Et  and for 

the medium mesh. 

 

Figure 83. Contour plot over the porosity for calculation 

series 2. The plot is for time 4639.5  Et  and for 

the medium mesh. 

 

Figure 84. Contour plot over the porosity for calculation 

series 1. The plot is for time 4173.6  Et  and for 

the fine mesh. 

 

Figure 85. Contour plot over the porosity for calculation 

series 2. The plot is for time 4313.5  Et  and for 

the fine mesh. 
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von-Mises equivalent stress contour plots: 

 

Figure 86. Contour plot over the von-Mises equivalent 

stress for calculation series 1. The plot is for time 

4143.6  Et  and for the coarsest mesh. 

 

Figure 87. Contour plot over the von-Mises equivalent 

stress for calculation series 2. The plot is for time 

4373.7  Et  and for the coarsest mesh. 

 

Figure 88. Contour plot over the von-Mises equivalent 

stress for calculation series 1. The plot is for time 

478.5  Et  and for the medium mesh. 

 

Figure 89. Contour plot over the von-Mises equivalent 

stress for calculation series 2. The plot is for time 

4639.5  Et  and for the medium mesh. 

 

Figure 90. Contour plot over the von-Mises equivalent 

stress for calculation series 1. The plot is for time 

4173.6  Et  and for the fine mesh. 

 

Figure 91. Contour plot over the von-Mises equivalent 

stress for calculation series 2. The plot is for time 

4313.5  Et  and for the fine mesh. 
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4.3  Burst test analysis 

4.3.1 Tuning material properties to experimental data 

As mentioned in section 3.3.1 four curves needed to be tuned to experimental results since 

two materials and two damage models were investigated, hence this chapter have been 

divided into four subsections each giving the results for a certain material and plasticity 

model.  

1) MAT 1 - Plasticity theory with multilinear isotropic hardening  

Figure 92 and Figure 93 shows the results when MAT 1 was tuned to experimental data 

using plasticity theory with multilinear isotropic hardening. Figure 92 gives the tuned and 

the experimental force versus displacement curve and Figure 93 shows the hardening 

curve constructed to obtain the tuned curve. 

 

Figure 92. Force versus displacement for the tensile 

test with tuned material properties using MAT 1 and 

plasticity theory with multilinear isotropic hardening. 

The experimental curve has been inserted for 

comparison. 

 

 

Figure 93. The tuned hardening curve for MAT 1 

using plasticity theory with multilinear isotropic 

hardening. 
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2) MAT 1 - GTN damage model: 

Figure 94 and Figure 95 shows the results when MAT 1 was tuned to experimental data 

using the GTN-damage model. Figure 94 gives the tuned and the experimental force 

versus displacement curve. Note that the initial force versus displacement curve before 

applying the GTN-damage model is also included in Figure 94. Figure 95 shows the 

hardening curve used when the GTN-parameters were tuned. The GTN-parameters for the 

tuned curve is given in Table 20. 

 

Figure 94. Force versus displacement for the tensile 

test with tuned material properties using MAT 1 with 

the GTN-damage model. The experimental curve and 

the initial curve without the GTN-model have been 

inserted for comparison. 

 

Figure 95. Hardening curve used when tuning MAT 1 

with the GTN-damage model. 

 

Table 20. Tuned GTN-parameters for MAT 1 and the element size given in Table 14. 

0f  cf  ff  
Nf  Ns  N  

1q  2q  3q  
Y  

0.0000 0.0011 0.0340 0.0008 0.1000 0.3000 1.5000 1.0000 2.2500 2.90E+08 
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3) MAT 2- Plasticity theory with multilinear isotropic hardening: 

Figure 96 and Figure 97 shows the results when MAT 2 was tuned to experimental data 

using plasticity theory with multilinear isotropic hardening. Figure 96 gives the tuned and 

the experimental force versus displacement curve and Figure 97 shows the hardening 

curve constructed to obtain the tuned curve. 

 

Figure 96. Force versus displacement for the tensile 

test with tuned material properties using MAT 2 and 

plasticity theory with multilinear isotropic hardening. 

The experimental curve has been inserted for 

comparison. 

 

Figure 97. The tuned hardening curve for MAT 2 

using plasticity theory with multilinear isotropic 

hardening. 

  



72 

 

4) MAT 2- GTN damage model: 

Figure 98 and Figure 99 shows the results when MAT 2 was tuned to experimental data 

using the GTN-damage model. Figure 98 gives the tuned and the experimental force 

versus displacement curve. Note that the initial force versus displacement curve before 

applying the GTN-damage model is also included in Figure 98. Figure 99 shows the 

hardening curve used when the GTN-parameters were tuned. The GTN-parameters for the 

tuned curve is given in Table 21. 

 

Figure 98. Force versus displacement for the tensile 

test with tuned material properties using MAT 2 with 

the GTN-damage model. The experimental curve and 

the initial curve without the GTN-model have been 

inserted for comparison. 

 

 

Figure 99. Hardening curve used when tuning MAT 2 

with the GTN-damage model. 

Table 21. Tuned GTN-parameters for MAT 2 and the element size given in Table 14. 

0f  cf  ff  
Nf  Ns  N  

1q  2q  3q  
Y  

0.0000 0.0007 0.1380 0.0008 0.1000 0.3000 1.5000 1.0000 2.2500 4.08E+08 

 

4.3.2 Burst test simulations 

The burst test simulations were performed using the tuned material properties given in section 

4.3.1. The results in this chapter will therefore be divided in the same four subsections as in 

section 4.3.1 each giving the burst test results for a certain material obeying a certain material 

law. In each subsection the results for both the coarse and the fine mesh will be presented. 

The burst pressure i.e. the pressure applied to the cooling channels when rupture occurs in the 

sandwich wall specimen is presented in Table 22, for the burst test simulations using plasticity 

theory with multilinear isotropic hardening and the GTN-model with the same hardening law. 

In this table the burst pressure has been taken as the pressure applied in the cooling channels 

for the last time step that the finite element analysis converges. The burst pressures when 

applying the Rice and Tracey based damage model to the results from the FE-simulation 

using plasticity theory with multilinear isotropic hardening are presented in Table 23. Note 



73 

 

that the burst pressure for the Rice and Tracey based model correspond to the pressure when 

the margin given by (41) first turns zero in the structure. 

Table 22. The burst pressure i.e. maximum pressure applied in the cooling channels for each of the burst test 

simulations. 

Material MAT 1 MAT 2 

Material model 
Plasticity + 

MISO 
GTN 

Plasticity + 

MISO 
GTN 

Mesh Coarse Fine Coarse Fine Coarse Fine Coarse Fine 

Burst Pressure 

[MPa] 
219.0 216.3 148.8 94.8 143.4 143.4 132.6 97.5 

Time step [s] 440.70 440.69 440.44 440.24 440.42 440.42 440.38 440.25 
 

Table 23. Burst pressures when applying the Rice and Tracey based model to the results from the FE-simulations for 

plasticity theory using multilinear isotropic hardening. 

Material MAT 1 MAT 2 

Material model 
Rice and Tracey 

based 

Rice and Tracey 

based 

Mesh Coarse Fine Coarse Fine 

Burst Pressure from A4 

[MPa] 
173.1 138.0 143.4 143.4 

Time step A4 [s] 440.53 440.40 440.42 440.42 

Burst Pressure from z [MPa] 181.2 138.0  -  - 

Time step z [s] 440.56 440.40  -  - 
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1) MAT 1 - Plasticity theory with multilinear isotropic hardening: 

Figure 100 and Figure 101 presents the results for the simulations done with the material 

MAT 1 using plasticity theory with multilinear isotropic hardening. Figure 100 and Figure 

101 are nodal solution contour plots over the von-Mises plastic strain for the coarse and the 

fine mesh, respectively. The contour plots are taken for the last converged time step, for each 

simulation, which is given in Table 22, for each material and material model.  

 

Figure 100. Contour plot over von-Mises plastic strain 

for the coarse mesh and MAT 1 using plasticity theory 

with multilinear isotropic hardening. 

 

Figure 101. Contour plot over von-Mises plastic strain 

for the fine mesh and MAT 1 using plasticity theory 

with multilinear isotropic hardening. 
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2) MAT 1 - GTN damage model: 

Figure 102 to Figure 105 presents the results for the simulations done with the material MAT 

1 using the GTN-damage model. Figure 102 and Figure 103 are nodal solution contour plots 

over the von-Mises plastic strain for the coarse and the fine mesh, respectively. Nodal 

solution contour plots over porosity are shown in Figure 104 and Figure 105 for both meshes. 

The contour plots are taken for the last converged time step, for each simulation, which is 

given in Table 22, for each material and material model. 

 

Figure 102. Contour plot over von-Mises plastic strain 

for the coarse mesh and MAT 1 using the GTN-damage 

model. 

 

Figure 103. Contour plot over von-Mises plastic strain 

for the fine mesh and MAT 1 using GTN-damage model. 

 

 

Figure 104. Contour plot over porosity for the coarse 

mesh and MAT 1 using the GTN-damage model. 

 

Figure 105. Contour plot over porosity for the fine mesh 

and MAT 1 using the GTN-damage model. 

 

  

  

  



76 

 

3) MAT 2- Plasticity theory with multilinear isotropic hardening: 

Figure 106 and Figure 107 presents the results for the simulations done with the material 

MAT 2 using plasticity theory with multilinear isotropic hardening. Figure 106 and Figure 

107 are nodal solution contour plots over the von-Mises plastic strain for the coarse and the 

fine mesh, respectively. The contour plots are taken for the last converged time step, for each 

simulation, which is given in Table 22, for each material and material model. 

 

Figure 106. Contour plot over von-Mises plastic strain 

for the coarse mesh and MAT 2 using plasticity theory 

with multilinear isotropic hardening. 

 

Figure 107. Contour plot over von-Mises plastic strain 

for the fine mesh and MAT 2 using plasticity theory with 

multilinear isotropic hardening. 
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4) MAT 2- GTN damage model: 

Figure 108 to Figure 111 presents the results for the simulations done with the material MAT 

2 using the GTN-damage model. Figure 108 and Figure 109 are nodal solution contour plots 

over the von-Mises plastic strain for the coarse and the fine mesh, respectively. Nodal 

solution contour plots over porosity are shown in Figure 110 and Figure 111 for both meshes. 

The contour plots are taken for the last converged time step, for each simulation, which is 

given in Table 22, for each material and material model. 

 

Figure 108. Contour plot over von-Mises plastic strain 

for the coarse mesh and MAT 2 using GTN-damage 

model. 

 

Figure 109. Contour plot over von-Mises plastic strain 

for the fine mesh and MAT 2 using GTN-damage model. 

 

 

Figure 110. Contour plot over porosity for the coarse 

mesh and MAT 2 using the GTN-damage model. 

 

Figure 111. Contour plot over porosity for the fine mesh 

and MAT 2 using the GTN-damage model. 
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4.3.3 Improved burst test simulations 

The tuned curves for the coarse and the fine mesh are shown in Figure 112 and Figure 113, 

respectively. The tuned GTN-parameters for the fitted curves in Figure 112 and Figure 113 

are given in Table 24 and Table 25, respectively. The burst pressures for simulations 1) to 5) 

in section 3.3.3 are presented in Table 26. Contour plots showing the fracture locus will not be 

presented herein since the same results as in section 4.3.2 were obtained for the runs which 

gave reasonable burst pressures. 

 

Figure 112. Force versus displacement for the tensile test 

with tuned material properties for the coarse mesh using 

MAT 1 with the GTN-damage model. The experimental 

curve has been inserted for comparison. 

 

Figure 113. Force versus displacement for the tensile test 

with tuned material properties for the fine mesh using 

MAT 1 with the GTN-damage model. The experimental 

curve has been inserted for comparison. 

Table 24. Tuned GTN-parameters for the MAT 1 and the coarse mesh given in Table 19. 

0f  cf  ff  
Nf  Ns  N  

1q  2q  3q  
Y  

0.0000 0.0015 0.036 0.0008 0.1000 0.3000 1.5000 1.0000 2.2500 4.08E+08 

 

Table 25. Tuned GTN-parameters for the MAT 1 and the fine mesh given in Table 19. 

0f  cf  ff  
Nf  Ns  N  

1q  2q  3q  
Y  

0.0000 0.0012 0.034 0.0008 0.1000 0.3000 1.5000 1.0000 2.2500 4.08E+08 
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Table 26. Burst pressures for the improved burst test simulations. The time step at which the solution stops 

converging is also given. 

Material MAT 1 MAT 1 

Material model GTN 
Plasticity 

+MISO 

Simulation nr 1 2 3 4 5 

Mesh Coarse Coarse Fine  Fine Coarse 

Updated mesh along 

channel 
No 

Yes, 

coarse 
No 

Yes, 

fine 
Yes, coarse 

Tuning Original 
Coarse 

mesh  
Original  

Fine 

mesh 
Original  

Burst Pressure [MPa] 202.8 32.7 175.8 183.9 216.3 

Time step [s] 440.64 440.01 440.54 440.57 440.69 
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5. Discussion  

5.1 One element analysis 

5.1.1 The GTN-parameters influence on failure 

If Figure 14 to Figure 19 is studied, it is clear that all GTN-parameters except cf  give the 

same ultimate stress when the corresponding parameter is varied. When cf  is varied both the 

ultimate stress and strain is changing according to Figure 16. Further the ultimate strain is 

only constant when varying Ff  and for all other parameters the ultimate strain is changing 

with the corresponding varying parameter.  Hence the ultimate stress and strain is not 

changing when Ff  is varied. This means that the rupture (ultimate) point does not change 

with Ff . 

When comparing Figure 14 to Figure 19 it is obvious that the rupture (ultimate strength) point 

is most sensitive to the parameter cf . This can be seen by that the ultimate strain changes 

more with cf  compared to the other parameters. That cf  is the parameter that change the 

rupture point the most is a reasonable result since it is defined as the void volume fraction 

when the material stress carrying capacity start to decrease more rapidly. 

 The second parameter for which the rupture point is most sensitive to is Nf  followed by 0f . 

An interesting result is that for low values on Nf  the rupture (ultimate) point will change 

more for a change in Nf , which is shown in Figure 15. The parameters N  and Ns  affects the 

rupture point the least and especially Ns . This shows why N  and Ns  have commonly been 

set constant to 3.0  and 1.0 , respectively, in literature as concluded by Benseddiq and Imad 

[23]. 

In conclusion the rupture point is exclusively determined by cf , Nf  and 0f . Hence it is 

important to determine these parameters correctly so that the Gurson-Tvergaard-Needleman 

model follows the behavior of the material and that failure is predicted accurately in 

comparison with experimentally obtained values. The parameter Ff  determines the load 

carrying capacity after failure and can hence be used to tune how fast the load carrying 

capacity should decrease after rupture. Finally N  and Ns  can be held constant to 3.0  and 

1.0 , respectively since they do not affect the rupture point largely.  

5.1.2 The triaxiality’s effect on the GTN-model 

If Figure 20 is studied it is clear that it seems as the triaxiality does not affect the strength of 

the material to a large extent. The reason for this could be that the loads applied are not large 

enough give a large damage of the material. If Figure 22 is compared with Figure 20 one can 

conclude that the runs corresponding to the largest triaxiality i.e. run 2 and run 3 have a stress 

strain curve that starts to decay before the other runs with lower triaxiality. This indicates that 
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a larger positive triaxiality leads to a larger damage of the material. To illustrate the 

significance of the effect that triaxiality has on failure and damage the porosity has been 

plotted as a function of equivalent plastic strain in Figure 21. In this figure it is evident that 

runs 2 and run 3 give the largest increase in porosity in the material and hence will fail first. 

This proves that a higher positive triaxiality lead to a larger damage of the material when 

using the GTN-damage model. If Figure 21 is further reviewed, run 1 gives no increase in 

porosity rather a decrease and hence does not get damaged. The reason for this is that the 

loading is pure uniaxial compression which will compress the voids rather than extend them. 

The negative plastic strains that arise will make the growth and nucleation of the voids 

negative according to equations (28) and (29) due to the negative strain rate which will lead to 

a decrease in the void content rather than an increase.  

If run 5 is studied in Figure 21 one can argue that the porosity does not increase when having 

a pure shear load case. The reason for this lies in that no growth of voids will occur due to that 

  0ptrace   in equation (28). Hence only nucleation of voids takes place, why the void 

volume fraction can maximum increase to the value set for Nf  i.e. the void volume fraction of 

nucleating particles. Therefore the Gurson-Tvergaard-Needleman model will predict no 

failure when having a shear load case if not cN fff  0 . This proves one of the 

disadvantages of the GTN-model discussed in section 2.3.1 that it does not capture the effect 

that a shear load case has on failure. Therefore the GTN-model should be extended to include 

this dependence. This could be done by using the MAT_120_JC as discussed in section 2.3.1 

but since it is only valid for explicit analysis according to Table 1, it is not possible for the 

static analyses done herein.  

Finally the pure triaxial load case i.e. run 4 did not converge as mentioned in the result section 

4.1.2. The reason for this is at the moment unknown. Note that a pure triaxial load case is 

when the element is loaded in all three directions with the same magnitude of load. The von-

Mises yield criteria would predict that no plastic strains should arise for this load case. The 

GTN-model on the other hand predicted that plastic strains arose if the material had an initial 

porosity and if the initial porosity was zero, no plastic strains arose as the von-Mises yield 

criteria would predict. Further it was observed that the initial porosity, 0f , seems to effect if 

the solution converges or not. If 00 f  the solution will converge and no plastic strain will 

arise, hence no void nucleation and growth. If 003.00 0  f  the solution will diverge due to 

that negative plastic strains will arise. If 003.00 f  the solution will converge and positive 

plastic strains arises leading to nucleation and growth of voids. In conclusion this means that 

the material will fail under pure triaxial loading if 003.00 f .  

5.1.3 The Johnson-Cook damage parameters influence on failure  

If Figure 23 to Figure 25 are analyzed it is clear that all three Johnson-Cook parameters 

reduce the damage if they are increased. Further it can also be concluded that 2d  affects the 

damage the most since for the same increase in each of 1d , 2d  and 3d , 2d will give the 
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largest decrease in damage. This means that 2d  has a larger effect on the rate of the damage 

variable than 1d  and 3d . If equation (59) is studied, the rate of the damage variable is only 

dependent on the fracture strain f  and the equivalent plastic strain rate 
p

eq since 1cD  

and 0d  in these runs. Since MAT_107 was reduced to the original Johnson-Cook model, 

there is no coupling between damage and the constitutive relations leading to that the plastic 

strain rate will be the same for all runs since the loading and boundary conditions are the 

same. Therefore only the failure strain f  will affect damage which is determined by 

equation (57). According to equation (59) an increased failure strain will decrease the damage 

evolution.  

That 2d  has a larger effect on the rate of the damage variable than 1d  and 3d can then be 

shown by exclusively analyzing the equation for the Johnson-Cook failure strain i.e. equation 

(57). If this is done one can conclude that if the triaxiality i.e. 
eq

m




 is constant 2d  and 3d  will 

have a coupled effect on the failure strain. The reason for this is that for positive triaxialities 

and positive large values on 3d  the exponential term will be very small leading to that the 

effect of 2d  on the fracture strain will be low. For this case 1d  is expected to have the largest 

effect on fracture strain and an increased 1d  will lead to an increased fracture strain. If having 

positive triaxiality and low values on 3d  the exponential term will be quite large and hence 

the effect of 2d  will be large. An increased 2d  will then give a larger fracture strain and 

hence a larger decrease in the damage evolution according to equation (59). This is the case 

for the analyses done in Figure 23 to Figure 25 and explains why 1d  and 3d  has a smaller 

effect on damage for the simulations presented in Figure 23 to Figure 25.  

5.1.4 The triaxiality’s effect on the Johnson-Cook damage model 

If Figure 27, Figure 31 and Figure 35 are analyzed one can conclude that independent if the 

analysis is uncoupled or coupled and if the damage threshold is different or equal to zero, the 

damage grow the most for the pure biaxial load case and the pure uniaxial compression load 

case. The pure shear case gives the least growth of damage. The rate of the damage variable is 

only dependent on the fracture strain f  and the equivalent plastic strain rate 
p

eq  if cD  and 

d  is held constant, which they are for the analyses from which Figure 27, Figure 31 and 

Figure 35 have been obtained. Since the Johnson-Cook parameters are held constant in all 

analyses above, f  will only depend on triaxiality. For positive increasing triaxiality the 

fracture strain will decrease according to equation (57) leading to an increase in the rate of the 

damage variable according to equation (59). A negative triaxiality will increase the fracture 

strain and hence decrease the rate of the damage variable. Since the load cases differ between 

the runs in the three analyses done herein, the rate of the equivalent plastic strain 
p

eq  will 

differ which can be seen in Figure 28, Figure 32 and Figure 36, where the equivalent plastic 
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strain as a function of time has been plotted. If the equivalent plastic strain rate would be the 

same, one should expect a higher damage for increased triaxiality but as seen in Figure 27, 

Figure 31 and Figure 35 the damage for the pure uniaxial compression case i.e. run 1 which 

has negative stress triaxiality is higher than for run 2 that has positive triaxiality. This shows 

that the rate of the equivalent plastic strain has to be larger for run 1 than run 2 in order for the 

damage to be larger. Figure 28, Figure 32 and Figure 36 shows that this is the case, which 

explain the results. Hence when having different load cases it is important to note that both 

the equivalent plastic strain rate and the fracture strain affect the damage evolution for both 

the original and the modified Johnson-Cook damage model. 

Further if Figure 35 is studied it is clear that the set damage threshold, d , delay when the 

evolution of damage starts. If comparing Figure 35 with Figure 27 and Figure 31 one can see 

that having 0d  means damage starts directly when loading the material. If analyzing the 

stress-strain curve for the analysis in step two given by Figure 30, one can conclude that 

having 0d  would not represent a typical ductile metal plasticity behavior since no 

hardening would occur. Therefore it is more realistic to set 0d  as in Figure 34. Since the 

original Johnson-Cook model given by (31) and (32) does not include any damage threshold, 

the modified version given by (57) to (59) gives more realistic results.  

The original Johnson-Cook damage model is solved with an uncoupled analysis, which means 

that the damage is not included as a constitutive equation i.e. damage is evaluated after the 

constitutive equations have been solved. Therefore the stress-strain curves for different 

loading conditions will follow each other until rupture occurs, this can be shown in Figure 26. 

When the damage of a material grows strain softening usually occurs which the original 

model cannot capture, instead the material hardens until it reaches the rupture point and loses 

its load carrying capacity directly. Hence the stress-strain curve using the original Johnson-

Cook model will not represent a realistic stress-strain behavior during damage, rather only 

predict the rupture point and damage evolution. Hence the modified Johnson-Cook model can 

be used to more accurately predict the behavior of a damage material. 

As mentioned in the result section 4.1.4 no damage developed for the pure triaxial load case 

i.e. run 4 due to that no plastic strains arose. This shows that the Johnson-Cook damage model 

predicts no failure for a pure triaxial stress state which also the von-Mises yield criteria does.   

5.2  Several element analysis  

5.2.1 Four point bending of a simply supported beam 

As mentioned in the method chapter section 3.2.1 the three meshes were subjected to different 

loads in order to reach failure, more specifically the loads were changed until failure occurred 

at location 1 i.e. where lx 5.1 , wy   and 0z . It is important to note that this was done 

for calculation series 2 first since it represents the most realistic allocation of material laws to 

the elements i.e. having no elastic elements at the loading points.  Therefore the following 

discussion will focus on calculation series 2 unless otherwise is stated.  
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The reason for why different loads were applied to the meshes was that when all meshes were 

subjected to the same prescribed displacement of h2  in the negative z -direction, only the 

coarsest mesh failed and the strength of the material increased for finer meshes. As shown in 

section 3.2.1 runs 1 to 3 were subjected to a prescribed displacement of h2 , h5.2  and h3.2  in 

the negative z -direction, respectively. Further if Figure 39 is studied it is clear that the finest 

mesh have not failed to an as large extent as the other two meshes at location 1. This can also 

be seen in Figure 41 where the porosity for location 1 has been plotted. The growth of 

porosity is lowest for the finest mesh and hence less damaged. The reason for why not a 

higher load than h3.2  in the negative z-direction was applied to the finest mesh was because 

the solution diverged for larger values due to a too large load step. This proves that a higher 

load would be needed for the finest mesh to make the beam fail at location 1. The above 

mentioned observations indicate that the beam can withstand a higher load before it fails i.e. 

strengthens when the mesh gets finer.  

The cause for this behavior can be identified if one reviews Figure 63 where the force on the 

elements closest to the nodes where the loads are applied have been plotted as a function of 

the displacement of the beam at location lx  , wy  , hz  . As seen in this figure the force 

on these elements first increases when the yield strength is reached via hardening, then 

softening occurs and the load decreases but for the medium and fine mesh the force will start 

to increase again after the strain softening has occurred. That the force increases again after it 

has decreased via strain softening is not a normal behavior for materials that obey plasticity 

models including damage, as the GTN-model. A first thought would be that this behavior is 

due to element locking and then especially shear locking since it is known to occur for 

bending. As mentioned in section 2.5.2 shear locking can be eliminated by using elements 

where the length to thickness ration is small, an attempt to reduce the locking problem was 

performed by using quadratic solid elements instead of rectangular. The results still showed 

the same behavior as in Figure 63; hence the locking type behavior could not be reduced. 

Since shear locking is known to be reduced by using elements with low length to thickness 

ratio [31], the behavior shown in Figure 63 was questioned to be due to shear locking. 

To further investigate if the cause is shear locking, results from other points than from the 

elements and nodes closest to the loading points were studied. Plots over the force versus 

displacement in z-direction showed that it was only in the proximity to the loading points 

where the strengthening behavior occurred. If shear locking would occur other elements 

should also show locking behavior, leading to that the thought of shear locking as the cause 

was rejected. Instead the behavior could be due to that the elements closest to the load points 

exhibit so large local plastic deformations that they get distorted to their maximum and cannot 

deform further. If Figure 71 and Figure 73 are compared with Figure 69 one can see that the 

medium and finest mesh exhibit local plastic deformations at the nodes where the loads are 

applied while the coarsest mesh does not. Since the medium and the finest mesh strengthens 

according to Figure 63 and exhibit these local deformations, distortions were a possible 

explanation for the strengthening problem occurring when the mesh gets finer.  
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To check if this could be the cause, the elements connected to the nodes where the loads were 

applied were set to follow an elastic material law i.e. calculation series 1. In Figure 62 results 

from this calculation series has been plotted. In this figure the force on the elements closest to 

the nodes where the loads are applied have been plotted as a function of the absolute value of 

the displacement of the beam at location lx  , wy  , hz  . Note that both the force and the 

displacement are in the negative z -direction. If Figure 62 is studied it is clear that the 

medium and finest mesh still strengthens after strain softening has occurred but not as much 

as when non-elastic elements were used as in Figure 63. If Figure 38 is compared with Figure 

39 one can conclude that all meshes fail to a larger extent at location 1 for calculation series 1 

than for calculation series 2, meaning that the beam get less strength when the element where 

the external forces are applied have an elastic material law. One could claim that this shows 

that the local deformations at the loading points lead to distortions that strengthen the material 

when the mesh gets finer. Further this reduction in the strengthening behavior could also be 

due to that the non-elastic elements have an initial porosity and hence strengthens when the 

porosity decreases due to the compressive load at the loading points while the elastic elements 

cannot experience this strengthening due to absence of the porosity. This can be seen in 

Figure 64 and Figure 65 where the porosity is constant zero for the elastic elements and 

decreases for the non elastic elements that follows the GTN-damage model.  

Additionally if Figure 66 and Figure 67 are reviewed one can conclude that the triaxiality is 

significantly different between the meshes of the two calculations series which could have 

affected the strengthening behavior of the material. For both calculation series the triaxiality 

increases from negative triaxiality values towards less negative values, but for calculation 

series 1 the triaxiality reaches positive values at strains larger than 0.06 indicating a presence 

of tensile load which can lead to the less strengthening behavior experienced by calculation 

series 1. For calculation series 2 only the coarsest mesh reaches positive triaxiality and is also 

the only one that fails according to Figure 67. Hence a correlation between how the triaxiality 

develops and how much the material strengthens can be observed. 

When the beam experiences that large deformation as can be seen in the contour plots Figure 

68 to Figure 91 i.e. deformations over two times the height of the beam, the load case to the 

left and right side of the middle of the beam changes from bending to tension. Because of that, 

the elements that have experienced compression during the bending load case will then 

experience tension instead. Since the tensile strength often is higher than the compressive 

strength, the load carrying capacity will most probably increase in those areas. The elements 

where the loads were applied experience compression, why this could be an explanation for 

the strengthening behavior at these points.  

Another possible explanation for the strengthening behavior could be the mesh dependency 

problem described in section 2.5.1. Since the behavior of the material did not get more brittle 

upon mesh refinement according to Figure 38 and Figure 39 this cause was rejected. Further 

point loads were applied by applying prescribed displacements at two node rows of the beam 

model, why this could have affected the strengthening behavior. For future work the effect of 

how the loads are applied need to be studied in order to see if it could be the cause of the 
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strengthening behavior. Whether locking, distortions, change of load case, mesh dependency 

or points loads is the cause for this behavior cannot confirmed but from the analyzes done 

herein the results indicate that it would most probably be distortions or the change of load 

case. 

If the results for location 1, 2 and 3 for both calculation series (Figure 38 to Figure 61) are 

studied together on can conclude that the lower part of the beam i.e. at location 1 will fail 

first. In this part of the beam the stresses will be of tensile character which can be seen in 

Figure 68 to Figure 73 and hence have positive triaxiality. That the beam will fail at location 1 

is an expected result using the GTN-model since one of the conclusions from section 5.1.2 

showed that a higher positive triaxiality will lead to an increase in porosity and hence a larger 

damage when using this material model. Therefore the areas with largest triaxiality should fail 

first. If Figure 42 and Figure 43 are compared with Figure 50, Figure 51, Figure 58 and Figure 

59 one can conclude that the largest positive triaxiality occurs at location 1. Further if Figure 

40 and Figure 41 are compared with Figure 48, Figure 49, Figure 56 and Figure 57 one can 

see that location 1 also have the highest porosity, hence it is a reasonable result that failure 

occurs first at location 1 using the GTN-model. If studying the contour plots over the porosity 

at a time just before failure i.e. Figure 80 to Figure 85 one can conclude that location 1 is also 

the critical failure point for the whole beam since it has the highest porosity which will break 

first using the GTN-model.  

However this result could be physically questioned when looking at the contour plots of von-

Mises equivalent plastic strain for the medium and finest mesh given by Figure 76 to Figure 

79. According to those figures the largest equivalent plastic strain occurs at location 3 i.e. at

lx 5.1 , wy   and hz  , hence this location could be a possible critical failure point instead 

of location 1. Note that the coarsest mesh gives the largest strain at location 1 but since it only 

contains two elements in the thickness and height direction it is too coarse to give accurate 

results. If the contour plots for the porosity are reviewed i.e. Figure 80 to Figure 85, it is clear 

that the highest porosity arises around location 1 in the lower part of the middle of the beam. 

When using the GTN-model, the damage in that part of the beam will be largest and hence 

will fail first. This is due to that compressive load decreases the porosity and void volume 

fraction according to the conclusions drawn in section 5.1.2 and hence no damage will 

develop for the areas of the beam where compressive loads dominate. In reality the larger 

plastic strains occurring at location 3 due to compression could exceed the compressive 

failure strain or probably lead to void nucleation, growth and coalescence which would lead to 

failure at location 3 first instead. Therefore the GTN-model could overestimate the 

compressive strength and hence the strength of the whole beam for this load case.  

If the contour plot over the von-Mises stress at a time just before failure i.e. Figure 86 to 

Figure 91 are analyzed one can see that the von-Mises stress is higher for the finest mesh at 

location 3 than at location 1, indicating that failure could be reached first at location 3 if the 

compressive strength of the material would be exceeded and another material law than GTN-

model would be used. For the medium mesh location 1 and 3 are within the same range of 

stress indicating that both areas could break first. Finally the coarsest mesh for calculation 
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series 1 gives largest von-Mises stress at location 3 while for calculation series 2 the stresses 

are within the same range for location 1 and 3. Since a finer mesh should give more accurate 

result if no mesh dependency effects are present the above discussed results proves that the 

GTN-model could predict ductile failure due to compression badly since it would not predict 

failure at the points in the beam where the stresses and strains are largest. 

As mentioned above failure seem to occur at location 1 first but how does the failure 

propagate using the GTN-model for a beam subjected to four point bending? In order for the 

beam to fail through its height the load applied need to be large enough so that failure occurs 

at location 1, 2 and 3. If Figure 38, Figure 46 and Figure 54 are analyzed it is clear that for 

calculation series 1 and for the medium mesh the load is high enough to initiate failure at all 

locations of the beam. The failure seem to go from location 1 towards location 3 i.e. from 

bottom to the top since these figures indicate that material have failed most in the bottom and 

fails less as higher up in the beam one goes. This result shows that the GTN-model can 

predict bending failure initiation and propagation well if the ductile rupture mechanisms are 

tensile and shear dominated stress states only as reported by Barsoum [2] and is not affected 

by compression stress states. If on the other hand compression would affect ductile failure the 

GTN-model would according to the discussion above predict fracture initiation and 

propagation wrong. 

An interesting notice is that as the mesh gets finer one would expect that the plastic strains 

should be larger due to that the gauss points are closer to the element surface. In Figure 44, 

Figure 45, Figure 52, Figure 53, Figure 60 and Figure 61 the equivalent plastic strain as a 

function of the displacement in the z -direction of the node at lx  , wy   and hz   have 

been plotted. From these figures it is clear that for location 3 the plastic strains will be largest 

for the finest mesh and decrease as the mesh gets finer but this is not the case for location 1 

and 2. Hence location 3 gives the expected results while location 1 and 2 does not. It is on the 

other hand important to note that initially for very small strains, less than 0.005 the finest 

mesh will have the highest equivalent plastic strains for location 1 and 2 too, but for higher 

strains the coarser meshes get higher plastic strains. The reason for this is probably that the 

mesh is too coarse to accurately describe the large deformations that occur in these 

simulations.  

Finally the breakage strain i.e. the strain when the no load carrying capacity is left seem to not 

change with mesh according to Figure 38. From discussion in section 5.1.1, ff  i.e. the void 

volume fraction when no load carrying capacity is left seem to set the breakage strain and 

Figure 38 indicates that it does that independent on mesh size. Therefore this parameter does 

not seem to be calculated for a certain mesh. The strain when the load carrying capacity starts 

to decrease more rapidly is different between the meshes in both Figure 38 and Figure 39. 

From discussion in section 5.1.1 it was concluded that the critical void volume fraction cf  

determines this strain value. Hence cf  may be needed to be determined for each element size.  
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5.3  Burst test analysis 

5.3.1 Tuning material properties to experimental data 

If Figure 92, Figure 94, Figure 96 and Figure 98 are reviewed, one can argue that the tuned 

force versus displacement curves when using the GTN-damage model fit the experimental 

curve around the rupture region better than when using plasticity theory with multilinear 

isotropic hardening. Since the curve fitting was done on a trial and error basis i.e. not all 

possible solutions were investigated it is important to remark that none of the tuned curves in 

Figure 92, Figure 94, Figure 96 and Figure 98 are the optimal tuned curve, hence it is not 

possible to claim that using the GTN-damage model always gives a better fit in the rupture 

region than when using plasticity theory with multilinear isotropic hardening. But what has 

been discovered in the analysis done herein was that for the confined number of solutions 

investigated, it was easier to obtain a good fit in the rupture region when using the GTN-

damage model. The reason for that was mainly because the results from the one element 

analysis in section 4.1.1 showed how large influence each of the GTN-parameters has on the 

rupture point which facilitated the tuning since one knew which parameters to change to tune 

the curve in certain regions. Further the tuning of the GTN-model was demarcated to the 

parameters cf , ff , nf  and 0f  because the results in 4.1.1 showed that the other parameters 

did not affect the rupture point to an as large extent. This facilitated the tuning for GTN-

model even further. Hence the better fit obtained in the rupture region for the GTN-model 

could both be due to the more knowledge about the model itself but also that it describes 

ductile failure better. It should however be noted that the GTN-model needs an initial 

hardening curve that has been tuned to experimental data meaning that two types of tuning 

need to performed instead of one as for the plasticity theory using MISO, which makes the 

tuning more time consuming using the GTN-model. 

In contrast to the results from the one element analysis presented in section 4.1.1 which did 

not include any hardening law, it was observed that cf  and ff  need to be set in relation to 0f  

and Nf  for the damage evolution given by the GTN-model to have any effect on failure. More 

specifically it was observed that if for example the initial void volume fraction 0f  and the 

void volume fraction of nucleating voids Nf  are low while cf  and ff  are high, the voids 

inside the material did not nucleate and grow to such a large extent that the failure was caused 

by damage but instead by the hardening curve. In other words the material then behaved as if 

the GTN-damage model was not present, only the hardening law. Therefore it is important to 

check if 0f , Nf , cf  and ff  have been chosen such that rupture is caused by damage and not 

the hardening curve, otherwise the GTN-parameters could be tuned to values which have no 

physical significance.  

This check could be done by including the curve that is intended to be tuned, for example a 

force versus displacement curve from a simulation only using a hardening law without 

damage, to the graph in which the curve fitting will be done. In this way one can always see if 

the curve obtained from a simulation including the GTN-damage model will follow the curve 
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that does not take damage into account. If it would follow it the current GTN-parameters need 

to be change in order for the GTN-damage model to have an effect on failure. This has been 

done in Figure 94 and Figure 98 when tuning the GTN-parameters for MAT 1 and MAT 2, 

respectively. 

5.3.2 Burst test simulations  

The burst pressures for all performed simulation are presented in Table 22, from which it is 

clear that the simulations with plasticity theory following MISO (multilinear isotropic 

hardening) for both MAT 1 and MAT 2 gives almost the same burst pressure for the coarse 

and the fine mesh. Note that for MAT 2 the burst pressure is exactly the same. When using 

the Gurson-Tvergaard-Needleman damage model on the other hand the burst pressure differ a 

lot between the coarse and the fine mesh for both materials. This could be due to that the 

coarse mesh is not fine enough to give accurate results when using the GTN-damage model, 

but since the burst pressure is almost the same for both meshes when using plasticity theory 

with MISO it would be more indicative to be because of the mesh dependency problem 

described in section 2.3.1 and 2.5.1. As mentioned in 2.3.1 this problem is common when 

using the GTN-damage model as material model in finite element simulations and could 

therefore explain the difference between the results. Further the large decrease in burst 

pressure when the mesh is refined could be explained of the more brittle behavior that the 

material gets when the mesh dependency problem arises as mentioned in 2.5.1. When a 

material gets more brittle it will not experience hardening which most commonly leads to a 

decrease in the load carrying capacity.  

As described in sections 2.3.1 and 2.5.1 Feucht et al. [16] showed that the mesh dependency 

problem could vanish by making the GTN-parameters cf , ff  and Nf  dependent on element 

size i.e. tuning the GTN-parameters for the specific elements size that will be used in the 

simulations. If Table 14 and Table 17 are compared, one can claim that the mesh size differs a 

lot between the tuning and the burst test simulations which then would explain why the mesh 

dependency problem arises. Therefore the tuning should be done with the same mesh size as 

used for the burst test simulations given in Table 17, for the mesh dependency problem to 

vanish according to Feucht et al.   

Table 23 presents the burst pressures obtained when applying the Rice and Tracey based 

damage model to the FE-simulations performed with plasticity theory using MISO. If this 

table is compared with Table 22, it is evident that the burst pressures obtained when using the 

Rice and Tracey based model for MAT 1 are lower than if plasticity theory with MISO would 

be used. This apply both when the ultimate strain is taken as 4A  or if it is calculated from the 

area reduction z . The reduced burst pressure when applying the Rice and Tracey based model 

is an expected result since a material containing damage will most likely have a lower 

strength than if it would be free from it. If the MAT 1 results for the coarse and the fine mesh 

is compared for the Rice and Tracey based model in Table 23, it is clear that the burst 

pressure differ around 35 MPa between the meshes, both when the ultimate strain is taken as 

4A  and when it is calculated from the area reduction z . Before the Rice and Tracey based 
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model is applied, the difference is insignificant as shown in Table 22. This could be a 

indication that the mesh dependency problem arises when the Rice and Tracey based model is 

applied to the FE-simulation results even if no damage model is included in either the burst or 

the tuning simulations. This is contrary against the theory presented in section 2.3.3 but can 

be a problem that not has been discovered in the sources studied.  

If the results for MAT 2 in Table 22 and Table 23 are compared, one can see that the burst 

pressure is the same for the Rice and Tracey based model using 4A  and for plasticity theory 

using MISO which means that no difference in burst pressure was obtained between the 

meshes when Rice and Tracey based model using 4A  was applied to the results. However 

burst did not occur when the Rice and Tracey based model using z  was applied to the FE-

simulation results for MAT 2. The reason for this result is probably due to the high ultimate 

strain obtained from the area reduction as shown in Table 15, leading to that the margin given 

by (41) never reaches zero for the strain values received from FE-simulations using plasticity 

theory with MISO. The above mentioned results indicate that the damage effects on failure do 

not seem to be captured when the Rice and Tracey based model is used on the FE-simulation 

results for MAT 2.  

Burst test experiments for MAT 1 and MAT 2 have previously been performed at GKN-

Aerospace in Trollhättan, Sweden. For each material two different specimens were tested. The 

burst pressures obtained were 132.7 and 153.4 MPa for MAT 1 [40] and 156.3 and 160 MPa 

for MAT 2 [41]. If those results are compared with the burst pressures obtained for the three 

material models presented in Table 22 and Table 23, one can conclude that the burst pressure 

for MAT 1 using the GTN-damage model with the coarse mesh is closest to 153.4 MPa while 

the burst pressure for Rice and Tracey model using both 4A  and z  with the fine mesh is 

closest to 132.7 MPa. For MAT 2 the Rice and Tracey based damage model using 4A  and 

plasticity theory using MISO for both meshes are closest to 156.3 MPa since both material 

models gave the same burst pressure. An important note is that if the tuning of the GTN-

model would have been done for the same mesh as used in the burst test simulations the 

results for the GTN-model would probably be closer to the experimental results due to the 

absence of the mesh dependency problem. This is if the method to reduce the mesh 

dependency problem presented by Feucht et al. [16] would work. Further the mesh along the 

cooling channels was held constant in the analyses done herein why its affect on failure was 

not considered, hence this could also have affected the FE-simulations results for both the 

GTN-damage model and plasticity theory using MISO. 

If comparing the burst pressures when using 4A  and z  for both materials in Table 23, one can 

claim that for MAT 1 it does not matter if the ultimate strain is taken as 4A  or calculated from 

the area reduction z  when using the Rice and Tracey based model, since the burst pressures 

are close for the coarse mesh and equal for the fine mesh. For MAT 2 on the other hand there 

is a large difference in burst pressure when using 4A  or z  for both meshes, because using 4A  

as the ultimate strain predicts burst while calculating ultimate strain from z  does not. Hence 

4A  seem as a more appropriate measure of the ultimate strain for MAT 2 since experiments 
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have shown that burst should occur around 150-160 MPa not over 300 MPa as predicted when 

calculating the ultimate strain from z .  

The predicted fracture locus when burst occurred, for the different materials and materials 

models, can be studied by reviewing Figure 100 to Figure 111. Note that since the Rice and 

Tracey based model is applied to the results of the FE-analysis using plasticity theory with 

MISO, the fracture locus predicted from those simulations is equivalent to the fracture locus 

of the Rice and Tracey based model. If Figure 100 and Figure 101 are compared with Figure 

102 and Figure 103, it is clear that for MAT 1 both plasticity theory using MISO and the 

GTN-model predicts fracture in the corner between the mid and flame wall, since the plastic 

strains are largest in this area. This is in accordance with fracture locus obtained from 

previously experimental test performed at GKN-Aerospace [40], why both the Rice and 

Tracey based model and the GTN-model predicts the fracture locus correctly for MAT 1.  

The fracture locus for MAT 2 is predicted in the mid wall for plasticity theory with MISO 

since the plastic strain is largest in this area and goes through the whole wall thickness 

according to Figure 106 and Figure 107. For the GTN-damage model the plastic strains are 

largest in the corner between the mid and the flame wall according to Figure 108 and Figure 

109 which at first sight would indicate that the fracture locus is located there. However the 

fracture locus for this damage model is also in the mid wall which can be shown if Figure 108 

and Figure 109 are studied in more detail. In those figures large plastic strains first start to 

develop at the surface of the corner between the mid and flame wall but are then transferred to 

the mid wall, where the plastic strain will grow through the whole wall thickness, why this 

area will become the part of the structure with largest plastic deformation instead. This can 

also be seen in the contour plot over porosity for the coarse mesh i.e. Figure 110 where a 

region of growing porosity have developed through the whole thickness of the mid wall and 

only at the surface for the corner between mid and flame wall. For the fine mesh the porosity 

has not yet started to grow in the mid wall as shown in Figure 111. 

If the simulation results for MAT 2 are compared with experimentally obtained fracture locus 

at GKN-Aerospace [41] which occurred in the mid wall, it is clear that the Rice and Tracey 

based model and the GTN-damage model predicts fracture locus in accordance with burst test 

experiments for MAT 2.  

Finally it was observed that when the GTN-damage model was used for both materials quite 

large local plastic deformations occurred at some elements at the clamped boundary, this is 

not an expected fracture locus why it was questioned that the GTN-damage model could be 

used for the elements at the boundary. This could also explain why the solution for some 

meshes diverged too early giving a too low burst pressure. For plasticity theory using MISO, 

local plastic deformations occurred at the elements at the boundary but they did not lead to an 

early divergence of the solution since a higher burst pressure was obtained for this material 

model. 
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5.3.3 Improved burst test simulations 

If the results for simulations 1 and 3 in Table 26 are compared with the results for the coarse 

and the fine mesh for MAT 1 with the GTN-model in Table 22, one can argue that which 

material law that is used for the elements at the boundary seem to affect the results 

significantly. Note that simulation 1 and 3 uses the original tuned GTN-parameters given in 

Table 20 but plasticity with MISO at boundary elements and GTN-damage model at 

remaining elements while the coarse and fine mesh for the MAT 1 with the GTN-model in 

Table 22 uses the GTN-model for all elements and the original tuned data. When plasticity 

theory with MISO is used for the elements at the boundary, the burst pressure increase a lot, 

from 148.8 MPa to 202.8 MPa for the coarse mesh and from 94.8 MPa to 175.8 MPa for the 

fine mesh. If comparing the results for the improved simulations 1 and 3 with the 

experimental results of 132.7 MPa and 153.4 MPa, it is clear that the burst pressure is 

overestimated when the material law at the elements is changed from GTN-model to plasticity 

with MISO. On the other hand the fine mesh gives a large underestimate of the burst pressure 

when having the GTN-damage model on all elements while the coarse mesh give a prediction 

close to experimental data. Therefore it is hard to draw a conclusion if the elements at the 

boundary should have the GTN-damage model or plasticity theory with MISO as material 

model, clear is though that it affects the results significantly which complicate the modeling 

and usage of the GTN-damage model. An important note is that the radius from which the 

elements follow plasticity theory with MISO could probably affect the results why this could 

be an area for future work since only one radius was investigated. 

The method to reduce the mesh dependency problem presented by Feucht et al. [16] seems to 

work for the fine mesh but not for the coarse mesh. This conclusion can be drawn if reviewing 

simulations 1 to 4 in Table 26, where it is clear that the burst pressure increases for the fine 

mesh when the tuning is performed for the same mesh as the burst test simulations while for 

the coarse mesh the burst pressure decreases. The expected result is that the burst pressure 

should increase when tuning for the same mesh since mesh dependency leads to a more brittle 

material behavior which often leads to less load carrying capacity when the mesh of the 

simulations is refined and the GTN-parameters are held constant, as discussed in section 

5.3.2. As seen in Table 26 the burst pressure for simulation 2 i.e. the run for coarse mesh with 

GTN-parameters tuned for the same mesh as the burst test simulations, is far below the 

experimental obtained value, why this results is not seen as valid. Further the coarse mesh 

only had two elements in the thickness direction of the flame wall which probably is too 

coarse to give accurate results since the solid185 element used does not have any mid nodes. 

Because of that the method presented by Feucht et al. to reduce the mesh dependency problem 

with the GTN-damage model, is believed to work even though the coarse mesh indicated the 

opposite. 

However it should be noted that this method to reduce the mesh dependency problem was 

very time consuming when the mesh of the tensile test specimen model was refined. The 

reason was that the computation time for each of the tuning simulation was very high and 

since the tuning was done on a trial and error basis, the total time required to tune a set of 
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GTN-parameters became very high. On the other hand it was discovered that it was only cf  

and ff  that needed to be changed when tuning the GTN-parameters for different mesh sizes, 

which facilitated the tuning. Another disadvantage with the method presented by Feucht et al. 

is that it is hard to obtain a mesh in whole burst test model that is equal to the mesh in the 

tuning simulations. The reason is that as soon as the geometry gets a bit complex the mesh 

size cannot be constant throughout the whole model. What could be done then is to perform 

the tuning for all element sizes used in the FE-model and have cf  and ff  as a function of 

element size in the finite element program used, if possible. This further complicates the 

modeling and is more time consuming since several different tuning simulations need to be 

performed. 

When comparing Table 24 and Table 25, one can see that cf  for the finest mesh is lower than 

for the coarse mesh. An expected results is that cf  should be higher for the fine mesh since 

the load carrying capacity then would start to decrease for a higher void volume fraction 

which would counteract the brittle effect that mesh dependency gives according to the theory 

in section 2.5.1. 

Finally if the burst pressure for simulation 5 in Table 26 for MAT 1 using plasticity theory 

with MISO and updated mesh along the channel is compared with the corresponding coarse 

run without updated mesh in Table 22, it is clear that the mesh along the channel seem to 

affect the burst pressure insignificantly. Hence using plasticity theory with MISO the mesh 

along the channel seems to be of less importance. Therefore the results presented in section 

4.3.2 for this material model where the mesh along the channel was held constant should still 

be seen as valid. 
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6. Conclusions 

The objective of this project was to find a more accurate method to predict ductile failure of 

the sandwich wall that is intended to be used at future versions of the Ariane rocket nozzles, 

than the Rice and Tracey based damage model currently used at GKN-Aerospace. Of the four 

investigated models only the Gurson-Tvergaard-Needleman and the Rice and Tracey based 

models could be used in the burst test simulations, why only these models could be evaluated 

against the real application and the objective of the project. When the burst test simulation 

results were evaluated against the objective, it was concluded that the currently used Rice and 

Tracey based model gave predictions of burst pressure closer to experimental results than the 

GTN-damage model, why the objective was not met since a more accurate prediction method 

was not found. However some important conclusions were drawn, 

 The Rice and Tracey based damage model gave predictions of burst pressure close to 

experimental results for several meshes using both MAT 1 and MAT 2 while the 

GTN-model only gave a good prediction for MAT 1 and one mesh. Therefore the Rice 

and Tracey based model gives more accurate predictions of the burst pressure. 

 The Rice and Tracey based model and the GTN-model predicts the fracture locus in 

accordance with experimental results for both MAT 1 and MAT 2. Hence both models 

are accurate in terms of fracture locus prediction. 

 When the Rice and Tracey based model is used on the FE-simulation results for MAT 

2 using plasticity theory with MISO, the damage effects on failure is not captured. 

This since using the elongation at rupture 4A  in the Rice and Tracey based model 

predicts the same burst pressure as using plasticity theory with MISO while using the 

area reduction z  predicts no burst at all. An expected result is that the burst pressure 

should decrease. However the burst pressure using 4A  is close to experimental results 

for MAT 2, why the Rice and Tracey based model gives good prediction for MAT 2 

even though the damage effects is not captured. 

 Mesh dependency arises when the GTN-damage model is used in the burst test 

simulations. This is probably one of the main causes of the less agreement between the 

results from experiments and simulations using the GTN-damage model. The tendency 

is that the burst pressure decreases as the mesh gets finer when the GTN-parameters 

are held constant.  

 An attempt to reduce the mesh dependency problem connected to the GTN-damage 

model was carried out by using the method presented by Feucht et al. [16]. It found to 

improve the results, but it was time consuming in terms of tuning the GTN-parameters 

for the finer meshes due to long computation time and the trial and error method used. 

 When using the method presented by Feucht et al. [16] to reduce the mesh dependency 

problem related to the GTN-model, the burst pressure for the coarse mesh i.e. for 

simulation 2 in Table 26, was far below the experimentally obtained value, why there 

have to be other explanations for why the analysis stops converging early when using 

the GTN-damage model. 



95 

 

 The GTN-damage model is more complex to use in the burst test simulations than the 

Rice and Tracey based model since the mesh dependency problem affects the results 

significantly. 

 If plasticity with MISO or the GTN-damage model is used for the elements at the 

clamped boundary seems to affect the burst pressure significantly when the GTN-

damage model is used at the remaining elements. Using plasticity with MISO at the 

clamped boundary gives an overestimate of the burst pressure compared to 

experimental results while using the GTN-model gives both an underestimate and a 

close prediction depending on mesh. Hence the results scatter a lot depending on the 

material model used at the clamped boundary. 

 When the Rice and Tracey based model is applied to the burst test simulation results 

for plasticity theory using multilinear isotropic hardening a significant difference in 

burst pressure arises between the coarse and the fine mesh. The reason for this need to 

be studied in more detail but could be due to that mesh dependency also arises for the 

Rice and Tracey based model.  

 How the experimental obtained ultimate strain, needed in the Rice and Tracey based 

model, is measured/calculated can affect the safety margin and hence the burst 

pressure drastically. It was detected for MAT 2 that the burst pressure could differ a 

lot if the ultimate strain is calculated as the elongation at rupture 4A  or from the area 

reduction z . Using 4A  predicted a burst pressure close to the experimental results 

while calculating the ultimate strain from z  did not, why 4A  gave more reasonable 

results.  

 The GTN-damage model includes tuning of both the hardening curve and the GTN-

parameters with respect to experimental results, making it more time consuming than 

for the Rice and Tracey based model for which only the hardening curve need to be 

tuned. However it was observed that it was easier to obtain a good fit in the rupture 

region when tuning the GTN-damage model because of clear knowledge about how 

the GTN-parameters affect the load carrying capacity of a material which was 

obtained from the analysis in section 3.1.1.  

 

 

  



96 

 

7. Future work 

Due to the limitations set in the beginning of the project, as addressed in section 1.4, only one 

new damage model i.e. the Gurson-Tvergaard-Needleman model could be evaluated against 

the currently used Rice and Tracey based model. Consequently there is much more work that 

can be done. Some suggestions follow: 

 Create a finite element model of the burst test specimen in LS-DYNA and perform 

burst test simulations using the Johnson-Cook damage model to evaluate its ability to 

predict failure of the sandwich wall panel. As concluded in section 5.1.4 the modified 

Johnson-Cook damage model given by MAT_107 in LS-DYNA gives more realistic 

results than the original model, why the modified version of the Johnson-Cook 

damage model should be used instead of the original as presented in section 2.3.2. 

 Investigate if there are softwares that offer a material model for implicit analysis 

following the Extended Mohr-Coulomb criterion. If there is one, create a finite 

element model of the burst test specimen in that program and perform burst test 

simulations to evaluate its ability to predict failure of the sandwich wall panel.  

 Perform burst test simulations for the GTN-damage model using other methods to 

reduce the mesh dependency problem than the one presented in section 2.3.1 i.e. the 

method resented by Feucht et al. [16]. This to investigate if there are more efficient 

methods to reduce the mesh dependency problem that are less time consuming. 

 Tune the GTN-parameter for other tests than uniaxial tensile tests with other 

triaxialities. Perform burst test simulations with the new tuned GTN-parameters to see 

if the predictions are improved.  

 Investigate if mesh dependency is the cause to the difference obtained between the 

burst pressures of the coarse and the fine mesh when the Rice and Tracey based model 

is applied to the FE-simulation results of MAT 1 using plasticity theory with MISO. 

 Further investigate why the material/damage-model used at the clamped boundary 

affects the results significantly when the GTN-damage model is used for the 

remaining elements. This in order to be able to conclude which material law that 

should be used at the boundary to give accurate predictions or if the boundaries are 

applied wrongly. Also investigate if the radius from which all elements will follow 

plasticity theory with MISO affects the burst pressure prediction. 

 Investigate why a very low burst pressure was obtained for simulation 2 in Table 26 

i.e. the simulation for MAT 1 using the coarse mesh in both the burst test simulations 

and in the tuning of the GTN-parameters which had plasticity theory with MISO at the 

boundary elements and GTN-model at remaining elements. Are there other reasons 

than mesh dependency for this result? Try other ways of applying the loads to see if it 

has an effect on how early the solution diverges, for example try the arc-length method 

which enables calculating stresses and strains after rupture until no load carrying 

capacity is left. 

 Make a more thorough analysis of why the solution did only converge for some values 

on the initial porosity 0f  when the one element model was subjected to a pure triaxial 
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load case in section 3.1.2. Further for the same load case, investigate why the initial 

porosity effects if negative or positive strains arise.  

 In the discussion of the several element analysis of the GTN-damage model in section 

5.2.1, it was concluded that for a dominated compressive load case the porosity 

decreases which could increase the strength of the material. Therefore it would be 

interesting to investigate if the GTN-damage model overestimates the compressive 

strength by performing simulations for load cases with a dominated compressive stress 

state and compare them with corresponding experimental results. 

 There are several improved versions of the damage models presented in section 2.3 

which have been developed in order to reduce the disadvantages related to them. 

Therefore burst test simulations could be performed for improved versions to see if 

they give better predictions of rupture of the sandwich wall panel than the ones 

presented herein. For example Nahshon and Hutchinson [18] have developed a version 

of the GTN-model which has been modified to include growth of voids for shear 

dominated stress states, as mentioned in section 2.3.1. Therefore burst test simulations 

could be performed for this version of the GTN-damage model to see if shear has an 

important effect on the failure prediction of the sandwich wall panel. 

 Try other ways to apply loads than point loads at nodes as used in the several elements 

analysis consisting of four point bending of a beam in section 3.2.1. This to see if it 

affects the strengthening behavior observed at the loading points in the several 

element analysis. 
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9. Appendix  

Appendix A 

Figure A. 1 to Figure A. 6 presents the results for location 5 (presented in Table 12) from the 

several element analysis consisting of four point bending of a simply supported beam in 

section 4.2.1. Note that for this location only nodal results will be presented since the aim is to 

study the stress and deformation state in the nodes where the external force is applied. 

 

Figure A. 1. Force in z-direction versus the absolute 

value of the displacement in the z-direction for 

calculation series 1. Note that the force is taken as the 

total sum of the forces in the elements connected to the 

nodes where lx 2 , hz   and the displacement is 

from the node where lx 2 , wy  , hz  . 

 

Figure A. 2. Force in z-direction versus the absolute value 

of the displacement in the z-direction for calculation series 

2. Note that the force is taken as the total sum of the forces 

in the elements connected to the nodes where lx 2 , 

hz   and the displacement is from the node where 

lx 2 , wy  , hz  . 

 

Figure A. 3. Porosity versus the absolute value of the 

displacement in the z-direction for calculation series 1. 

Note that the results are taken from the node where 

lx 2 , wy  , hz  . 

 

Figure A. 4. Porosity versus the absolute value of the 

displacement in the z-direction for calculation series 2. 

Note that the results are taken from the node where 

lx 2 , wy  , hz  . 
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Figure A. 5. Triaxiality versus the absolute value of the 

displacement in the z-direction for calculation series 1. 

Note that the results are taken from the node where 

lx 2 , wy  , hz  . 

 

Figure A. 6. Triaxiality versus the absolute value of the 

displacement in the z-direction for calculation series 2. 

Note that the results are taken from the node where 

lx 2 , wy  , hz  . 

 

  


