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Abstract: 
Packaging industries widely use Low-Density Polyethylene (LDPE) in 
manufacturing different types of containers to store the food products. They 
are difficult to model numerically in order to have similar experimental 
response. This research deals with the study of numerical material model 
parameters of continuum LDPE. It is carried out with the help of experiments 
along with the numerical simulation of LDPE. Study of stress-strain 
distribution at crack tip and elements close to the tip is carried out in the 
LDPE material with the pre-existing center crack with varying lengths. By 
implementing an optimization algorithm and automating the simulation with 
the help of python code, we obtain a set of parameters. This obtained data for 
the material can be used directly for numerical simulation in the future 
without carrying out additional experimental studies. After implementing the 
optimization algorithm is also validated, against the results that were close to 
the experimental response. 
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1 Notations 

A Area                                   

D Density                                

E Young’s Modulus                                             

H Height                         

T Thickness                           

W Width                        

 Stress                        

 Yield stress                                 

 Von Mises equivalent stress                                   

 Trace of the stress tensor                                        

 Cauchy stress tensor                                               

 Cauchy stress tensor of undamaged material         

 Component i, j of the stress tensor. i, j = 1,2,3        

 Strain        

 Elastic strain                       

 Plastic strain                                  

 Equivalent stress intensity factor    

 Total stress intensity factor     

 Standard deviation                                                 

 Rate of coalescence                                             

f  Volume fraction                                                     

 Critical volume fraction                                        

 Volume fraction at failure                                     

 Volume fraction of nucleated voids                     
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 Stress Triaxiality                                                  

 Parameters for the Gurson Model                        

 Logarithmic strain tensor                                     

 Plastic strain                                                         

 Plastic strain increment                                        

 Equivalent plastic strain                                      

 Equivalent fracture strain                                     

 Mean strain of nucleation                                     
 

 

Abbreviations 
 
BOPP  Biaxial Oriented Polypropylene 
 

LDPE  Low-Density Polyethylene 
  

LEFM  Linear Elastic Fracture Mechanics 
 

MSYM Modified Strip Yield Model 
 

HDPE  High-Density Poly Ethylene 
 

MD         Machine Direction 
 

CD  Cross Direction 
 

MTS          Mechanical Testing and Simulation 
 

GUI  Graphical Use Interface   
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2 Introduction 

2.1 Background 

The food industry was rapidly evolving in these modern days. 
Consumers, retailers and food producers are looking for fresher and more 
convenient food packaging solutions that have a minimum impact on the 
environment. This project deals with the food packaging and processing 
sector. Today, Tetra Pak is a multinational food packaging and processing 
company of Swedish origin. This project is a part of their research in 
collaboration with Blekinge Institute of Technology, Karlskrona, Sweden. 

Packaging industries use different types of packaging materials to 
store the food material under certain environment. Some of the different 
materials that are used in the packaging industry are Paper and Paperboard, 
LDPE (Low-Density Polyethylene), Polycarbonate, PVC (Poly Vinyl 
Chloride), EVOH (Ethylene Vinyl Alcohol), Aluminum foil etc. The choice 
of selecting from the range of available materials depends upon the food that 
is to be processed and stored. Each of these materials has its own importance 
in the role of packing the food. Some of the basic criteria that are considered 
in the packaging industry are, packaging should provide protection from 
three major types of external effects like chemical, biological and physical. 
Chemical protection reduces the compositional changes that can be caused 
in the food substance on exposure to gasses (mainly oxygen), moisture (gain 
or loss) and light (range of spectrums). Biological protection includes 
protecting the food from insects, rodents, microorganisms and any other 
animals which may be responsible for spoiling the food material. Physical 
protection includes shielding the food from mechanical damage that may be 
caused due to loads or vibrations during transportation from one place to 
another. Typically paperboard is good at resisting impacts, abrasions and 
crushing damage. So, it is quite important to make sure that every layer of 
the package maintains properties during different operations like forming, 
filling, processing etc.[1]. The main material over the specified materials will 
be the paperboard which makes the package stable without adding 
unnecessary weight. It is also a renewable material made from wood which 
provides stability, strength, and smoothness to the printing surface. Some of 
the packaging models by Tetra Pak which are used to store different kinds of 
food in our day to day life are shown in Figure 2.1 below. 
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Figure 2.1. Packaging models by Tetra Pak [2]. 

 

 

2.2 Objective and method of work 

These materials which are used in packaging industries undergo 
different types of loadings during their transportation from one place to 
another and also during their manufacturing process. These loadings may be 
responsible for developing cracks in these materials or due to manufacturing 
process. Different materials behave differently under same loading 
conditions due to change in material model parameters. We need to 
understand these material parameters in order to obtain proper packaging 
model which can predict required loading conditions. This thesis work was 
carried out using LDPE (Low-Density Polyethylene) film which was used in 
the packaging industry, to study their numerical model parameters with a 
varying length of a pre-existing crack in them and also for continuum 
material of same dimension and material.  

This thesis predominantly focuses on the study of numerical material 
model parameters of LDPE film. The study was carried out to predict the 
material model parameters with the help of experimental results that are 
obtained from the tensile test of the LDPE continuum. This thesis initially 
involves tensile testing on this mentioned material without any crack i.e. on 
continuum materials with the help of Universal Tensile Testing Machine. 
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With the obtained force-displacement data, calculate the Young’s modulus, 
Stress and Plastic strain parameters to numerically simulate using FEM 
(Finite Element Method) software ABAQUS. With the obtained data on 
simulating the pre-existing crack models with varying crack lengths to study 
the distribution of stress-strain near the crack region which is our region of 
interest. Above mentioned details can be schematically put on workflow as 
shown in Figure 2.2 below.  

 

    
Figure 2.2. Schematic representation of the workflow. 

 

The above mentioned Figure 2.2 represents the overall procedure that 
was carried out right from experimentation of tensile test to finding the force 
displacement data using the optimized parameters to finally comparing the 
numerical force displacement versus the experimental force displacement in 
this project in an overview. In all cases, materials are considered to be 
isotropic to ease our calculations. 

 

Tensile Test on required specimens of LDPE.

Calculations are done using MATLAB, Excel for
acquiring parameters from the experimental data.

Numerical simulation is done with ABAQUS under
same boundary conditions and geometry as experiment.

Stress strain distribution near the crack tip is studied.

Optimization algorithm is implemented and numerical
parameters are obtained to calibrate numerical with
experimantal responseof a continuum model.
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2.3 Contribution to research 

During simulation, material parameters play a key role in material 
behavior. Detailed study of these numerical parameters help us to determine 
the simulation response that is consistent with the experimental one. These 
material models can be used in future simulations without carrying out the 
complete experiment again and again in order to reduce the cost and most 
importantly time. These models can be directly used on optimizing these 
numerical parameters. One could model the design of the package using these 
parameters to overcome the unwanted growth of crack or crack initiation at 
any required situations which a package will undergo. This research resulted 
in gaining information regarding the role of parameters in continuum as well 
as pre-existing crack models for this particular LDPE material. The element 
behavior near the crack tip was captured with respective to the stress 
concentration and the strain. The elements which were in the crack zone were 
having propagation of the stress concentration and hardening which was not 
observed in the case of elements in other zones near the crack. Meshing near 
the crack zone also plays a predominant role in simulation response. With 
this study one can implement a further secondary hardening in order to 
propagate and capture the experimental crack response close to the numerical 
simulation crack response.  
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3 Literature review 

3.1 Introduction to materials 

Throughout history, materials have limited design. The ages in which 
man has lived are named after the material he used like, stone, bronze, iron 
etc. When they die they are buried along with their bronze sword and mask 
of gold which represents technology of their day. 

If they have lived and died today, they might have taken a titanium 
watch, a shape memory alloy, diamonds like carbon coated lenses etc. along 
with them. Today is not the age of the only material, in fact, an age of an 
immense range of materials. This rapid evolution of materials over the time 
can be illustrated in Figure 3.1 below[3]. Since the evolution of steel (around 
1850), light alloy (1940s) and some other special alloys have consolidated 
their position. Developments in the other classes of materials, improved 
types of cement, refractories, glasses, rubber, Bakelite and polyethylene 
among polymers, but their share of the total materials market was small. 

 

 
Figure 3.1. Representing rapid evolution of materials over time[3]. 
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In this present thesis, we have to carry out our work related to the 
material LDPE (Low-Density Poly Ethylene) film which are used in food 
packaging industry. Further details regarding the structure of this material 
and its behavior is mentioned in this section. 

The Polymers are defined as macromolecules composed of one or 
more chemical units (monomers) that are repeated throughout a chain. 
Depending on how the chains are linked or joined (chemical bonds and 
intermolecular forces) and on the arrangement of different chains that form 
the polymer, these are in general divided into natural polymers and synthetic 
polymers of which synthetic polymers are further classified into Elastomers, 
Thermoplastics and Thermosets[4]. This classification of polymers is shown 
in Figure 3.4 below. Elastomers are polymers which have elasticity and 
rubber like feel. Thermosets are made by polymers joined together by 
chemical bonds, acquiring a highly crosslinked polymer structure.  
Thermoplastics are the simplest types of polymers. These consists of long, 
unconnected chains of monomers. Due to high degree of freedom of the 
macromolecule structure, thermoplastics soften on increasing temperature 
but they gradually recover their original strength on cooling. Most of the 
thermoplastics can be melted, hence can be easily extruded in different styles 
from the molten state. LDPE is also a thermoplastic made from the monomer 
ethylene ( ). This polymer is unreactive at room temperature, except in 
some situations. LDPE has more branching as shown in Figure 3.2 compared 
to HDPE (High-Density Polyethylene), so intermolecular forces [5] are 
weaker when compared. 

 

 
Figure 3.2. Showing the branches of LDPE material [5]. 
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Figure 3.3. Rolled film of LDPE material [6]. 

 

After extruding this LDPE film, it can be seen as shown in Figure 3.3. 
This LDPE film is commercially used for all the necessary purpose through 
rolling it on to a firm cylinder like structure in order to protect the film from 
unnecessary damages.  

 

 
Figure 3.4. Classification of polymers. 

 

 

Polymers.

Synthetic 
Polymers.

Elastomers. Thermoplastics. Thermosets.

Natural 
Polymers.
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Figure 3.5. Representation of cross direction and machine Direction [7]. 

 

These films are manufactured by extruding the material onto a 
polyethylene (PET) film. Extrusion process will be responsible for changes 
in polymer chains and crystals. This kind of extrusion may be responsible for 
initial creation of cracks or those cracks which are preexisted. This change 
in crystal structure and linkage of chains in polymer is to be considered and 
proper precaution is taken to decrease the affect. So, we need to consider 
some pattern while carrying out the experiment. This can be classified as 
machine direction and cross direction of the extrusion. These patterns are 
represented above in Figure 3.5.  

Typical stress-strain relationship of an elastoplastic material can be 
elaborately expressed as shown in Figure 3.6 below where, E is the Young’s 
modulus or modulus of elasticity, is the stress and  is the elastic strain.  
According to Hooke’s law, it is valid up until the yield stress . In order to 
calculate the yield stress, we can use  rule [5]. According to this rule, the 
yield stress is the stress that gives a remaining plastic strain of 0.2% after 
unloading. If the load is unloaded after reaching the yield stress, as shown at 
point a, the unloading curve will follow the same slope as of Young’s 
modulus, as shown in path a-b in Figure 3.6. The remaining strain will be the 
plastic strain. 
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Figure 3.6. Graph representing stress-strain relation of an elastoplastic 

material [5]. 

 

 

3.2 Fundamentals of fracture mechanics 

Fracture mechanics is the field of mechanics concerned with the 
study of the propagation of cracks in materials. This subject uses methods of 
analytical and experimental solid mechanics to calculate the driving force on 
a crack and to characterize the material resistance to fracture. This subject 
was developed in order to rectify the reasons for the failure of components. 
The amount of stress or deformation in a component depends on the type of 
loading it is being acted by. In fracture mechanics, these type of loadings are 
called as Modes. A Mode refers to the way in which force is applied on a 
cracked body. These are classified into three types based on the application 
of force and its influence. They are Mode I, Mode II and Mode III. This is 
shown clearly in Figure 3.7 below. These loads will be acting on different 
bodies in our day to day life while going through many processes. Constant 
increase of these loads will be responsible for failure. 

These modes are clearly described with their role in cracked body 
along with their impact as shown in Figure 3.8, Figure 3.9 and Figure 3.10 
respectively. 
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Figure 3.7. Classification of modes in fracture mechanics. 

 

Mode I: In this type of loading, the crack is made to open so that the crack 
surfaces are separated from each other as represented in Figure 3.8. This is 
the most common case of loading that is encountered by most of the bodies 
in real life. 

 

 
Figure 3.8. Representing Mode I type of loading[8]. 

 

Mode II: Here, the crack is sheared in the plane of the crack. So that, the 
crack surface moves relative to each other in shear in the x direction as shown 
in Figure 3.9. 
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Figure 3.9. Representing Mode II type of loading[8]. 

 

Mode III: In this type of loading, the crack is sheared in the plane of the 
crack so that the crack surface moves relative to each other in shear in the z 
direction as shown in Figure 3.10 below. 

 

 
Figure 3.10. Representing Mode III type of loading[8]. 

 

From all the above Modes we can observe that in mode I and II all 
displacements occur in the XY-plane, whereas displacement in mode III 
occurs in the Z-direction. 

When the force is applied on a body of irregular shape there may be 
stress raisers such as notches and cracks which will be responsible for stress 
concentration at that particular area. In this region, a stress concentration 
factor is defined. Study around these crack tips which will be very crucial in 
the structure. So, using linear elastic material model the stress fields around 
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the crack tips are studied for different types of loadings. The factors which 
are used to measure the strength of the stress singularities at the crack tips 
are called stress intensity factors. These factors play an important role in 
fracture mechanics analysis and are represented as ,  and . 

So far it has been told that stress intensity factors play an important 
role in determining the stresses at regions of interest in fracture mechanics 
analysis. These factors have some properties when considering the linear 
elastic material these factors follow superposition. This implies only linear 
relationships are used that are additive in nature. The total stress intensity 
factor will be the sum of individual stress intensity factors as shown below. 
This may occur when all loads are simultaneously applied on the structure[8].  
 

 =  
 

Where  are the stress intensity factors at mode I in A, 
B and C load cases. 

If a structure is loaded in several modes which are nothing but a 
mixed mode, the equivalent stress intensity factor can be as shown below. 

 

 =  
 

Here    

  
 

For all the linear assumptions a fracture theory is determined by linear elastic 
fracture mechanics (LEFM). While performing a fracture mechanics 
experiments a cracked structure is subjected to gradual increase of loading 
until fracture occurs. The stress intensity fracture immediately after the 
occurrence of fracture is named as fracture toughness. This will be a 
parameter of the material in which this is the maximum allowable load to 
prevent the fracture occurrence. This fracture toughness depends on the type 
and condition of the crack tip along with distribution of stress and strain in 
it. The fracture toughness has some properties like plane stress/plane strain 
in which it is different in stress and strain environment as shown in 

Figure 3.11. 
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Figure 3.11. Fracture toughness dependence on plane strain and plane 

stress conditions. 

 

This depends on temperature since this fracture toughness is a material 
property it depends on the temperature of the body. This value also depends 

on the temperature range as high or low. The temperature varies the 
behavior largely as shown in  

Figure 3.12 below. 

 

 
Figure 3.12. Fracture toughness dependence on temperature. 

 

The fracture toughness can depend on crack length which is 
geometrical property. Hence as long as the crack length is constant the value 
of fracture toughness will be unique. But as the crack grows the value of 
fracture toughness will change. This can be represented as shown in the 
Figure 3.13. 
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Figure 3.13. Fracture toughness dependence on crack length. 

 

 

3.3 Related study 

Many different kinds of packaging material have been studied till 
now using fracture mechanics with respect to different kinds of objectives. 
One thesis considered to improve the existing opening solution for package 
at Tetra Pak presented a study of two different polymer materials, 
Polypropylene (BoPP) and Low-Density Polyethylene (LDPE) [9]. By using 
these two polymers with combination of both sides lamination is analyzed 
under mode 1 tensile loading. Physical and numerical analysis showed a 
convincing match which helped them to calculate the fracture toughness 
using the theory of linear elastic fracture mechanics (LEFM), the Modified 
Strip Yield Model (MSYM) and an experimental test to determine the 
possible range of the fracture toughness of the BoPP and LDPE. 

Another thesis determined the deformation and damage mechanisms 
in thin ductile polymer films[5]. Here they considered two thin and ductile 
polymer films consisting of different variants of polyethylene grades has 
been studied. A tensile test was done in order to define material behavior and 
calibrate constitutive models, which involves damage in the ABAQUS 
software. Some of the most commonly used damage models in academic 
literature, developed by e.g. Gurson, Tvergaard, Needleman and Lemaitre 
are discussed. In order to accurately capture the strain hardening effect in the 
simulation, an approach of increase in linear elastic modulus beyond the 
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value of initial linear relation between the stress and strain was used. This 
approach required definition of the early yield point which resulted in 
decrease of elastic strains in the simulation when compared to the 
experimental tests. 

One more thesis was carried out based on opening phenomenon of a 
package [10]. Here in this project, they used two polymers namely Poly 
Propylene (PP) and High-Density Polyethylene (HDPE). These materials are 
used to manufacture screw caps of the food packaging. The study enabled to 
understand how the material behaves under shear opening. Experiments were 
performed to calculate tensile and shear properties of the material. Fracture 
toughness and energy release rate were calculated for both the polymers 
using the Modified Strip Yield Model (MSYM). A specially designed shear 
specimen has been loaded under Mode II to construct shear material model 
for simulation purpose. This resulted in determining the most favorable 
material for manufacturing the cap. 

 

 

3.4 Damage models available in the scientific 
literature 

These damage models help in determining the initiation of damage in 
the numerical simulation. They are not available in ABAQUS software but 
depend on the scientific literature which is used in modeling a polymeric 
material [11]. 

It reported in this thesis was enlightened by Gurson and modified by 
Tvergaard and Needlemann, it anticipates damage due to coalescence, 
nucleation and growth of micro voids under tensile testing. Next, comes Jean 
Lemaitre who presented a model which institutes a scalar damage equation 
in which it is useful to show the effective stress of the degraded material as 
a purpose of a scalar damage variable and also the undamaged material stress. 
The third model discussed an elliptical model developed by Gurson, 
Tvergaard and Needlemann in contemplation of including non-spherical void 
shapes and compressive loading. The last model was presented by Rousselier 
and it was taking account of Lemaitre in disagreement with the Gurson, 
Tvergaard and Needlemann Model. 
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The Gurson, Tvergaard and Needlemann damage model: 
This model was first developed in 1977 by Gurson and was improved 

by Tvergaard and Needlemann in 1984 and henceforth called as GTN model 
[5]. Initially Gurson model didn’t consider coalescence and nucleation of 
fresh voids which is not precise for porous material during ductile behavior. 

By adding some extra parameters like ,  and  along with 
modified porosity . This ,  and  are used to intensify the hydrostatic 
behavior for all the strain levels. If = = =1 then it is called as Gurson 
mode. This GTN criterion can be represented in  below. 

 

.  = +2 + Cosh ( )- [1+ ]  

 

Here =  called as von Mises equivalent stress,  called 
as yield stress of the matrix. Material properties in between the voids are 
represented by the matrix. This equivalent stress is used to find the combined 
effect of the stresses in a material which is responsible for the material to 
plasticize, where  is the trace of stress tensor. This trace can be calculated 
by the sum of the diagonal of the matrix. Now the modified porosity can be 
figured out as follows. 

= + ( ) 

 

Here called as volume fraction,  is called as porosity fraction and 
 is the critical volume porosity fraction called as volume fraction. The rate 

of coalescence is defined by the following function. 

 =  and =  
 

This GTN model considers that the porosity change is because of 
growth of existing voids and nucleation of new voids. 

 

 = +  
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 = (1- )  
 

 = exp [- ]  
 

This nucleation of micro voids can be defined by the equivalent 
plastic strain , the hike of existing voids can be defined from the trace of 
the plastic strain tensor increment, . The parameters ,  and the 
equivalent plastic strain. Here  is normal distribution, S is standard 
distribution and  is called as volume fraction of nucleated voids. 
      

 
Figure 3.14. Graph representing the normal distribution of nucleation of 

voids [5]. 

 

Since the growth of the voids involves a positive trace, this GTN 
model takes only the damage because of tensile loading but not compressive 
loading. This even shows that the model is unresponsive to low stress 
Triaxiality [12] as shown in above Figure 3.14 above. Therefore, this model 
is not precise for shear dominated deformation. Triaxiality can be shown 
below. 
 

 =  
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In this GTN model, these voids are nucleated due to tension whereas, 
compression hardening happens due to closing of the existing voids[13]. 
Figure 3.15 below shows the void volume fraction of the general material as 
well as a stress-strain relationship. It can be shown that by increasing the void 
volume fraction the stress decreases. The volume fraction was 20% initially, 
which is very big whereas for the polymers the initial value is zero percent. 

 

 
Figure 3.15. True stress vs. logarithmic plastic strain with the associated 

void volume fraction [5]. 

               

The Lemaitre models: 
This Lemaitre model was found in 1985 by the Jean Lemaitre for 

continuous damage mechanics model for ductile fractures. It is an isotropic 
damage model, which depends on the continuum damage variable, D. Jean 
Lemaitre described how the relationship between the effective load bearing 
area and cross-sectional area of the body would enhance the damage of the 
material. 
 

D =  
 

Here  is the effective load bearing area of the body and A is the 
original cross section of the material. The effective stress of the material can 
be defined by the damage variable D. 
 

(1-D) 
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Here  is named as the stress of the undamaged model and  is the 
effective stress tensor. The constitutive equation for the ductile plastic 
damage can be derived using the thermodynamic potential and potential of 
dissipation. 

 

D =   
 

Here E is the Young’s modulus,  is the accumulated plastic strain,  
is the Poisson’s ratio,  is the hydrostatic stress and  is the 
von Mises equivalent stress also K and M are the constants of Ramberg-
Osgood law of hardening.  and  are the damage strength material 
parameter and damage evolution exponent respectively [13]. 
 

=  
 

The drawback of the Lemaitre model is its lack of precision to 
isotropic nature in both plasticity and damage, also during loading, 
assumption of constant stress Triaxiality ratio. 

 

The Elliptical models: 
This elliptical model was proposed in contemplation of remaining 

various points, a void shape dependence in the yield criterion. 

The limitations of this elliptical model is growth of the damage vary 
linearly with stress triaxiality which is not the case for plastic materials for 
which they have this exponential dependency on triaxiality [12]. 

 

The Rousselier models: 
Depending upon the proposed models of Lemaitre and also by 

considering other models, the damage was defined as a specific variable 
which was proposed in 1987 [12] by Rousselier. According to this Rousselier 
model, the yield surface can be represented as  below. 
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 = +  

 

Here R is the yield stress of the material as a function of the strain 
and the material parameters are D and . This model generates damage due 
to pure shear, as well as in tension, which is in disagreement with the GTN 
model. 

 

Damage models available in the ABAQUS software: 
In ABAQUS software there are different damage models which are 

available for damage criterion. The often used model is ductile damage 
criterion which is a part of material property. This ductile damage criterion 
consists of two main parts one is damage initiation and other is damage 
evolution. The damage initiation is the point at which degradation of material 
starts whereas the damage evolution can be described as either a linear, 
exponential and tabular dependent on the effective plastic displacement or 
may be fracture energy. In Figure 3.16 the beginning of the damage starts at 
point (a) and this damage prolongs until the point (b). For a complete damage 
occurrence, both damage initiation and damage evolution have to be given. 

  

 
Figure 3.16. Stress-strain curve of an elastoplastic material with defined 

damage initiation and propagation [5]. 
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4 Experimental work 

4.1 Experimental setup 

Experimental setup consists of MTS Tensile Testing machine. Our 
goal was to define the test procedure for the tensile testing of LDPE material 
to determine the material properties governing damage initiation and damage 
evolution that elaborates opening surface under Mode I. From this, an 
accurate experimental data was acquired for the Finite Element simulation in 
ABAQUS software. After which physical tests and virtual tests were visually 
compared. 

Different crack lengths and continuum material (without crack) of 
LDPE material of 14  thickness were tested under Mode- I condition. 
Types of test cases: 

Five different types of test cases were performed: 

 LDPE layer (continuum) 
 LDPE layer (05 mm crack) 
 LDPE layer (15 mm crack) 
 LDPE layer (25 mm crack) 
 LDPE layer (35 mm crack) 
 LDPE layer (45 mm crack) 

 

4.1.1 System configuration 

The equipment used here was MTS tensile Testing machine consists 
of a pair of grippers for clamping the specimen ends, in which the lower 
clamp is fixed and only upper clamp is movable. The load cell of about 100N 
was used to collect the load data. The specimens were fixed in between the 
clamps with a gap of 230 mm and tightened. The specimens were tested until 
failure occurred. Test speed was fixed about 40 mm/min. Displacement, 
force and time were recorded via a computer using the Test Works software. 
Further, from the experimental data force displacement graphs were plotted 
using MATLAB and then ABAQUS for further analysis. 
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This whole process was recorded using the digital camera. With this 
recording it will be useful to study the deformation criteria and the regions 
where special interest is to be put, during simulation. The advantage of 
recording using the digital camera was to identify the unseen errors in the 
force-displacement graphs that may take place during the experimental 
process. 

All of these experimental tests were conducted at Blekinge Institute 
of Technology (BTH) laboratory. All these test results are shown in
Appendix 10.1. This tests were conducted with the help of tensile testing 
machine in BTH as shown in Figure 4.1. 

 

 
           Figure 4.1. MTS tensile testing machine at BTH Laboratory. 
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4.1.2 Specimen preparation 

It consists of LDPE (Low-density polyethylene) material. LDPE is 
extracted from the PET by using extruder, as shown in Figure 4.2 below. 
These materials are supplied by Tetra Pak AB, Lund. It is assumed that LDPE 
as the isotropic behavior throughout the experiment. 

Now these two materials were cut with the dimension of 230×95 mm 
(height and width) in the machine direction (MD) using the scalpel from the 
raw material. At least five specimens of each category have to be done to get 
the better accuracy. The height of the specimen was considered a bit more 
because it was to be clamped in the grippers of MTS machine. A center crack 
was generated through cutting from the center of the specimen in both 
directions, in order to attain accuracy. Length from the center of the specimen 
to the both direction was taken in order to make the center crack having 
similar pre-crack tip shape. 

 

      
Figure 4.2. LDPE sheet extracted from PET coil [9]. 

 

4.1.3 Mounting specimen in the MTS 

The test specimen was mounted on the grippers. The load was applied 
to it from the upper cross head of the machine using the electric source. A 
load cell capacity of 100N was used to collect the data of the test. The 
specimen was placed at exactly the center point. A line was drawn on the two 
sides of the specimen along the width of the specimen at a distance of 



33 
 

separation 115mm from the center to make sure slippage not occurs from the 
grippers during the experiment. Now the both ends of the specimen were 
placed in the grippers’ space and tightened with bolt and nut lock system as 
shown in Figure 4.3 below. Before conducting the experiment once check 
everything is according to the procedure. Also, make sure that the top and 
bottom grippers are parallel to each other. 
 

 
Figure 4.3. Grippers holding the film firmly in between them.  

 

 

4.2 Running the experiment 

Now the specimens as shown with dimensions in Figure 4.4 were 
ready to be mounted on the MTS machine. Next step was to open the MTS-
software Test Work 4.07 in a computer. Set the initial input configuration, 
test speed, SI units and gripper space as stated. The specimen gripper’s space 
was allotted and the cross head was fixed to move upwards at the rate of 40 
mm/min. Ensure that the load and extension were set to zero before starting 
the test. Once the test starts force versus displacement graph will be exhibited 
without any interruptions. 
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Figure 4.4. Representing used specimen dimensions with and without crack 

respectively [9]. 

 

In the event of continuum material LDPE specimen, the crack 
propagates around the lower gripper while in predefined cracked specimen 
crack propagates along the width moving through the centerline in all the 
situations. On completion of tensile testing at the end, we can see plots of 
load and displacement also the data is to be exported and saved. Continue 
this process at least five times for each required dimension. Next, this 
exported data was used for further analysis in MATLAB. 

 

4.3 Experimental test results 

The experimental data that we got from the MTS tensile testing 
machine were plotted and saved in the memory drive of a computer system 
using the Test works software. In this data file, we capture the appropriate 
Load versus Displacement versus time test document file, a graph showing 
the Load versus Extension takes place can be seen in Figure 4.5 below. This 
represents the schematic picture of Load Extension graph of continuum 
material plotted using the Test Works software. Later on, this data was 
converted to stress-strain data using the MATLAB and can be used as the 
input data in the numerical simulation using ABAQUS. Up till point M, that 
material behaves as linear and the plasticity starts from this point. F 
represents the material got fractured.  
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Figure 4.5. Plot obtained using the Test work software continuum material 

in MD. 

 

 Figure 4.6 represents the force versus displacement plots of the 
tensile test experiment which was done for the LDPE sheet of 230×95(mm) 
continuum as well as center cracked models at various lengths of 5 mm, 15 
mm, 25 mm, 35 mm, 45 mm in the machine direction of the LDPE film. From 
Table 4.1 represents the maximum load of the film that had gone through 
along with displacement at that maximum load point in the machine direction 
of the LDPE film. For a continuum material the displacement is higher than 
the crack models since the load bearing capacity of the continuum material 
is more than that of a pre cracked one and for the remaining crack models the 
displacement got decreased as the crack length increased which means the 
higher the crack length lower is the displacement. The repetition of 
experimental tests for all the specimens were acceptable and rest of the 
experimental plots are shown in Appendix 10.1.  
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Figure 4.6. Load Vs Displacement of LDPE 230×95(mm). 

 

 

Table 4.1. Represents the maximum load and displacement of LDPE 
continuum model. 

Crack Length (2a) 
mm. 

Maximum Load (N). Displacement near the 
maximum load (mm). 

          No Crack             16.88            156.2 

               5             13.72             65.38 

             15             11.62             36.39 

             25             10.24             27.45 

             35              7.918             24.48 

             45              6.845             20.23 

 

For this LDPE sheet of 230×95(mm) we also made experimentation 
in the cross direction. The Load carrying capacity of cross direction material 
test is high compared to machine direction as shown in Figure 4.7. Whereas 
strain values for the machine, direction tests are higher than the cross 
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direction. Hence the LDPE is stiffer in the cross direction. This test reveals 
that material properties differed in different directions. Therefore, the 
materials are anisotropic. 

 

 
Figure 4.7. Load Vs Displacement of CD and MD in continuum model. 

 

 

4.3.1 Discussion on tensile tests 

The major goal of these tests was to observe the repetitive behavior 
of the material. From this experimental data on calculating the Young’s 
modulus, yield stress, true stress and true strain obtained from engineering 
stress-strain can be used as the input data for the numerical simulation. The 
repetition of experimental tests for all the materials were acceptable enough. 
From the above machine direction and cross direction tests we can conclude 
that materials are mostly anisotropic in nature which is in contradiction to 
our assumption. However, the LDPE material behaves relatively isotropic in 
the elastic region and anisotropic from the yield point. Nonetheless due to 
limited time span we had to assume it as isotropic. Furthermore, this thesis 
discusses the numerical simulation in continuum model since parametric 
study and optimization techniques are concerned on continuum model. 
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5 Numerical test (ABAQUS simulation) 

Numerical modeling and analysis were adopted in contemplation of 
attaining an extensive understanding of the experimental tests through their 
replication in a virtual environment. This detailed approach shows how to 
create components, material properties, boundary conditions and 
displacement to generate finite element model using ABAQUS CAE 
software.  

In this segment, ABAQUS 6.14 was used as the finite element 
software to carry out the simulation. For the reason that CAE does not have 
any fixed units, it is appropriate to set the units by the user itself. In this 
analysis following software units were used. 

 

Table 5.1. Represents a system of units used in ABAQUS simulation. 

Parameter 
Name. 

Units. 

Density g/  

Force N 

Length mm 

Stress MPa 

Time ms 

 

Modelling choices: 

 Shell elements are considered to replace our model. 
 Since the thickness of the material is small plane stress was 

considered. 
 Linear elastic, Isotropic in nature. 
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5.1 Elastic-Plastic material modeling for FE analysis 

Input data to the material model obtains from the experimental test, 
commonly in our case it is a tensile test. The output from the tensile test is 
force versus displacement. 

 

5.1.1 Components of material definition 

Elastic model: 
Material behavior in reach of an elastic region is defined by young’s 

modulus (E), Poisson ratio and yield stress. This young’s modulus is simply 
the slope of the initial linear part of the stress-strain curve. Since tensile test 
data contains numerous data points in elastic stretch, evaluating young’s 
modulus overdetermined problem. 
 

E =  

 

 
Figure 5.1. Engineering stress-strain curve for continuum model. 
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The Young’s Modulus and poisons ratio for the LDPE material 
modeling in numerical simulation were taken as E = 120;  = 0.4 
respectively. Firstly, the experimental force-displacement data of a suitable 
specimen was exported to MATLAB from then this data was converted to 
the engineering stress and corresponding engineering strain using the 
MATLAB script inserted in Appendix 10.6, above Figure 5.1 represents the 
engineering stress-strain curve for continuum material in the machine 
direction.  

 

Plastic model: 

Measured strain may contains both elastic strain  and plastic 
strain , represented as, 

 

 
 

This plastic part of the material model as shown in Figure 5.2 below, 
is nothing but the point where yielding starts and it is represented by true 
stress as a function of true plastic strain[14]. Again plastic strain can be 
calculated as. 
 

 =  
 

Just before yielding only elastic strain exist. The yield strength of the 
material is described at the point when the plastic strain  is zero according 
to, 

 

 
 

That implies  
 

= E  
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Figure 5.2. True stress - True Strain[14]. 

 

The True stress and True strain can be defined from the Engineering 
stress and Engineering strain using formula shown below. 
 

 =  
 

 
 

The plasticity data was obtained from the point just after the yield 
starts which can be taken using the true stress and true strain curve using 
above-mentioned formulas from engineering stress and engineering strain 
respectively and this values were calculated using MATLAB. This set of data 
with plasticity values must be arranged in a consistent way. Below Figure 5.3 
represents the true stress-true strain curve for the plasticity data with the 
specified range. After this true stress and true strain damage occurs and 
finally leads to necking of the material. 
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Figure 5.3. True Stress Vs True Strain for continuum model. 

 

Damage model: 
During the process of tensile testing the material undergoes three main 

segments which are: 

 Material behavior under damage initiation. (Point A) 
 Material behavior after damage initiation.  

The Figure 5.4 represents the typical material response showing 
progressive damage in different phases that a material undergoes when the 
material is tested under tensile loading. Firstly it starts with linear curve 
which is elastic region and then plasticity takes place just after the elastic 
region. Next comes the damage initiation (D=0) and finally leads to damage 
evolution (D=1) which is necking. 
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Figure 5.4. Typical Material Response for Progressive damage (ABAQUS 

2016). 

 

Damage initiation: 
Damage initiation represents the point at which initiation degradation 

of stiffness which   depends on the specific criteria [14]. Coming to the 
ductile damage criterion it depends on the nucleation, growth, and 
coalescence of voids. Further, this ductile damage model assumes that 
equivalent plastic strain at the onset of damage is a function of stress 
Triaxiality and strain rate[14]. 
 

 

Stress Triaxiality ; Here –p Indicates pressure stress 

                                                        q Indicates Mises stress 

 

This ductile criterion can also be used with Mises, Johnson-Cook, 
Hill and Drucker-Prager plasticity model’s including equation of state. 
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Damage evolution: 
Damage evolution represents the post damage initiation material 

response i.e.; it defines the degradation of the material stiffness once the 
initiation criterion is satisfied. This is mainly relying on the formula based 
on scalar damage approach[15]. 
 

   ; Here  indicate stress due to undamaged response  
 

Here D defines the overall damage variable as shown in Figure 5.4, 
which collects the combined effect of all active damage mechanisms. This 
damage variable D=0 implies damage initiation point and D=1 implies 
Failure point. [14]. 
 

Where    E=Young’s modulus 

D= Overall damage variable  

=Yield stress when onset damage occurs (at D=0) 

= Equivalent plastic strain  

= Plastic strain  
 

For elastic-plastic materials this damage manifests in two ways one 
is degradation of elasticity and another one is softening of yield stress.  

 

 

5.2 Numerical results and discussion 

In this thesis, numerical simulation in ABAQUS was mainly focused 
on the continuum model because the next following topic and main 
contribution in this thesis go with parametric study and optimization 
techniques that was used only for elastic and plastic models. The parametric 
study for damaged models may be for future work. The numerical simulation 
for a cracked model was carried out only for 45mm crack. All these above 
mentioned results are discussed in this section. 
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5.2.1 LDPE sheet continuum model 

By considering the appropriate material parameters with E=120; 
=0.4 the model of dimension 230×95(mm) of LDPE sheet with 14microns 

thickness was modeled in ABAQUS. The experimental data was used to 
calculate the necessary plasticity values which tabulated below. The 
ABAQUS modeling techniques are inserted in the Appendix 10.2  section. 

Plasticity values: 
From the initial raw data of force-displacement, we have calculated 

necessary parameters like Young’s modulus, Stress strain values along with 
plastic strain values using required methods. Out of them the plasticity data 
consisting of Yield stress and Plastic strain were represented in 
 

Table 5.2  and this plasticity extraction process was done using 
MATLAB which was shown in Appendix 10.6.  
 

Table 5.2. Representing the calculated Plasticity Values. 
 

Yield Stress[MPa] Plastic Strain 

3.0610062 0 

5.8428385 0.0107063 

7.7306168 0.0235512 

9.0270125 0.0401358 

9.9374713 0.0589561 

10.72619 0.0780509 

11.489975 0.0967219 

12.096487 0.1159922 

12.725187 0.1345435 

13.346464 0.1526207 

13.955733 0.1702786 
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14.62318 0.187017 

15.280297 0.2033693 

15.854668 0.2198978 

16.449202 0.2358512 

17.118306 0.2508334 

17.630291 0.2666037 

18.279328 0.280966 

18.799068 0.2959363 

19.354929 0.3102869 

19.895331 0.3244166 

20.406676 0.3384372 

20.898443 0.352294 

21.188412 0.3673687 

 

These plasticity values were used with reasonable step time to 
compute numerical simulation. True stress and true strain were used instead 
of nominal stress and strain. We created a reference point in the interaction 
module, this point was used for coupling constraint. Boundary conditions 
according to the experimental test were given. This complete numerical 
simulation was computed through creating same boundary and geometry 
conditions as experimental test. In the mesh module a very fine and smart 
mesh was chosen. Here smart mesh means choosing the region of interest 
and creating a very fine mesh around it. Element type in this mesh module 
was also selected. Our required force displacement results can be extracted 
through creating some history outputs.  This model was given with some Job 
name and was submitted for computing the simulation. With this data we will 
be able to plot the force and displacement in the ABAQUS and look at the 
simulation response in order to have a brief study. This data was exported 
into a text file through the report option present in the user interface of 
ABAQUS. This data was given to MATLAB, this data with numerical 
response of force displacement is compared with the experimental response. 
This comparison is shown in Figure 5.5. The overall modeling techniques 
were detailed in Appendix 10.2  section. 
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Figure 5.5. Force Vs Displacement plot of LDPE Continuum Model. 

 

Mesh dependency 
For continuum material since there is no crack and the overall 

structure is identically same, the change in number of elements had no effect 
on comparing with experimental result. The different number of elements 
used are as listed, for 5000 elements as shown in Figure 5.6, 3000 elements 
as shown in Figure 5.7, 1000 elements as shown in Figure 5.8. For all these 
mesh densities the error difference as shown in Table 5.3 is negligible. Error 
difference was calculated through finding the area under the curve of 
experimental response and numerical response. Increment in number of mesh 
elements consumes more amount of time for simulation. Representation of 
force versus displacement plot for different number of mesh elements is 
shown in Figure 5.6 to Figure 5.8. 
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Figure 5.6. Force Vs Displacement plot for 5000 Elements mesh in 

continuum model. 

 

 
Figure 5.7. Force Vs Displacement plot for 3000 Elements mesh in 

continuum model. 
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Figure 5.8. Force Displacement plot for 1000 Elements mesh in continuum 

model. 

 

 

Table 5.3. Representing error % for a different number of elements. 

Number of 
Elements. 

1000 3000 5000 

Error %. 0.3541 0.3526 0.3501 

 

Above Table 5.3 shows that there is no significant difference between 
the experimental and numerical response on varying chosen number of 
elements. We can infer that on increasing the mesh density, the error 
percentage got decreased and at one-point smart mesh is suggested with 
relatively more number of elements. In this case 3000 elements were 
considered with maximum and minimum mesh element sizes as 2.37×5.18 
(mm) and 2.37×1.03(mm) respectively.  Figure 5.9 represents the meshing 
and stress behavior at various displacements of 50mm, 100mm, 150mm and 
200 mm respectively. 
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Figure 5.9. Simulation plots at 50,100,150 and 200mm displacements 

respectively in continuum model. 

 

Stress-strain behavior at the different position of an element in 
continuum model 

Study of stress-strain behavior of elements located at different 
positions as shown in Figure 5.10 was conducted. As an assumption, we just 
considered a center element and three more respective to this center element. 
The four elements that were considered for the study of stress-strain behavior 
are a center element, a 3rd element from the center element, a 5th element 
from the center element and finally 5th element from the side edge of the 
specimen. Their stress-strain distribution is shown in Figure 5.11, Figure 
5.12, Figure 5.13 and Figure 5.14  below respectively. 
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Figure 5.10. Representation of considered elements for the study in 

continuum model. 

 

 
Figure 5.11. Representing Stress-Strain behavior at the center element. 
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Figure 5.12. Representing Stress-Strain behavior at the 3rd element from 

center. 

 

 
Figure 5.13. Representing Stress-Strain behavior at the 5th element from 

center. 
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Figure 5.14. Representing Stress-Strain behavior at 5th element from the 

side edge. 

 

From these stress-strain behavior plots, we can say that stress at 
elements 1st, 3rd, 5th and 5th from the last edge are identical to each other. 
Since the model is completely continuum without any damage and also 
material behaves same for similar deformation zones. 

 

LDPE sheet (45 mm Crack) 
On considering the same material parameter values that were 

included in the continuum model, LDPE sheet (230×95) 45 mm crack has 
been modeled in the ABAQUS. But here in this modeling, only one-fourth 
of the specimen was sufficient to simulate taking the advantage of geometry 
symmetry and appropriate boundary conditions were enabled which includes 
prescribed displacement.  
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Figure 5.15. Force Vs Displacement plot of LDPE (45mm Crack). 

 
From the Figure 5.15, there is a significant change in force versus 

displacement on comparing experimental response with numerical response, 
when the crack length of 45 mm crack was introduced. The modeling 
technique used here did not result in similar response as in the case of 
continuum model.  This might be due to elements near the crack tip behave 
differently under the same loading conditions due to high stress 
concentration near them. This stress concentration gradually decreased as we 
move away from crack tip. Large local deformations may also be one of the 
reason for such response.  

 

Mesh dependency 
In order to attain good resemblance between experimental response and 
numerical response, meshing play a key role. During the experimental tests 
on pre-existing crack length of 45 mm, the region which had undergone large 
deformations was captured. This region was found to be the zone near crack 
tip. Hence, the region near crack tip was finely meshed by considering 
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number of elements, shape and size of the element. The other region away 
from crack can be uniformly meshed. 

 

Stress-strain behavior at the different position of an element in 45 mm 
crack model 

Stress strain behavior at different position from crack tip of a 45 mm 
center crack model was studied in order to know the parameters that are 
mainly responsible for difference in response of experimental and numerical. 
Figure 5.21 shows the   and element from edge that were 
chosen in both horizontal and vertical direction in crack tip.  

 

 
Figure 5.16. Representation of chosen elements for study in 45 mm center 

crack model. 
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Figure 5.17. Strain vs Displacement of different elements horizontally from 

crack tip. 

 

 
Figure 5.18. Stress vs Displacement of different elements horizontally from 

crack tip. 
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Figure 5.19. Strain vs Displacement of different elements vertically from 

crack tip. 

 

 
Figure 5.20. Stress vs Displacement of different elements vertically from 

crack tip. 
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Figure 5.21. Stress-Strain behavior at different elements of 45mm crack 

model. 

 

From Figure 5.17 the strain of elements with displacement was 
captured and it represents that first element had undergone large deformation 
when compared to rest of the elements horizontally from the crack tip. From 
Figure 5.18 stress values for each of these elements gradually increased but 
the first element near the crack tip had undergone higher stress when 
compared to remaining elements in horizontal direction. 

Where as in vertical direction from Figure 5.19 the deformation 
undergone by elements vertically from the crack tip were almost similar and 
the similar stress behavior was shown in Figure 5.20. Combined response of 
the stress-strain for these elements in horizontal direction form crack tip was 
shown in Figure 5.21.  

So from this study, stress-strain undergone by the first element from 
crack tip was very much high when compared to other elements near to it. 
This represents stress concentration was not carried further to the nearby 
elements in numerical simulation response. Where as in experimental 
response the stress concentration was further carried away to the consecutive 
elements. The same criteria applies to strain or deformation of elements in 
numerical and experimental response. This response was studied for the case 
of sharp crack. 
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6 Parametric optimization 

6.1 Introduction to optimization 

Optimization is a process or methodology which deals with obtaining 
the most efficient system. This parametric optimization deals with 
optimization process for one or more parameters. In general, there are many 
optimization methods available for various purposes as mentioned in 
upcoming paragraphs. 

 

Parametric optimization using numerically adequate finite element 
method 

Now-a-days Finite Element Method (FEM) is extensively used in 
various academic level as well as in industrial level equally. This plays a 
prominent role in contributing to all kinds of development in design and 
manufacturing forming techniques like buckling, fracture, necking, spring 
back and wrinkling etc. Nevertheless, the decision and results of such 
numerical model highly depend on the parameters of that appropriate 
constitutive model. The strategy of parametric recognition problem persists 
in computing various numerical simulations of an experimental process and 
thereafter reducing the difference between experimental and numerical 
responses [16]. The quick fix for this problem is then composed by the set of 
parameters for which the process was carried out until the minimum 
difference has been achieved. In contemplation of identification procedure, 
several optimization techniques have been established concerning nonlinear 
physical laws such as material behavior, damage, necking etc. In order to 
predict these kind of defects within numerical simulation an accurate 
mechanical behavior of material is essential requirement.  But, the results of 
such material model mainly relay on parameters of constitute behavior 
model.  This optimization approach can be categorized in three fundamental 
methods. Classical structural optimization methods, Linearization methods 
(Gauss-Newton, Levenberg-Marquardt) and Convex approximation methods 
(sub-iterative globally convergent method of moving asymptotes 
(GCMMA)) [17] as shown in Figure 6.1 below. 
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Figure 6.1. General classification optimization approach methods. 

 

The authentic evaluation and rigorous estimation of these parameters 
for constitutive models enormously increasing day by day. Due to this 
increase in parameters that influence the model, material models are 
becoming more and more complex due to the development of computational 
flexibilities. The identification step anticipates the design of the 
manufacturing process. These identified results act as an input data for the 
numerical simulation of the respective forming process. Various 
manufacturing products are build using the Finite Element Method (FEM) 
due to its significant amount of consistency and efficient in anticipating the 
problems. Concerning those issues within the virtual manufacturing 
technology i.e. numerical simulation, an accurate procedure for the ductile 
material mechanical behavior is an essential requirement. 

In our case, an algorithm which is feasible to obtain the required 
parameters is to be used in a numerical simulation. This thesis was started 
from scratch to completely understand the process of obtaining the required 
parameters. This requires knowledge with respect to the field we are working 
with, in order to gain complete control over the work. Hence, let us assume 
a basic imagined model (known model) as the input file and use this model 
to check the results and validate our algorithm which will be comparatively 
easy upon comparing to heavy data which in turn also consume a lot of time. 
So, to ease our work algorithm is implemented on this comprehensive model. 
 

Optimization 
approach.

Classical 
structural 

optimization 
method.

Linearization 
methods.

Convex 
approximation 

methods.



61 
 

6.2 Method of optimization 

Different methods along with their advantages and disadvantages 
There are few methods that can be used to formulate the algorithm in 

order to obtain the parameters using optimization. 

Initially the input values that are mainly used for this simulation and 
optimization are, Plasticity data (with a set of coordinates as stress and plastic 
strain values), Error percentage was calculated through finding difference 
between experimental and numerical simulation force value and range of 
stress or strain (means handing over the initial and final with certain period 
in between).  

a) From a range of determined stress and strain values, the simulation 
was carried out for each and every combination of stress and strain 
that is provided to the algorithm. Finally results in choosing the set of 
values which resulted in less error percentage value on comparison 
with other sets. 
 

b) Now in this case only a range of stress values are provided for the 
simulation purpose by fixing the strain value. Each stress value will 
be paired with certain fixed strain value and computes the simulation. 
This results in choosing the set of stress and strain resulted in less 
error percentage value. 
 

c) Here in this case, set of calculated stress and strain values are initially 
provided. Then it chooses the provided stress value with upper and 
lower bounds (bounds are calculated with some percent value 
increment and decrement of chosen stress value) are used for 
simulation. Quadratic polynomial fit was used in order to create 
quadratic expression with error percentage and stress values as 
variables. Finding roots of this equation results in stress value with a 
least possible error percentage value. 

There might be some advantages and disadvantages with each and 
every method stated above. 

Method (a) can be clearly understood from Figure 6.2. Here the 
determined stress-strain values refer to  to  and  to . For this set of 
values there will be a huge number of combinations possible. This will result 
in allotting much more time than usual in carrying out the algorithm. This 
may also not result in best possible answer. Method (b) is also a similar 
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approach where in here, each value of strain was be paired with all available 
stress value to carry out the simulation. 

 

 
Figure 6.2. Reresenting different methods of algorithm. 

 

On choosing method (c) we will find the upper and lower bounds of 
suitable stress value with some percentage as shown in Figure 6.2. Then 
calculate the error value for all these three set of values after computing the 
simulation. Now with the help of quadratic polynomial fit, roots of the 
equation will result in a stress value with least possible error value. 

So, out of all the above mentioned methods, method (c) was opted as 
there are fewer complications with the best answer as output. 

 

ABAQUS GUI (Graphical User Interface): 

 
Numerical simulation was done using ABAQUS, this initially requires 

creating a similar model as experimental one using GUI of ABAQUS. Now 
it’s time to know the scripting which will allow us to combine the 
functionality of the GUI of ABAQUS and the power of the programming 
language Python. 

This process involves an initial creation of the basic comprehensive 
model using the GUI of ABAQUS, this model will be used to implement the 
algorithm. The model created by using GUI was stored as a script file of 
python commands. This file containing the python commands that represent 
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the model is named as input file of ABAQUS. When a simulation is done,
the required output results (in our case Force-Displacement) were stored in 
the form of .ODB file. This .ODB file is stored in binary format. Using GUI, 
Force-Displacement values can be extracted. But, it will not be possible to 
collect this data (F-D) every time when the simulation (since there will be 
many simulations computed) was done. So, automation of collecting the data 
after each simulation was done. Algorithm logic which was mentioned in the 
previous section (method-c) was also written using python program. These 
set of scripts were interlinked in order to compute the simulation and collect 
the data in a structured way. This implementation of algorithm can be done 
using the command window of the laptop too. Finally the important part was 
to establish a connection in between the MATLAB and ABAQUS, in order 
to work with post processing the data (F-D). The above mentioned procedure
is represented in the flow chart as shown in Figure 6.3.  

 

 
Figure 6.3. Flow chart representing the method of optimizing. 

 

In order to validate our method of optimization that was considered 
to implement. As stated earlier a comprehensive model with the force-
displacement data and plasticity data containing the stress and strain values 

Create model using 
ABAQUS GUI.

Create script file for 
the model (input file 

of ABAQUS).

Read .ODB file and 
extract the required 

results (F-D) with 
script.

Adjust the script file 
for required use.

Redo the calculation 
by running the 

generated script 
file.

Extract required 
output (F-D) from 

the .ODB file 
generated.

Compare the result 
for required 

accuracy.
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was assumed as shown in Table 6.1. From this data necessary calculations 
were done to obtain parameters like young’s modulus and plasticity data 
which mainly comprised of stress and plastic strain values related to the data. 
These calculations were done using the help of MATLAB and MS excel. 
After computing the numerical simulation using ABAQUS required 
numerical force-displacement data can be obtained. In this optimization 
process, the considered algorithm will revert us with these plasticity data that 
can be an input to a numerical simulation.  

As stated in the beginning of this section, ABAQUS in general works 
with the python commands in the background. Now in order to change the 
input data into these numerical simulations, we need to work with the input 
file of this ABAQUS which is nothing but a file of python code which will 
be detailing the model which we have created using the ABAQUS GUI as 
mentioned previously. This python code representing the model is shown in 
Appendix 10.3 along with the required changes (Highlighted in script) that 
are necessary. This is named as the input file to the ABAQUS. Here in our 
case, this input file of ABAQUS was some necessary experimental data in 
order to carry out our optimization algorithm.  

With the variables of required data such as young’s modulus and the 
table of plasticity values, were given to input file for executing the 
simulation. These initial steps were followed in order to establish a 
connection with ABAQUS and scripting to change the input variables 
whichever we were interested in. This MATLAB script which executes our 
algorithm was mentioned in Appendix 10.6.  

 

Table 6.1. Data of assumed model. 

Force (N) Displacement 
(mm) 

Stress(MPa) Plastic strain 

0 0 0 0 

12.6350 23 10.45 0 

18.9525 46 17.1 0.0264 

22.610 80.5 22.95 0.0908 
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This data of force displacement was used to calculate the required 
parameters like Young’s modulus, stress, and plastic strain. The initial plot 
of force displacement is as shown in Figure 6.4. 

 

 
Figure 6.4. Representing Force-Displacement of assumed model. 

 

Initially it was assumed to implement the algorithm to only two points 
(  and ), so that the algorithm can be initially checked down and validated 
using the simple data of these three points ( ,  and ) as shown in Figure 
6.5. In our case the stress values at the force of x=46(N) and x=80.5 (N) were 
considered to implement the algorithm to obtained the optimized values. 
Further these three points can be increased to many number of data points in 
order to implement and obtain the optimized parameters.  

With the use of plasticity data from Table 6.1.  A numerical 
simulation with the help of ABAQUS software was done. This would result 
in acquiring the force-displacement data from the simulation and then on 
comparing the force-displacement plots of numerical force displacement 
versus experimental force displacement can be represented as shown in 
Figure 6.5. 
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Figure 6.5. Force-Displacement plot of assumed versus simulated. 

 

 

6.2 Algorithm implementation 

Initially, the input of assumed force-displacement data along with the 
plasticity data was supplied to the algorithm in order have a comparison with 
the experimental force displacement data. Initial starting of the plasticity 
zone was mentioned in the simulation input file. Now algorithm considers 
the young’s modulus variable which will be given in the input file and then 
it goes for the plasticity data. Now as stated earlier the initial start of the 
plasticity was given to the input file, this initial set of stress and plastic strain 
will remain intact and simulation was carried out for the next set of plasticity 
data. This set of plasticity data was provided to the algorithm along with force 
displacement. With this chosen set of plasticity data, on fixing the respective 
strain value, three stress values are computed through having upper bound 
and lower bound with some percentage value as mentioned earlier. With 
these three pairs of plasticity data, simulation was carried out. These 
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numerical force displacement results were compared with the experimental 
force displacement value and error percentage was calculated. Now a 
polynomial fit can be done with these three pairs of stress and error 
percentage values. So, on solving this equation of quadratic, resulted in roots 
which will yield the error to be zero, which is nothing but the values of stress 
which will be responsible for zero or minimum error in the force 
displacement of simulation response. 

Error percentage values obtained after simulating with all the 
required combinations of plasticity data was represented in Table 6.2. 

 

Table 6.2. Obtained error percentage values. 

Plastic Strain 
value(Ps) 

Stress(Ys) with upper and 
lower bound values (MPa) 

Error percentage 
value (%). 

0 10.45 - 

 

0.0264 

14.535 16.473 

17.1 8.473 

19.665 5.826 

 

0.0908 

19.5075 14.674 

22.95 5.571 

26.3925 0.898 

 

Let us consider a quadratic equation as  
 

Here in our case y is error percentage and x values are the yield stress 
values. Now on finding the solution to the above quadratic equation gives 
required stress value. In order to solve equation, following steps were 
followed. Calculating initially the value of ∆= [ ], which plays an 
important role in determining the type of roots. All the cases available cases 
are, if ∆>0 then the roots will be integers in which the value near to the 
assumed yield stress was considered and if ∆ =0 then the root value will be 
(–b)/2*a. 
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Then this case arises when the ∆<0 then it is said to have complex 
roots which cannot be considered as the required stress value. So, in such 
case, the values of these complex roots were converted to their absolute value 
and used.  

In this input file, the plasticity data was given as tuple. This tuple will 
be containing the set of plasticity data when the algorithm was completely 
implemented. This tuple keeps on adding until all the data that had been 
provided is simulated. This file here in our case was named as OptiPara3. 
This can be seen in the scripts that had been used. So for each specified 
plastic strain value this tuple will have three pairs of stress values. On 
simulating all these values of stress and implementing the algorithm, results 
in stress value that gives a numerical response close to experimental 
response. This particular value of stress and strain will be fixed and next pair 
will be simulated. So, pair of values keep on appending till the end of 
simulation. 

So after obtaining these values and giving these parameters which are 
nothing but the stress and plastic strain values as the input to the ABAQUS. 
The resultant force-displacement plot is as shown in Figure 6.6. This can be 
represented that it has changed the set of yield stress in order to obtain the 
force-displacement data of the experimental or in our case the assumed force-
displacement data. Algorithm has given us the plasticity data that need to be 
used in numerical simulations to obtain the minimum error between the 
experimental force displacement response and numerical force displacement 
response. These obtained parameters are shown in Table 6.3. With the help 
of these parameters, one can observe that the force-displacement plot was 
close to the initial assumed or experimental data in our case. Our main goal 
of the algorithm was satisfied, hence our algorithm for obtaining the 
optimized parameters was validated to work as intended. 

 

Table 6.3. Assumed data and the obtained optimized data of plasticity. 

Assumed plasticity 
data (Ys, Ps) 

Obtained plasticity data 
(Ys, Ps) 

(10.45, 0.0) (10.45, 0.0) 

(17.1, 0.0264) (17.1, 0.0264) 

(22.95, 0.0908) (27.345628437, 0.0908) 



69 
 

 

 
Figure 6.6. Plot of Force-Displacement of assumed versus numerical 

simulation using optimized parameters. 

 

Hence this algorithm was validated as it was obtaining values near to 
the experimental (F-D) data. So, this algorithm was implemented for the 
experimental tensile test data that was obtained from the tensile test. This 
complete algorithm which was implemented can be overall represented in a 
flow chart as shown in Figure 6.7. Some of the parameters used in this 
scripting represent the following terminology. ‘Ys’ represents the stress 
values, ‘Ps’ represents the Plastic strain values, ‘F’ represents the Force 
values and ‘D’ represents the displacement values. Initial input data having 
the force, displacement, stress and strain values were also given some 
universal names in order to ease while programming. Considering the basic 
quadratic expression of  solving was in this algorithm. So, 
implementation of this algorithm results in obtaining a set of parameter 
values which can be used in further numerical simulations. This complete 
python script which represents this algorithm was mentioned in Appendix 
10.5. 
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Figure 6.7. Flow chart of the optimization algorithm. 
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The script related to the above-mentioned algorithm was in Appendix 
10.5. On following the same process as followed in assumed model case to 
the tensile test data results in data of plasticity. The initial set of data that 
needs to be input into the algorithm is shown in Table 6.4 below. 

 

Table 6.4. Data from experimental tensile test. 

Force 
(N) 

Displaceme
nt(mm) 

 Stress(MPa) Plastic strain 

0 0 - - 

3.246 5.009 2.49375355998692 0,00E+00 

5.247 8.459 4.09020716900948 0.000837378018408989 

7.253 12.826 5.75749257273619 0.00460370515904135 

9.238 18.892 7.51639194508009 0.0141059824350965 

11.246 29.526 9.54112257600523 0.038479184833366 

13.276 54.125 12.3309692710036 0.104972331923293 

15.268 96.425 16.2924383785551 0.209588011821842 

 

With the data from the tensile test, necessary calculations were done 
to obtain required parameters like young’s modulus and plasticity data and 
carry out the numerical simulation. Upon obtaining the force- displacement 
data from the numerical simulation. It will be initially compared with the 
force displacement data of experimental. Then the next proceeding was, this 
experimental data as input and carrying out the simulation and as stated 
earlier the error percentage values with all the three set of data was 
calculated. This data will be used for the quadratic polynomial fit and their 
respective roots were calculated as according to the mentioned logic of 
solving the quadratic polynomial expression of degree two. On complete 
implementation of the algorithm we were given a set of plasticity data and 
using this plasticity data will result in numerical force displacement data 
close to the experimental force displacement response. The comparison 
between the experimental and the numerical simulation is as shown in Figure 
6.8.  
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Figure 6.8.Plot of Force-Displacement for experimental Vs numerical 

simulation. 

 

With the help of python script, all the available combinations of 
plasticity data were simulated and their respective error percentage files were 
obtained. These error percentages are as mentioned in Table 6.5 . 

 

Table 6.5. Obtained error percentage values. 

Plastic strain 
value(Ps) 

Yield stress(Ys) with 
upper and lower bound 

values (MPa) 

Error 
percentage 
value (%). 

0 2.49375355998692 - 

 

0.000837378 

 

2.119690526 45.534 

2.49375356 43.714 

2.867816594 33.149 

 

0.004603705 

3.47667609365 45.425 

4.090207169 35.603 
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 4.70373824435 24.278 

 

0.014105982 

 

4.89386868705 29.523 

5.757492573 22.027 

6.62111645895 21.476 

 

0.038479185 

 

6.38893315325 28.938 

7.516391945 43.520 

8.64385073675 25.664 

 

0.104972332 

 

8.1099541896 20.876 

9.541122576 58.276 

10.9722909624 9.967 

 

0.209588012 

 

10.4813238795 21.366 

12.33096927 20.878 

14.1806146605 11.248 

 

Our script had resulted with the set of parameters shown in Table 6.6 
below. With this data, on carrying out a simulation to obtaining the force 
displacement curve for comparison with the experimental force displacement 
data. Altogether these plots with experimental, Optimized and simulation is 
shown in Figure 6.9. 

 

Table 6.6. Assumed data and the obtained optimized data of plasticity. 

Assumed plasticity data 
(Ys, Ps) 

Obtained plasticity data 
(Ys, Ps) 

(2.49375355998692, 0.0) (2.49375355998692, 0.0) 

(4.09020716900948, 
0.000837378018408989) 

(3.44084817501, 
0.000837378018408989) 

(5.757492573, 
0.00460370515904135) 

(5.81254433969, 
0.00460370515904135) 
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(7.51639194508009, 
0.0141059824350965) 

(6.60610267419, 
0.0141059824350965) 

(9.54112257600523, 
0.038479184833366) 

(9.30721812513, 
0.038479184833366) 

(12.3309692710036, 
0.104972331923293) 

(11.1214590912, 
0.104972331923293) 

(16.2924383785551, 
0.209588011821842) 

(15.3908823941, 
0.209588011821842) 

 

 

 
Figure 6.9. Plot of Force-Displacement for experimental Vs optimized Vs 

simulation. 

 

Obtained plot was close to the experimental on comparing to 
simulated data. The data was acquired in order to attain the minimum error 
between the experimental and the simulated results of a continuum model. 
Hence this algorithm had successfully obtained a set of parameters that can 
be used for numerical simulation, as these obtained parameters are tending 
close to the experimental force displacement response. 
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7 Overall results and discussion 

On carrying out the tensile test, the area of the specimen will be 
varying due to the uniform load applied on it. On considering this change in 
area true stress and the corresponding true strain were considered instead of 
engineering stress and engineering strain. 

The data that was obtained from the tensile result had many 
irregularities, which may slightly affect the parameters that were calculated. 
So, the data was sort out in a consistent order and used them in the simulation 
using ABAQUS. Here the data obtained from continuum material model was 
considered. 

Since there are material degradation and element deletion, ABAQUS 
Standard was preferred while carrying out the numerical simulation. Shell 
elements were considered because they were promising to replace our model 
due to narrow thickness. 

While studying the crack model, it was observed that the mesh near 
the crack tip must be very fine in order to capture the stress behavior. This 
zone predominantly plays an important role in failure of the model. 

The numerical force displacement response was not similar to the 
experimental force displacement response. This might be due to slight 
variations with the numerical crack models because of reasons, the crack 
length will not be precisely consistent as it was manually cut and prepared. 
There might also be unnoticed tampering of the sheet while preparing the 
specimen for the experiment. Slight tension variations in the sheet while 
fixing it between the grippers may also be resulted a change in the results. 

This study near the crack tip resulted in, the stress concentration near 
the crack tip was not propagating further away vertically. This results in 
elements which are in horizontal row go through higher material softening 
than the elements that are vertically away from crack. These vertical elements 
stop from being going through further deformation. This prevents the plastic 
zone further away from crack line which is an expected phenomenon for a 
highly ductile material like LDPE. A possible solution to this is to use a 
material model that has higher rate of secondary hardening than primary 
hardening. This can be shown in Figure 7.1. This indicates that, after the 
elements along the crack undergo through primary hardening, the material 
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becomes stiffer compared to the elements vertically away from crack. As a 
result the elements vertically away will deform until their response reach 
secondary hardening. Because of this secondary hardening, plastic 
deformation can be simulated in elements vertically away from crack tip. 

 

 
Figure 7.1. Representing hardening criteria. 

 

Since the optimization algorithm used was also validated, this 
algorithm can be used to find the parameters that can be used in numerical 
simulations in the future in order to skip experimentation and valuable time 
will be saved.  
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8 Conclusion and Future work 

This thesis presents experimental and numerical investigations of the 
elastic-plastic behavior of LDPE packaging material with continuum and 
crack models. In the experimental segment, various number of tensile tests 
were performed on LDPE sheet in Mode I direction. Here material was 
assumed to be isotropic. Necessary material parameters were obtained 
through calculation using MATLAB and these parameters were used as input 
parameters for numerical simulation in ABAQUS. Comparison of the 
numerical force displacement results with experimental force displacement 
results was done. Stress concentration and strain near the crack tip was 
studied. Different issues like meshing, experimental mistakes, vibrations 
during experiment and simulation was not successful in propagating the 
required properties like stress intensity and strain near the crack tip were 
detected which resulted in the difference in response between experimental 
and numerical force displacement response. The plasticity data parameters 
were also optimized using the necessarily mentioned algorithm and resulted 
in having the numerical response close to the experimental force 
displacement response. Hence these parameters can be used directly in the 
numerical simulation which validates the algorithm. 

Future studies can be carried out by experiments using Mode II and 
Mode III type of loading. This different loading may create different behavior 
of the material as they do impact the nature of material. Crack propagation 
can be studied with these modes or with the mixed modes, which will 
contribute to the advancement of the research area of packaging industries as 
well as the science of the materials. 
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10  Appendix  

10.1 Appendix (A): Experimental test 

 
Figure 10.1. Load Vs Displacement [230×95mm] with 5mm Crack. 

 

 
Figure 10.2. Load Vs Displacement [230×95mm] with 15mm Crack.  
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Figure 10.3. Load Vs Displacement [230×95mm] with 25mm Crack. 

   

 
Figure 10.4. Load Vs Displacement [230×95mm] with 35mm Crack.   
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Figure 10.5. Load Vs Displacement [230×95mm] with 45mm Crack   

 

10.2 Appendix (B): Numerical test 

Modelling 2d continuum model of dimension 230 95 (mm) LDPE Sheet 
Procedure for modelling in ABAQUS  

Follow the Standard/Explicit model interface 

Part: Modelling space 2d planar - Deformable Shape – with shell base 
feature 

 

 
Figure 10.6. Part Modelling. 
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Property: 
Material properties to be given Density, Elasticity, Plasticity values. 

Create section, Solid homogenous, Plane stress thickness 0.014mm. 

Section Assignment from section. 

 

 
Figure 10.7. Material Parameters 

 

Assembly: Create Instance-Independent mesh on the instance  

 

 
Figure 10.8. Creating Instance 
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Step 
Static General 

Basic – (Nlgeom – ON) with proper Time Period 

Incrimination (with reasonable increment size) 

 

 
Figure 10.9. Step Module 

 

Interaction: Create Reference Point; Create coupling constraint by selecting 
RP and Top Edge 

Take Node Region as constraint region type. 

 

  
Figure 10.10. Coupling 
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Load 
Create boundary condition for bottom edge by selecting 
Symmetry/Antisymmetric/Encastre 

Create boundary condition for reference point by selection 
Displacement//Rotation by taking reasonable Displacement/mm with 
suitable Amplitude. 

 

  
Figure 10.11. Assigning Boundary Conditions  

 

Mesh: Seed Edges by Number with double biased; Select Mesh controls with 
Quad Element shape and structured technique; Assign Element type with 
Explicit Linear in element library; Concluding this step with mesh part 
instance. 

 
Figure 10.12. Meshing 



86 
 

 

Job: Create job with double precision. Take rest of the features by default. 

Make necessary History out requests in step module. 

 
Figure 10.13. Submitting Job 

 

Visualization: Deformation shape; Force Vs Displacement 

Stress Vs Strain for respective element. 

 

 

10.3 Appendix (C): Input script of model. 

Due to the long length of the python input file. The script has been short 
formed until the part where changes are required. 

 
# -*- coding: mbcs -*- 
from part import * 
from material import * 
from section import * 
from assembly import * 
from step import * 
from interaction import * 
from load import * 
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from mesh import * 
from optimization import * 
from job import * 
from sketch import * 
from visualization import * 
from connectorBehavior import * 
print'******************EXECUTING ABAQUS**********************' 
execfile('D:\\MATLAB\\OPTF6\\OptiPara3.txt') 
print "Young's Modulus: %d" %E 
print "(Ys,Ps)" 
print (YP) 
mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0) 
mdb.models['Model-1'].sketches['__profile__'].rectangle(point1=(-18.75, 22.5),  
    point2=(12.5, -21.25)) 
mdb.models['Model-1'].sketches['__profile__'].ObliqueDimension(textPoint=( 
    -30.3134498596191, 1.57439422607422), value=230.0, vertex1= 
    mdb.models['Model-1'].sketches['__profile__'].vertices[0], vertex2= 
    mdb.models['Model-1'].sketches['__profile__'].vertices[1]) 
mdb.models['Model-1'].sketches['__profile__'].ObliqueDimension(textPoint=( 
    8.11318969726563, -27.5720844268799), value=95.0, vertex1= 
    mdb.models['Model-1'].sketches['__profile__'].vertices[1], vertex2= 
    mdb.models['Model-1'].sketches['__profile__'].vertices[2]) 
mdb.models['Model-1'].Part(dimensionality=TWO_D_PLANAR, name='LDPE_Sheet',  
    type=DEFORMABLE_BODY) 
mdb.models['Model-1'].parts['LDPE_Sheet'].BaseShell(sketch= 
    mdb.models['Model-1'].sketches['__profile__']) 
del mdb.models['Model-1'].sketches['__profile__'] 
mdb.models['Model-1'].Material(name='LDPE') 
mdb.models['Model-1'].materials['LDPE'].Elastic(table=((E, 0.4), )) 
mdb.models['Model-1'].materials['LDPE'].Density(table=((0.0009, ), )) 
mdb.models['Model-1'].materials['LDPE'].Plastic(table=YP) 
mdb.models['Model-1'].HomogeneousSolidSection(material='LDPE', name='Section-1' 
    , thickness=0.014) 
 

 

10.4 Appendix (D): Script to read .ODB File. 

import odbAccess 
  
''' 
This script is used to parse the ODB file (produced by Abaqus) and retrieve the parameters 
named below: 
1. Displacement 
2. Reaction Force 
''' 
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execfile('D:\\MATLAB\\OPTF6\\OptiPara3.txt')    #Importing python variables from text 
file 
names = ['Ten10']                               #list of .odb files 
dh1 = [1]                                       #List of nodes 
NodesOfInterest = dh1 
PreferredExtension = '.txt'                     #Extension for the output file 
StepName = 'Step-1'                             #Name of the step 
PartName = 'LDPE_SHEET-1'                       #Name of the Part 
ReactionForceVariable = 'RF2'                   #Initializing ReactionForce variable 
displacementVariable = 'U2'                     #Initializing Displacement variable 
  
n = len(YP)                                     #Length of ([Y,P),] 
a = YP[n-1][0]                                  #Fetching latest Yield stress value 
b = YP[n-1][1]                                  #Fetching latest Plastic strain value 
  
DirName = 'D:\\MATLAB\\OPTF6\\OPResults' 
NameOfFile = DirName+'\Tensile_Results-'+str(a)+'-'+str(b)+PreferredExtension 
FileResults = open(NameOfFile,'w') 
for y in range(len(names)): 
    Name = names[y]+'.odb' 
    myOdb = odbAccess.openOdb(path=Name) 
    Step = myOdb.steps[StepName] 
  
    HistoryRegions = Step.historyRegions['Node ASSEMBLY.'+str(dh1[0])] 
    ReactionForce = HistoryRegions.historyOutputs[ReactionForceVariable].data 
    displacement = HistoryRegions.historyOutputs[displacementVariable].data 
  
    for i in range(len(ReactionForce)): 
        FileResults.write("%10.6E, %10.6E\n" %(displacement[i][1], ReactionForce[i][1])) 
    myOdb.close() 
FileResults.close() 
 

 

10.5 Appendix (E): Python script for optimization 
Algorithm. 

 
#importing necessary modules required for our optimization algorithm. 
import os 
import sys 
import subprocess 
import time 



89 
 

import csv 
import numpy 
import math  
import cmath 
 
#functins 
#this UDF creates a global text file (containing E, (Y,P)values with python syntax). 
 
def writeYP(E, YP, optipara3): 
 with open(optipara3, 'w') as file: 
  file.write('E=' + str(E) + '\nYP=(') 
  for item in YP: 
   file.write('(' + str(item[0]) + ',' + str(item[1]) + '),') 
  file.write(')\n') 
 
#below UDF uses sub process to perform command line operations.In our case we used 
non-UI ABAQUS commands. 
def execute(abaCmd): 
 popen = subprocess.Popen(abaCmd, shell=True, stdout=subprocess.PIPE, 
universal_newlines=True) 
 stdout_lines = iter(popen.stdout.readline, "") 
 for stdout_line in stdout_lines: 
  yield stdout_line 
 popen.stdout.close() 
 
def main(): 
 
#this following script automates the simulation on ABAQUS. 
 e=120 #Young's modulus. 
 Ys0 = 2.49375356    #Yield stress. 
 Ps0 = 0.0           # plastic strain start. 
#above script gives input to the script with the required initial data. 
 
#below script describes the file path and the command that is to be required to carry out 
the simulation along with scripts required to extract results. 
 
 abacusPY = '=D:\\MATLAB\\OPTF7\\Ten10Final.py' 
 odbPY = '=D:\\MATLAB\\OPTF7\\ODBMechens-2.py' 
 abaCmd = 'abaqus cae nogui' 
 odbFile = 'D:\\MATLAB\\OPTF7\\Ten10.odb' 
 pause = 3       #pausing process for 3 seconds. 
 percent = 15    #percentage of upper and lower bouds. 
 
 degree = 2      #degree of expression. 
 
#this part of code fetches the experimental (Y,P) for comparision with the simulation 
values. 
 DirName = 'D:\\MATLAB\\OPTF7\\OPResults\\' 
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 PreferredExtension = '.txt' 
 expFilePath = 'D:\MATLAB\OPTF7\OPResults\\SOPTF7.txt' 
 optipara3='D:\\MATLAB\\OPTF7\\OptiPara3.txt' 
  
 if os.path.isfile(optipara3): 
  os.remove(optipara3) 
 file = open(optipara3, 'w') 
 file.write('E=' + str(e) + '\nYP=((' + str(Ys0) + ',' + str(Ps0) + '),)') 
 file.close() 
 
 print expFilePath 
 with open(expFilePath, 'rb') as csvfile: 
  data = csv.reader(csvfile) 
  fileData = zip(*data) 
  expForce = list(map(float, fileData[0])) 
  expDisp = list(map(float, fileData[1])) 
  expYs = list(map(float, fileData[2])) 
  expPs = list(map(float, fileData[3])) 
  
 expPsCopy = expPs[:] 
 expYsCopy = expYs[:] 
 # print expForce 
 # print expDisp 
 # print expYs 
 # print expPs 
  
# del expYs[expPs.index(0)] 
 expYs.remove(-1) 
 expPs.remove(-1) 
 expPs.remove(0) 
 expPs.append(0) 
 YsList = [] 
 # print expYs 
 for y in expYs: 
  percentValue = y * (float(percent)/100) 
#  percentValue1= y * (float(percent1)/100) 
  YsList.append([y-percentValue, y, y+percentValue]) 
 # print YsList 
  
 for i in range(0, len(expPs)): 
  with open(optipara3, 'r') as file: 
   for line in file: 
    exec(line) 
  tmpYP = YP 
  p = expPs[i] 
  if p != 0: 
  percentErrorForceList = [] 
  YList = [] 
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  for y in YsList[i]: 
  print "%f, %f" %(y, p) 
  YP = YP + ((y, p),) 
  writeYP(E, YP, optipara3) 
  abaCmdList = [ abaCmd+abacusPY , abaCmd+odbPY ] 
  for cmd in abaCmdList: 
   for bashOut in execute(cmd): 
   print bashOut 
 print 'Pausing for ' + str(pause) + ' seconds' 
   time.sleep(pause) 
  os.remove(odbFile) 
     
 relativeExpDisp = expDisp[expPsCopy.index(p)] 
 relativeExpForce = expForce[expPsCopy.index(p)] 
 
#required results from simulation is acquired through running odb file, those result is 
obtained and arranged using the below script. 
 TensileResultsFile = DirName + 'Tensile_Results-' + str(y) + '-' + str(p) 
+PreferredExtension 
   print TensileResultsFile 
 with open(TensileResultsFile, 'rb') as csvfile: 
     data = csv.reader(csvfile) 
     fileData = zip(*data) 
 simDisp = list(map(float, fileData[0])) 
 simRFF = list(map(float, fileData[1])) 
 
#temporary list is created and compared with the required result in order to calculate the 
error percentage values. 
    tmpList = [] 
    for data in simDisp: 
  tmpList.append(abs(data-relativeExpDisp)) 
relativeSimDisp = simDisp[tmpList.index(min(tmpList))] 
relativeSimForce =simRFF[simDisp.index(relativeSimDisp)] 
 percentErrorForce = ((relativeExpForce - relativeSimForce)/float(relativeExpForce)) * 
100 
    percentErrorForceList.append(percentErrorForce) 
    YList.append(y) 
    YP = tmpYP 
#this error percentage values are written in a text file as shown in script below.   
   percentErrorForceFile = DirName + 'percentErrorForceFile' + '-' 
+ str(p) +PreferredExtension 
   if os.path.isfile(percentErrorForceFile): 
    os.remove(percentErrorForceFile) 
   open(percentErrorForceFile, 'a').close() 
    
   with open(percentErrorForceFile, 'a') as file: 
    for percentError in percentErrorForceList: 
     file.write(str(percentError)+'\n') 
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# Logic to find roots of quadratic polynomial fit. 
#all the necessary situations are considered and solved for the roots. 
   polyExperission = numpy.polyfit(YList, percentErrorForceList, 
degree) 
   a = polyExperission[0] 
   b = polyExperission[1] 
   c = polyExperission[2] 
   print 'polynomial experission: %fx^2%fx%f' %(a,b,c) 
   d = (b**2)-(4*a*c) 
   if d > 0: 
    x1 = (-b + math.sqrt(d))/(2*a) 
    x2 = (-b - math.sqrt(d))/(2*a) 
    print '%f, %f' %(x1, x2) 
    rootList = [x1 ,x2] 
    if x1 > 0 and x2 > 0: 
     tmpList = [abs(x1-expYs[i]), abs(x2-
expYs[i])] 
     Y = rootList[tmpList.index(min(tmpList))] 
    elif x1 > 0 and x2 < 0: 
     Y = x1 
    elif x1 < 0 and x2 > 0: 
     Y = x2 
    else: 
     Y = expYs[i] 
   elif d == 0: 
    Y = -b / (2*a) 
   else: 
    cx1 = (-b + cmath.sqrt(d))/(2*a) 
    cx2 = (-b - cmath.sqrt(d))/(2*a) 
    rootList = [abs(cx1), abs(cx2)] 
    tmpList = [abs(rootList[0]-expYs[i]), abs(rootList[1]-
expYs[i])] 
    Y = rootList[tmpList.index(min(tmpList))]  
   
    # Y = expYs[i] 
   YP = tmpYP 
   YP = YP + ((Y, p),) 
 
#Chosen stress value is written in the initially created text file simultaneously.  
   print YP 
   writeYP(E, YP, optipara3) 
   with open(optipara3, 'a') as file: 
    file.write('parmCount=' + str(len(YP)) + '') 
 
if __name__ == '__main__': 
 main() 
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10.6 Appendix (F): MATLAB scripts. 

#Script used to find the plasticity data from the experimental data. 
clc; 
close all; 
Area=1.33; 
Length=230; 
Width=95; 
Thickness=0.014; 
Force=Load; % Importing Load data from Experiment. 
Displacement=Extensionmm; % Importing Extension data from Experiment. 
Engineering_stress=Force/Area; % Engineering Stress. 
Engineering_strain=Displacement/Length; % Engineering Strain 
True_stress=Engineering_stress.*(1+Engineering_strain); % True Stress. 
True_strain=log(1+Engineering_strain); % True Strain. 
plot('Engineering_strain','Engineering_stress'); 
title('Plot of Engineering stress-strain curve'); 
xlabel('Engineering strain '); 
ylabel('Engineering stress'); 
hold on; 
pot(True_strain,'True_stress') 
title('Plot of True stress-strain curve'); 
xlabel('True strain '); 
ylabel('True stress'); 
  
E=Tstress./Tstrain; % Youngs Modulus. 
E1=sum(E(35:45))/11; 
Plastic_strain= True_strain - (True_stress./E1); 
  
Plastic_Strain_abaqus=Plastic_strain(1:200:end); % Plastic Strain input for Abaqus. 
Yield_Stress_abaqus=True_stress(1:200:end); % Yield Stress input for Abaqus. 
 

#Script used to run the optimization algorithm through MATLAB is  

system(['C:\\Python27\\python.exe D:\\MATLAB\\OPTF6\\Test.py']); 
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