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1 Notations 

A Area                                   

 Density                                

E Young’s Modulus                                             

D         Depth of notch                                                             

H Height of notch                 

T Thickness                           

W Width                        

 Engineering Stress                 

 True Stress                             

 Yield stress                                 

 Von Mises equivalent stress                                   

 Trace of the stress tensor                                        

 Cauchy stress tensor                                               

 Cauchy stress tensor of undamaged material         

 Components of the stress tensor.                          

 Second Invariant of the stress tensor.                          

 Strain        

 Elastic strain                       

 Equivalent stress intensity factor    

 Total stress intensity factor     

 Stress Triaxiality                                                  

 Logarithmic strain tensor                                     

 Plastic strain                                                         

 Plastic strain increment                                        
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 Equivalent plastic strain                                      

 Equivalent fracture strain                                     
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2 Introduction 

2.1 Background 

Food industries are always concerned with the challenge of achieving an 
efficient packaging technology to fulfill all the essential and high end 
requirements of safety, prioritizing easy opening and at the same time 
satisfying the consumer. This has led to the necessity of understand the 
behavior of packaging materials and to predict their fracture properties to 
bring out good reliability and durability in them. Today, packaging materials 
like LDPE, PET, Al foil are being used in various applications as packages 
for food storage, protection and construction material. Fracture of such 
packaging materials is one such field in which much research has and is still 
being done[1][2][3][4]. Figure 2.1 shows a typical package buildup for liquid 
food cartons consisting of multiple layers of Polyethylene. 

 

  
Figure 2.1. Liquid Packaging construction by Tetra Pak involving 

laminated Polyethylene layers [5]. 

It is well known that polymers are subjected to various kinds of loading 
during their life. In the case of packaging films, a great deal of research is 
being done till date to assess the durability of these films and to get maximum 
efficiency. Tearing of these packaging materials is one such situation which 
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needs to be taken into consideration since it is the most prominent way of 
opening any package. The growth of crack in this mode of loading is difficult 
to interpret and so effective work needs to be done to comply how the failure 
occurs in the case of defect. Also, many works have not been done on how 
do laminates behave while tearing, which becomes a pivotal question to get 
to know the performance of adhesive layer, which in some cases involves the 
material LDPE as seen in figure above. The purpose of this work is to bring 
up an understanding of the individual material layers forming the laminate, 
as well as for all the layers adhered together, and to improve the design and 
reliability of products FE-modelling is used to predict the material behaviour. 

 

2.2 Aim and Objectives 

The thesis aims at taking an initial step to build an FE model corresponding 
to the physical observations made through experimentation techniques like 
DIC (Digital Image Correlation). The purpose is then to focus on behavior of 
the individual material layers or substrates that form up the laminate. This 
will be followed by FE-modelling used to predict the material behavior. The 
FE-models are taken as a source to additionally enhance this material data to 
various applications. The scope is to follow up a definitive approach and 
develop a technique to model tearing of polymer films being considered for 
the layers of laminated material provided, namely LDPE and PET. The FE-
models in this work are also supported through performing a series of 
experiments to validate the global force displacement response obtained. The 
following research questions are addressed in this work: 

 Does the numerical simulation provide comparable results with that 
of DIC? If not Why?  

 Are there any differences observed in the physical properties of 
thinner (14 microns) and thicker (25 microns) polyethylene? 

 What is the tearing behavior of individual layers of laminated 
LDPE/PET? Is it possible to couple delamination of these layers 
along with crack propagation? 

2.3 Method of research 

A keen effort of implementing a virtual model of these packages is being put 
by researchers [4]which can help in analyzing their behavior when subjected 
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to dynamic loading in their lifetime. For this a good material model is 
required. The research work is based on identifying a constitutive model for 
the materials discussed above which will further be implemented in both 
tension and tearing models built using FE software. A series of experiments 
were also conducted on laminated LDPE and PET, to get an insight into 
delamination phenomenon which can be further analyzed through 
microscopic observations. 

The procedure followed in achieving the desired constitutive model is by 
performing many numerical simulations through an iterative process 
focusing on optimization of plasticity data based on von-mises yield 
criterion, and citing the experimental results obtained in parallel, until a good 
agreement is obtained between them. Within this framework, the Strain 
hardening plastic behavior in LDPE is also keenly investigated. The 
extraction of data by using trial and error is done finally such that there is no 
disagreement in the global response obtained numerically and 
experimentally. 

Further, the use of DIC technique guides the project to a certain extent 
towards mapping the real way of how the material deforms i.e. strain 
distribution both locally and globally.  

A schematic diagram of the process followed in the overall study is shown 
in figure 2.2 with a coordinated approach between them. 

 

 
Figure 2.2 Flow chart of work implementation 

Perform Tensile and 
tearing experiments on 
various materials and 
test cases considered

Investigate the 
observations from 
DIC using GOM 

Correlate software 
Simulate the 

experimental response by 
implementation of 

optimized material model 
numericallyand finally 

employ a material model 
to simulate tearing
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3 Literature review 

In this chapter, a basic information regarding the structure of the packaging 
materials involved in the presented work is given with some discussion on 
hardening and adhesion phenomena followed later. A description of a few 
plasticity theories under branch of continuum mechanics can also be found. 
Finally, a brief survey of fracture mechanics models has been done. 

3.1 Plastics – Structure and properties 

There are a wide range of plastics used in modern day civilization and they 
are mainly organized into two classes of polyolefins, based on how the 
molding process is done, either as Thermoplastics which can be molded again 
and again without changing composition or as Thermosets which cannot be 
molded once solidified [6].  

Thermoplastic Materials such as Polyethylene films, have been widely used 
in the packaging industry for applications such as Carton Linings, carry bags, 
plastic pouches etc. Further, the suitability of these applications depends 
upon a classified range of these thermoplastics available, namely LDPE, 
LLDPE (Linear low density polyethylene) and HDPE (High density 
polyethylene), which are classified based on the degree of crystallinity 
desired. The formability of these materials having different composition, 
fabrication process gives them unique molecular structures and thence 
unique material properties. The thesis mainly drops down to a category of 
one of these thermoplastics namely LDPE as discussed before.  

Polyethylene’s have a continuous molecular chain in the extruded direction 
connected strongly through Covalent bonding with an amorphous layout 
(irregular orientation) in the secondary direction and this combination is 
generally referred through the term lamellae. This also makes it possible for 
the chains to slide over each other. As mentioned earlier, the degree of 
crystallinity in a polymer influences its structure and properties [7].  
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LDPE, which is produced using Radical Free Polymerization, is then 
processed into films through 2 ways, namely Blown film extrusion in which 
the molten LDPE resin is air cooled before being winded through a roller 
setup by making it pass through a vertical cooling tower and Cast film 
extrusion in which the molten resin is rapidly quenched by passing it through 
a chilled roller. The diagram below (figure 3.1) gives a clearer view of their 
differences [5][8]. As can be seen in figure 3.2, the various short branches is 
the main reason for achieving low density compared to HDPE. 

 

 
Figure.3.1 Classification of LDPE films production 

 

 
Figure 3.2 Degree of Crystallinity of LDPE (right) compared with 

HDPE[9]. 

 

The crystallization process of LDPE usually takes place through the 
formation of spherulites, leading to lamella formation, which have an 
influence on the mechanical properties of the resulting solid state structure. 
The enrollment of these short as well as long branches towards a definite 
direction while deforming causes the LDPE to harden causing a continuous 
increase in straining until fracture.  

LD
PE

 FI
LM
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Cast film extrusion
Film is soft and easy to stretch with 

comparably lower mechanical properties like 
Yield, Tear Strength, Holding power etc.

Blown film extrusuon Film is resilient and tough,Higher Tear 
resistance,Less glossy
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On the other hand, Polyesters such as PET, generally produced from 
condensation polymerization, with higher toughness and fracture strength are 
renowned for their excellent barrier and recyclable properties and also it is 
much tougher when compared to LDPE. The structural formation process of 
PET involves only a certain part of the nucleating agents in the chain 
formation process to participate in the crystallization process, making it semi 
crystalline. During packaging, the PET layer is laminated together using the 
extruded LDPE in a similar fashion as heat seal. A short review on various 
kinds of lamination is provided in section 3.7. The lamination usually 
enhances the performance of materials and even improves the mechanical 
properties by combining the properties of individual layers. 

3.2 Plasticity models available in Literature: 

The FE software ABAQUS offers a wide variety of Plasticity models for     
various kinds of materials. They are given as [10] : 

I. Classical Metal Plasticity with Isotropic/Kinematic Hardening  
II. Johnson-Cook Plasticity/Hardening model 

III. Models for Granular or Polymers with complex Yield behavior: 
 Creep Yield criteria Model 
 Linear Drucker Prager Yield form Model 
 Hyperbolic Yield Criteria Model 

IV. Plasticity models for concrete 
 Concrete smeared cracking 
 Cracking model for concrete 
 Concrete damaged plasticity 

V. Other Plasticity models for non-metals and special cases 
▫ Cast iron plasticity (for grey cast iron) 
▫ Deformation plasticity                         
▫  Models for Soils and Rocks 

 Extended Drucker Prager Plasticity 
 Modified Drucker Prager/Cap Plasticity or Creep flow 

model 
▫ Mohr Coulomb Plasticity 
▫ Critical State Plasticity 
▫ Crushable foam plasticity model 

 
Most of the above plastic models are provided as incremental theories 
constituted by [10]: 
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Yield Surface: The yield point is given as a function to define the initiation 
of plastic response by which the elastic response of the material is given a 
limit. 

Flow rule: The flow rule gives a picture of how the inelastic deformation 
takes place as yielding occurs and relates the plastic strain increments to 
current stress level and stress increments.   

Hardening: It governs the change in flow definitions/Yield surface. 
 

The methods described above are distinguished keeping these criteria in 
mind. One of the most commonly being applied models for material failure 
root down to Classical Metal plasticity mainly due to its simple nature. This 
model uses specific predefined Yield Surfaces to predict Isotropic or 
Anisotropic Yield phenomena via associated flow rule which dictates the 
inelastic deformation rate to be in the direction of normal to yield surface 
[10]. The available models in the case of Metal plasticity are also classified 
based on whether they are dependent or independent of strain rate. In this 
work, the Isotropic Elastic-Plasticity model is used. An in-depth view into 
the computation process of this model along with a few other elastic-plastic 
models are given below: 

 Elasto-plastic model with Isotropic hardening: 
      The model uses Mises yield surface to define isotropic yielding, 
otherwise known as J2 yield criteria since it indicates that yielding occurs as 
soon as the second invariant of deviatoric stress reaches a critical value and 
is commonly applied for applications involving low temperatures and low 
strain rates. The basic equation of yield function for strain rate independent 
material is shown in equations below depicting that the yield stress values 
are given as function of plastic strain, temperature and other field variables. 
Here, the use of the term yield stress values instead of stress values is done 
to imply that the yield surface grows uniformly in size in tension as well as 
in compression.   

 

In general for a 3D stress space, the Von-mises criteria is given by [11], 

 

 In the principal stress space, the above equation reduces to [11][12], 
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where is the Equivalent yield stress, q defining the yield condition can 
also be given as, 

 

 

Here, the second invariant is related to a material parameter  which is again 
related to the yield in uniaxial stress case by a constant as given in equation 
below and it is that constant term that becomes essential in the calculation of 
effective stress [13][14]:  

 

                               where,   for uniaxial stress case 

 

For a plane stress case,  

Here, during plastic flow, stress and strain states of the available model in 
ABAQUS are updated (at the end of every increment) by following backward 
Euler method of integration to the plastic flow rule relating the plastic strain 
increment with equivalent plastic strain rate giving equation shown below:   

  where,   is the flow direction according to Mises 
criteria  

 

Combining the above equations with expression relating deviatoric stress 
tensor with strain tensor through distortion energy term combined with 
decomposition of strain rate [15][16], 
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The above equation is solved by an iterative Newton’s Method in ABAQUS 
until convergence is achieved. 

 

Johnson Cook Plasticity: 

This plasticity model is illustrated as a type of Isotropic hardening model 
depending on Mises yield surface and holding a particular relation between 
the Yield stress and equivalent plastic strain, temperature as given below: 

              

where,  is the Equivalent plastic strain,  is a non-dimensional 
temperature having varying values between 0 and 1 with lower and upper 
ranges as transition temperature and melt temperature values defined by the 
user. Here, A, B, n and m are material parameters calculated at or below the 
transition temperature. 

This parameter is indicated depending upon the defined transition and melt 
temperatures and they also define the rate of work hardening. In specifying 
a strain rate dependence through yield stress ratios, this model equation holds 
with an additional term introduced by means of the following equation[10]: 

   

where  and  are material parameters taken below transition temperature 

Elasto-plastic model with non-linear isotropic/kinematic hardening: 
This model gets its name through the nature that it has two predefined 
hardening components, as a part of its evolution law. In this model, the yield 
surface is defined by the fundamental function F given below from which it 
can be seen that the yield stress can act as a function of equivalent plastic 
strain, temperature, and other field variables. 

 

 

where   is the equivalent mises 

stress with respect to the back stress tensor, defined as similar to the mises 
yield surface with an additional kinematic shift given by deviatoric part of 
backstress. 
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The different evolution laws in this hardening law are representative of how 
the yield surface translates in stress space and how it’s size changes through 
the following equations: 

 

 

 

 

Here, an additional term (extended from Zeigler’s Hardening law) in 
the evolution of backstress components, introduces the so called non-
linearity providing more accuracy than the linear kinematic hardening model. 
The second equation defining an exponential growth in yield is dependent on 
the factors  and b which are obtained through several cyclic tests.  

Elasto-plastic model with Linear kinematic hardening: 

In this model, the yield surface can only be given as a function of 
temperature,  
 

 

 

where C is the work hardening parameter taken as the slope from stress strain 
response, varying at different temperatures . This model is generalized 
through isothermal data  while the second term ensures that data is 
temperature history independent and the above form gives a specific 
direction for rate of increase of  [16].  

Ductile damage criterion:  

It is common for the case of ductile materials like LDPE where voids are 
formed as a post yield phenomena and they coalesce after nucleation[17]. 
Ductile damage criterion is used to capture the combined effect of all these 
active damage mechanisms. This damage model is based on the damage 
variable 'D' which initiates the damage at a specific user defined fracture 
strain, with assigning a value of zero. This point is also referred to as the 
initiation of Stiffness degradation. A stage of complete damage or full 
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stiffness degradation is declared based on the defined damage evolution until 
the value of D reaches 1.  

The associated damage process can be given either based on equivalent 
plastic displacement or fracture energy dissipation  whose calculation 
begins only when the damage is initiated and their evolution can take the 
following forms in FE software ABAQUS: 

-Linear form 

Linear form: The rate of increase of damage variable is dependent mainly on 
the characteristic length of the element and the defined plastic displacement 
at failure. The rate of increase of damage variable for both the criteria are 
shown below[10]: 

 

where, L is the characteristic length of element, the value of  is given 
directly in displacement based evolution and in the case of energy based 
evolution it is computed as, 

 

Exponential form: In this case, an additional exponent value ' ' needs to be 
given by which the damage variable is defined as, 

 

 

The dependence on characteristic length makes the evolution criteria 
sensitive to mesh, based on the aspect ratio of elements, especially to those 
near to the crack. A tabular form of providing damage evolution manually 
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can also be given, only on displacement basis in ABAQUS where the 
relationship between damage variable and the equivalent plastic 
displacement can be fitted through a curve. 

3.3 Literature of fracture mechanics 

The engineering field of Fracture mechanics is used to study the failure of 
these materials in the presence of stress concentrators such as notches, cracks 
etc. The stress field ahead of crack tip is characterized by Stress Intensity 
factor developed by Irwin, also meaning strength of singularity ahead of 
crack.  

There are three basic modes of crack propagation in this field given below.  

Mode-I: This mode corresponds to tensile type of fracture where the crack 
surfaces are displaced normal to themselves.  

Mode-II: It is sliding mode. Here shear stress acts parallel to the plane of 
crack and perpendicular to the crack front. 

Mode-III: It is tearing mode. Here shear stress acts parallel to the plane of 
crack. 

                                 

 
Figure 3.3 Different Modes of fracture showing crack surface 

displacement[18]  

A generalized expression for the SIF in all the modes is written as: 

 

where  is the characteristic stress, f is a function of geometry 
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The expression for the Stress intensity factor (SIF) for these different modes 
are obtained by imposing certain boundary conditions into the singular stress 
solution (at crack tip) obtained from series expansion of bi harmonic 
differential equation involving airy stress function [19]. 

There is however an expression for equivalent stress intensity factor for a 
combined loading case given as: 

 

It must be also noted that this value has a critical limit, termed as fracture 
toughness which is a unique material property [19]. The value of fracture 
toughness varies based on whether the crack is loaded in plane stress or strain 
conditions. 

Griffith Energy Balance: 
This approach shows gives the following relationship for the energy required 
to create 2 new crack surfaces, 

 

where  is the crack area,  is the Potential from internal straining and 
applied force,  is the Surface energy work required to create 2 new 
surfaces which brings the factor 2,  is the Surface energy per unit area. 

A relation between Strain energy and Potential developed by Inglis for a 
remote tensile load applied on an infinitely large plate with through thickness 
crack is given below: 

 

where,  is the Potential of uncracked plate, t is the thickness of plate, A=2at 
is the cross-sectional area with a as the crack length 

It is seen from these equations that there is a linear dependence of  with 
crack length, whereas, or  has a quadratic dependence, as shown in 
figure 3.4 where the factor a=  acts as a boundary for stable or unstable 
crack. 
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Figure 3.4 Energy variation with crack length 

 

The above expression is generalized and is material dependent through the 
factor and is valid for brittle materials.  

In the case of ductile materials with plastic deformation, additional factors 
like  are added to the factor  in the above expression. Irwin and Orowan 
later corrected the above equation by introducing a parameter critical strain 
energy release rate suggesting that energy dissipation in ductile materials 
is not because of that absorbed in creation of two surfaces but due to plastic 
flow near the tip [19]. The above expression was suggested as, 

 

The Potential can be expressed in terms of Energy Release rate by two kinds 
of loading cases, namely Load and displacement control. In the former case, 
there is an additional work done due to the load applied whereas in the latter 
there is no work with a more likely probability of stable crack propagation. 

 

3.3.1 Linear elastic fracture mechanics: 

The key in fracture mechanics is to capture the behavior occurring at the 
crack tip. One simplified classical and important approach in this area used 
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till date, is the LEFM theory. In this approach, the large stress effect at the 
crack tip is approximated as an ideal elastic crack with theoretically infinite 
stresses at the tip. In the framework of LEFM, Griffith energy approach and 
SIF can be related as shown in equations below for Mode-I case[19]. 

 

There are certain constraints also put on crack length, width and thickness of 
specimen loaded in Mode-I case based on which the existence of plane stress 
or plane strain can be enacted. In the case of mode-I, the radius of plastic 
zone suggested by Irwin are corrected based on relation between Hooke’s 
elastic crack tip stress solution and principal stresses to the SIF ( ) whereby 
the radius is much smaller in the plane strain case. Also, the plastic zone 
described through this method  

3.3.2 Non-Linear fracture mechanics: 

The small scale yielding assumption imposed by LEFM theory makes its 
validity limited to a certain extent. The introduction of J-integral had 
extended the subject of fracture mechanics into large scale yielding range. 

J Integral:  
J-integral is a term used to indirectly describe the energy release rate in the 
LEFM case and is also capable of predicting the elastic-plastic behavior. 
Developed by J. Rice et al. as a 2D path independent integral, this term can 
be formulated for any contour around the notch even in a 3D coordinate 
system and has the basic vector form shown in equation below. It is named 
to be path independent because the summation of contour path integration 
for two lines drawn at any place around the crack surface is zero and that the 
tractions along the crack faces are zero due to normal vector pointing 
perpendicular to the crack direction[20]. 

 

where  is the trajectory path along which integration is being done as shown 
in figure 3.5, w is the strain energy density given as ,  is 
the traction vector related to the unit normal vector  for all incremental 
elements along the path as ,  is the corresponding length 
increment for these elements along contour. 
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Figure 3.5 Closed contour path around crack region [20] 

The above relation can be related to the rate of change of potential energy 
‘U’ with respect to crack length by applying strain energy principles and 
greens theorem giving[18]: 

 

Here, the integration along a circular path surrounding the crack faces with 
the crack tip as it’s center makes the J-integral related with the stress and 
deformation fields at crack tip. These stress fields are commonly named in 
this literature as Hutchinson, Rice and Rosengren (HRR) stress fields shown 
below[18]. 

 

Here,  is the initial yield stress the exponent ‘n’ is the Strain hardening 
parameter and depicts the extent of stress singularity which reduces with 
increasing n, the constant  is obtained by performing numerical analysis as 
a function of ‘n’. 

It must be noted that the above relations have been derived by assuming 
Ramberg-Osgood non-linear plastic stress strain relationship given in 
uniaxial form[18]. 

Further, it was also shown that J poses a unique relation to CTOD developed 
by Dugdale (Strip yield phenomena) which made it suitable to be used as a 
fracture parameter[18]. The deformation fields ahead of the crack tip are 
controlled by J dominance and hence this approach could be applied for 
ductile materials, provided there are again certain constraints put that the 
crack length ‘a’, width minus crack length ‘W-a’ and thickness ‘t’ must be 

 with c generally of the order 20 and individual relations of W-a can 
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vary based on various specimen cases considered like SENB (Single edge 
notch bend) for which c=200, CCT (Centre cracked tension) with c=30 [18]. 

 

3.4 Survey of Related works 

H.J Kwon et al. [21] observed the effects of Hydrostatic stress and non-
uniform extension of Yield surface (Anisotropic behavior) on necking 
behavior of HDPE are presented. An hybrid iterative approach is used to 
identify the parameters for large deformation behavior of high density 
polyethylene and it also refers to a paper [22] where the effect of stress 
triaxiality on neck propagation for round bars is signified and here the 
motivation was found by the way in which this paper explains the 
simultaneous neck propagation and stabilization occurs. 

Bruce and Holmqvist et al. [23] have studied uniformity of adhesion in 
several laminated adhesives made of Al-foil, paperboard with varying layer 
thickness in each of the materials and also shows a detailed FE study of peel 
tests in different angles of forcing the peeling arm and the effect of adhesion 
parameters on peel force was also investigated. The paper helped in 
understanding the various ways of modelling cohesive element failure and 
also in bringing out a structure to different adhesive fracture mechanisms. 

J.Kuusipalo et al. illustrated the dependence of Tear properties of biaxially 
oriented PET to its underlying morphology [24] and made certain 
conclusions relating the anisotropic behavior of the film with the orientation 
distribution of crystallites investigated through XRD study and also noting 
how these crystallite surface boundaries are influenced by process 
parameters like draw ratio. The paper claims the plastic zone appears smaller 
and constrained contradicting the predictions of EWF theory and even looks 
into the fracture surfaces in two different directions giving an idea of 
volatility involved in energy required for tear propagation based on surface 
topography, molecular pull out and deformation.  

A research work done by Dasari and Leon et al. [25] investigated the crack 
growth and delamination profile of LDPE/PET laminate by using optical 
microscope with a polarized lens to photograph them. Also, the EWF 
parameters were discussed in this case with a conclusion about a restriction 
that PET offers to stop LDPE from deformation. However, the nature of 
delamination was not emphasized very much and this project hinges on this 
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basic question as well and also identifies the properties of both these 
materials in detailed way.  

In addition to this, many papers [26][27][28] discussing and reporting models 
for several PET films based on the EWF theory, along with its necessary 
requirements, in order to rate the plastic deformation, tearing resistance etc. 
along with a discussion of their dependence on thickness, ligament length 
and orientation of these films.  A good understanding of how the fracture 
behavior is interpreted by extracting these parameters, even with images 
taken during the test was obtained.   

A study by Nasir (paper B of [4]) discusses significant observations made 
through Tearing of both low extensible materials (PP film) and high 
extensible materials (LDPE film) and also does a study of the fracture 
profiles through SEM, highlighting the importance of failure mode transition 
for LDPE causing ductile failure of the specimen. The paper also presents a 
relation for critical tearing energy with for both the materials derived from 
rubber like materials.  

An article published in recent years [29] discusses the relationship between 
the Crystalline Morphology and Tearing Resistance of LDPE and LLDPE 
blown films has been given, wherein the morphological changes taking place 
in LDPE were of interest. They also have made use of Triangle plots to 
analyze the orientation of the films via certain Orientation Functions and 
complemented these results through observations from FTIR Spectroscopy. 
The paper mainly relates the tearing to the formation of Row Nucleated 
Structure during crystallization process in MD contributes to a higher tear 
strength compared to CD and so leading to a conclusion that Structure 
obtained in formation process is keen in getting to know how material fails. 

 

3.5 Models available in Literature based on EWF 
theory 

The EWF theory, based on both mode-I and mode-III cases, becomes 
especially useful in ductile materials since LEFM principles are no longer 
valid for high yielding around crack [30] for rating fracture parameters such 
as Tear resistance, Fracture toughness etc. [30].  The basic theory is outlined 
based on the separation of Fracture energy into geometry independent and 
dependent components, otherwise termed as Essential and Non-Essential 
works of fracture [26][31]. They are commonly referred to as the energy 
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required to initiate the crack and the energy required for crack propagation 
[7]. 

In mode-I loading, the specific total work of fracture is determined 
through area under the Force displacement response obtained from tensile 
test of DDENT specimen. The variation in length connecting the notch tips 
as shown in figure 3.6 (along with plastic zones around ligament) produces 
different values for  which when plotted against the ligament length yields 
a straight line with y-axis intercept as specific EWF  and having a slope 
of , where  is plastic zone shape factor and  is the specific non-
essential or specific plastic work of fracture. The value of in this case 
depends upon the volume of plastic zone [32] 

 

                                  
Figure 3.6 DDENT specimen showing fracture and outer plastic zones 

developed in the ligament [30] 

The linear equation can be mathematically expressed as, 

 

It is important to understand that the first term signifies while the second term 
gives an idea of the equation gives an idea of how much energy is dissipated 
in plastic deformation. It is however a rare case that a perfect linear 
relationship can be obtained. 

There are certain important conditions that are needed to be satisfied for 
applying this analysis [7]: 

 The ligament must be fully yielded prior to crack propagation 
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 Geometric or shape similarity of the Force vs displacement curves 
for different ligament lengths 

 Ligament must be in pure plane stress 

In mode-III case, the following two different models are used proposed by 
Wong and Kim. [26]. 

Two Zone model: 
This model considers build of 2 zones ahead of the crack tip, which predicts 
that an increase in the height of plastic zone proportionally depends upon the 
ligament length. This height becomes saturated in one of the 2 zones as can 
also be seen in the figure 3.7 (a). 

 
Figure 3.7a) Comparison of Two zone with b) Three Zone model 

The mathematical model governing the two zones are given below. 

For zone A, the total tearing fracture work is determined as,  

 

For zone B, with length varying between beginning to end  

Two Zone Three Zone 
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Three Zone model: 

The values of specific EWF for all the 3 zones are formulated as shown 
below. The identification of these zones is done through polarized light 
microscopy. 

For the initial zone (zone-I), 

 

For the evolutionary zone (zone-V), 

 

For the stabilized zone (zone-S), 

 

It can be seen all the above expressions take a linear form. Finally, it has also 
been determined that the three zone model is more accurate when compared 
as a relative error with experimental results, and also because it predicts the 
formation of an initial plastic zone. 

In the case of tearing of LDPE specimen taken in CD (perpendicular to 
principal direction of material), it was seen that the material undergoes an 
additional deformation (Mode-I) in one of the legs other than tearing which 
even leads to a higher Reaction force level.  

The primary cause for this is thought to be due to a strain gradient that exists 
as we move from the edge of the tearing leg to the other edge. In other words, 
there is an inequality in straining whose difference becomes lower and lower 
as we move from top to bottom of this leg. This thought is relied based on 
the fact that LDPE has increased plastic dissipation along the leg that 
undergoes tension which allows it to influence more across the width (with 
some wrinkling effect) which was observed experimentally in our work 
(section 4.3). However, our work doesn’t allow the tearing until full fracture 
due to very low speed of experimentation.  

It could be reasoned here that an intuitive check of effect of width could be 
done and if increasing the width can happen to reduce the deformation of the 
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legs which can even help in reducing the amount of energy required to tear 
the specimen. 

 

3.6 Theory of Hardening 

The phenomena of hardening as discussed, many a times is the tendency of 
a material to become stronger while it deforms plastically. The structural 
response of materials like LDPE are influenced especially due to their 
hardening ability in the micromechanical level. Hardening, in this case, is 
known to be responsible due to a greater long chain branching and is also 
evident for those produced through Blown film extrusion by the rubber band 
like viscous behavior as the material is drawn down during processing. This 
useful characteristic of the material makes it more stiffer at high strains and 
is suspected to cause the increase in plastic zone as observed during tearing 
of Laminates [25].  

The strengthening mechanism observed during its deformation when 
subjected to tension can be admitted to the reorientation of the polymer 
chains in the loading direction to increase their associativity and contribution 
prior to failure. Thus, a noticeable degree of slip also takes a major 
contribution to the ductility of these materials. However, in the later stages it 
is said that the orientation of the amorphous phase dominates more than the 
crystal slip[33]. It is at this point of time that the initial spherulitic 
morphology shifts itself to fibrillar morphology [33]. The changes that occur 
have been well triggered as noted in the points below at various stages of 
straining [33]: 

- Inter and Intra lamellar slip after the initial Hooke’s elastic range 
- Collective Slip occurring until the maximum curvature in True 

Stress Strain curve 
- Destruction of crystal blocks followed by Recrystallization of fibrils 
- Beginning of disentanglement of Amorphous network (Strain 

hardening) 
Here, it is also said that the third stage or plastic flow along with destruction 
of crystallites is more prevalent in materials with higher degree of 
crystallinity [34]. Here, the fibrillar slippage accommodates an increase in 
the self-alignment of non-crystalline regions, eventually reaching an extent 
where effective chains tied together cannot be deformed further without 
rupture. 
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 However, in the case of Low density polymers, the post yield deformation 
is influenced by molecular slippage limited due to cross links. The resistance 
to slippage increases analogous to ratio of how many of the effective chains 
are stretched to their limit, controlled by factors such as molecular weight, 
size and concentration of short chain branches [34]. 

A tensile deformation of these polymers causes relative slippage of these 
polymer chain segments and this event can be impeded by phenomenon like 
drawing where chains align themselves during stretching and also through 
other cases such as blending, cross-linking, reinforcement [35]. 

 

3.7 Failure through delamination 

There are different ways by which the laminating in between materials can   
be done, classified based on whether the bonding occurs through thermal or 
chemical means [36]. The classification can be categorized either adhesive 
or extrusion based coating and lamination and the latter process is taken as 
most competent way of producing thin multilayer structures, where two 
substrates are added to each side of an extruded film for instance 
Paper/PE/foil/PE coated films, and especially for those involving 
polyethylene in the coating provides because it provides easy 
handling[36][37][38].The use of stiffer packages is promoted by combining 
stiff layers as OPET, foil with sealants like LDPE, LLDPE [39].  

It is known that LDPE film in our case extruded onto a PET film which 
provides higher strength, tear resistance and good barrier and heat sealable 
properties. This type of coating is even said to increase the bending stiffness 
of laminate, where the stiffness factor depends upon how the layers are 
located [39].  

Delamination is normally predicted as a failure mode occurring due to tensile 
break of heat seal, separating the interface between sealed layer and one of 
the webs or substrates of laminate. A study of the performance of the 
adhesives has also been done. The delamination or de-bonding of the 
laminated layers occurs either when the layers of different materials have the 
tendency to break the adhesive holding them. This phenomenon helps to 
reduce in stiffness, tensile strength etc. making the combined properties of 
these layers dysfunctional. 

There are two different approaches available to simulate delamination, one 
based on fracture mechanics and the other based on the framework of damage 
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mechanics. It is commonly known that the latter approach is more easier to 
predict both damage initiation and total failure by identifying them in a 
bilinear traction separation curve [23]. 

Cohesive zone modelling: 

The modelling technique based on damage mechanics approach is vitally 
being used tool for predicting failure of adhesive layer forming packages 
used to model crack growth in laminated packages. The damage definition 
acts as a material property when choosing cohesive elements based on inter 
element crack growth strategy whereas like an interaction property for 
cohesive surface based on intra element crack growth strategy [23].  

The simplest way of defining the mechanical constitutive behavior is through 
the Cohesive law of bilinear traction separation criteria as said before shown 
in figure 3.8 where a linear softening follows initiation of damage.  This 
relative law influences the damage initiation of cohesive element by the 
linear elastic slope (numerical modification) defined through a set of coupled 
or uncoupled stiffness values [23]. The actual initiation of damage is 
followed only when which can be defined in six different ways in Abaqus 
based on nominal and principal stresses and strains. They are selected by 
making detailed assessment of fracture energy required to cause damage. 

                      
Figure 3.8 Bilinear traction separation law [1] 

The post damage initiation response is controlled by a similar kind of damage 
variable as in ductile damage criterion discussed previously. In this case 
however, the degradation is effected by the stress components in nominal, 
first and second shear directions respectively. This evolution response can be 
controlled by using various definitions under the tree of displacement or 
energy driven modelling. The power law criteria, a subset for defining 
damage evolution through energy, is more widely used for delamination 
propagation under mixed mode cases given as an interaction function 
between the energy release rate in different modes of fracture [1].       
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4 Experimental work 

The experiments performed in this work were organized such that they act as 
a key and realistic measure to perform DIC and numerical analysis. A general 
description of the various test cases considered, the precautionary measures 
taken with the equipment, and finally obtaining the physical data from the 
experiments is given. 

4.1 Test Setup 

The experimental setup consists of a MTS Q100 Tensile Test machine with 
a pair of Hydraulic grips controlled by an air pump to make sure the test 
specimens are grasped and held in place throughout the experiment. 

The lower grip is fixed whereas the upper grip is being moved through 
displacement controlled Crosshead. The grippers are connected to an 
appropriate load cell which triggers the Reaction forces in the Specimen and 
finally these results can be visualized in TestWorks4 software. The software 
is useful in terms of controlling various parameters like load being applied 
on the mounted specimen, displacement of the specimen and provides a user-
friendly display through which the test data plots can be viewed. 

 

4.1.1 Specimen preparation  

The specimens were prepared by using a sharp blade, and the dimensions 
followed according to the standards specified in ISO 527-3. This standard 
specifies the procedure for tensile testing thin film plastics (<1mm thick). 
The standard also states that the specimens must be disregarded if they 
contain any imperfections. 

For thin films that are anisotropic, it´s recommended to test specimens from 
both the principal axes to catch the anisotropic behavior. 

The dimensions of the continuum tensile specimen are shown in figure 4.1, 
where the dimensions followed actually from a certain range in the standards 
are L=100mm, b=25mm,  150mm 
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Figure 4.1. Specimen defined according to ISO 527-3 standards 

In the case of testing the individual layers of the extruded laminate shown 
below, a careful initial peeling was done, thereby gently rolling a cylindrical 
rod alongside the width of the adhered region. It was important to ensure that 
during the initial peeling, LDPE was held delicately as the peeling arm until 
a gentle roll back was given. Also, the laminate provided did not have a 
strong adhesion between the substrates or webs which made peeling a lot 
easier. 

The specimens, after being tested were marked in a suitable and recognizable 
manner through specifying the direction of orientation, the laminated side of 
material and even the place of fracture post tests were noted. Through this 
information, some of the test pieces for which failure takes place at or near 
the grips (<=10mm) were disregarded. 

 
Figure 4.2. LDPE (25microns) and PET laminated together[40]. 
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The dimensions for the notched case and for Tearing tests are shown in 
figures 4.3 and 4.4 below. 

                                 
Figure 4.3. Notched specimen of dimensions 100*30mm with L=130mm, 

2D=9mm 

The continuum specimens with length L=130mm were first cut and marked 
accordingly to make the notched specimen at the points of tip of notch as 
well as 2 end points of width of specimen. The way of getting the same angle 
of cut on both edges forming V-shaped edges was by placing lower half of 
the symmetrical (L/2 length) specimen over the upper half and placing a scale 
connecting the points marked previously and giving a gentle cut. An 
additional care was also required while cutting the specimens for tearing, 
especially while the pre-crack had to be made, making sure the angle of the 
blade holder with respect to the table was not deviating. Here, all the 
specimens were cut using a surgical blade. It was ensured that these 
specimens did not undergo any firm loading before being tested.  

 

  D 

L
/2

 

L
/2

    D 
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Figure 4.4. Trouser leg tearing specimen dimensions [25] 

4.1.2 Mounting procedure 

The setup of the test machine with hydraulic grips is shown in figure 4.5. 

 
Figure 4.5. MTS Q100 tensile test machine[31] 
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Some of the precautionary measures that were necessary during and before 
mounting the specimen: 

 

- The specimens were handled with care as they were brought near to 
the clamps, especially while performing DIC tests to protect the 
pattern. 

- The tightening (fastening or screwing up and locking) of the load 
cells was done carefully to eliminate and after placing the grippers in 
position, they were aligned such that both the upper and lower clamps 
are in line with each other. 

- The small load values registered were zero channeled appropriately 
to eliminate any unwanted reaction forces. 

- The displacement of cross head was zero channeled after applying 
pretension to the specimen using handset and prior to beginning any 
test. 

 

The mounting of the specimens were done by marking a line gently on the 
specimens with a pen so that they could be used as reference lines when 
closing the grips of the specimen. The applied pressure by clamps was 
preliminarily controlled. It was also important to check if both the upper and 
lower grips were in line with each other to avoid any sidewise loading effects. 
The specimens were held with care especially in the case of DIC tests during 
the time when they are brought near to clamps and also in this case a uniform 
hold of width was required so as prevent any wrinkles due to pressure applied 
when clamped. It is for this reason that the overall length in the clamped area 
was made higher. 

The markings also helped to see if the specimen undergoing tearing tests 
would have any influence of much slanting of legs, self-weight etc.   

 

4.2 Experiment Prerequisites 

The experiments were carried out by careful control of the movement of the 
crosshead for both tensile tests and tearing. The rate of movement of cross 
head or speed was chosen as 20mm/min for tensile tests whereas 1mm/min 
for the case of tearing tests. The lower speeds in latter case were chosen 
mainly to eliminate noise because very low forces are registered, typically of 
order <1N. The data acquisition was however the same in both the cases.  



41 
 

The tensile testing of materials was done with 2 different load cells of 
capacity 100N (for LDPE) and 2KN (for PET) respectively.  

4.2.1 DIC Application 

The main aspect behind combining experimental work with combination of 
DIC is the requirement of appropriate additional setup. In order to perform 
tensile test of experiments and analyze it further through DIC technique, the 
specimens were painted with chalk spray to obtain a good stochastic pattern. 
This spray was used because of the reason that the chalk powder dries out 
soon after its application without effecting the bonds in material because the 
paint is applied right after the peeling of laminate is done. The application of 
chalk spray also showed no effect on the properties of the peeled light weight 
films. In the application of the pattern, a proper control of the spray intensity 
was made with at least two to three coatings given. 

 A high-resolution OLYMPUS e-420 camera was used with appropriate 
settings like focus, visual mode, camera distance from the specimen etc. The 
pictures were taken at a rate of 1 picture every second. The importance of 
this criteria is later explained in section 5. 

The influence of the paint thickness on the material properties can definitely 
be a risible issue, which influences the drying time and can also become 
harmful sometimes causing change of material properties. 

The application of the pattern was done through two typical methods, one 
through Graphene powder and Rapeseed oil and the other using Montana 
chalk spray paints and finally use of latter method was seen to be appropriate 
for analyzing through GOM software. A detailed discussion of these pattern 
application is followed in work done by Peter et al. [41]. The pattern on 
specimen viewed before mounting is shown in figure 4.6. A certain range or 
area of interest was chosen to capture and cover the whole specimen during 
its displacement in the test until fracture occurs. The only disadvantage while 
acquiring the images during test was that in the case of large deformations 
the area of interest (like near place of fracture) may or may not be captured 
depending on the distance by which the camera is placed away. 
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Figure 4.6 LDPE specimen painted with chalk spray [41]. 

Finally, before beginning the tests a few pictures were taken with the camera 
to have a quality check and mainly look if the lighting background is 
selectable and can be well recognized by GOM software which was used for 
further analysis of these pictures to measure in plane (2D) strain fields on the 
surface of applied pattern discussed in chapter 5. 

4.3 Experimental test results 

The tests were conducted on very low speeds to capture a reasonable 
Reaction force data. The results were exported from Testworks4 software as 
a text file with the force and displacement stored at data acquisition rate 
defined. A series of experiments were performed on both single layers and 
laminated which are categorized as shown below: 

Tensile Tests: 
A certain structure was put into the various tests that were performed in the 
tensile direction to use these results in making necessary deductions. The 
tensile tests were performed for two kinds of LDPE specimens with a 
thickness of 14 microns and 25 microns respectively, where by one was 
provided as an individual layer while the other was laminated to PET which 
were however peeled and tested as discussed before. The thinner LDPE 
(14 m) had a softer texture and had more transparency compared to thicker 
one and so it was carefully handled in the pre-testing and specimen 
preparation sector. The intention was to check for any difference in load, 
strain distribution of these two LDPE materials being provided. The force 
displacement results experimentally for the case of LDPE tested in Machine 
direction are shown in figure 4.7 and 4.8 respectively.  
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Figure 4.7 Global response of LDPE-14 microns observed experimentally 

 
Figure 4.8 Global response observed for LDPE-25microns experimentally 

The results shown above are taken as a running average over an interval of 
every 10 values. In our case, a double yield phenomena for both the materials 
were observed, which is normally interpreted through two different ways. 
One of them considers a homogeneous chain slip followed by fibrillar (shear 
between chains) slip at the first and second yield points whereas the other 
way interprets this relative incident by a mechanical melt of lamellae [34].  
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Additionally, the tensile tests performed on PET could be simply handled 
due to it’s rigidity and it can be seen from the force response that the material 
was increasingly tougher until the point of rupture. The load response of PET 
is shown in figure 4.9 respectively. 

These three materials (two of LDPE’s and PET) were majorly tested in 
rolling or machine direction to check the repeatability. A comparison of the 
maximum force that a notched specimen as well as a continuum specimen of 
LDPE can attain along with their total reachable displacement values can be 
seen in table 4.1. Here, a range of values in certain cases is indicated as a lot 
of experiments (ten to fifteen) were performed for the latter case in MD while 
only a handful of notched specimens (two to three) were tested.  

Here, a range of values for the case of LDPE is given as a note of higher 
percentage of the specimens failed in this region. However, there were 
certain cases where failure occurred below or above this range. A ductile 
failure of the LDPE specimens was seen in most of the cases, which can be 
reasoned to an increase in concentration of tie chains or a simultaneous 
decrease in the fraction of crystalline blocks.  

 

 
Figure 4.9 Experimental Force response obtained for PET - MD 

Here, a set of three tests were also performed in other directions relative to 
rolled or extruded directions. The cases considered were angled at 22.5, 45, 
67.5 and 90 degrees from the MD in an anti-clockwise manner. The tensile 
test results for these cases are shown in section 10.1. A quantitative 
representation of the Energy required for fracture of the specimen for 3 test 
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cases is shown in table 4.1. The energy values were not studied for the LDPE-
25 microns case, because the specimen didn’t have a specific range of 
displacement at failure in the observations done. The objective behind testing 
different angles especially for the case of PET was to check the anisotropic 
behavior of these materials and how it varies when they are subjected to 
tearing.  

 

Table 4.1 Comparison of Fracture energy in various specimen directions. 

Test type Energy 
for trial 1 

(in J) 

Energy 
for trial 2 

(in J) 

Energy 
for trial 3 

(in J) 

Average 

PET (MD) 10.4702 9.9975 12.9685 11.1454 

PET ( ) 12.6453 10.8176 9.6740 11.0456 

PET ( ) 11.6278 9.8425 4.6770 8.7157 

PET ( ) 11.8959 9.4658 12.4968 11.2861 

PET (CD/ ) 11.4847 9.1302 9.9034 10.1727 

 

Tearing Tests: 

The materials chosen for the performing tearing tests were only the layers 
forming the laminate (see figure 4.2) because it was not a part of laminate 
and further can’t be comparable for tearing of laminate. The tests were 
interrupted after the crack propagated about 9-10mm or in other words until 
the cross head moved until 18-20mm to save experimental time for each case. 

The initial aim was to make an idea of how the force response varies in both 
laminated compared to single layer which was further built up with a few 
more consequences such as how the delamination takes place, what could be 
the effects arising from both individual layers due to anisotropic behavior, 
the area of delamination. 

The tests were performed with LDPE located as the upper layer and PET as 
bottom layer mounting the left trouser leg to the upper clamp and the right 
leg to the lower clamp given in figure 4.10 (a). The load response obtained 
for the case of single layer LDPE and PET are shown in figure 4.11. 
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Figure 4.10 (a) Front view and 4.10 (b) side view of both trouser legs with 

left leg mounted to upper clamp and right leg on lower clamp 

 

 
Figure 4.11 Tearing response of PET and LDPE in MD 

The load level has reached a steady state at which the crack propagates for 
PET whereas the load is always increasing for LDPE. 

Although there is some noise even at the low speed tests, a clear sign of stick 
slip event was seen to take place in the case of PET from the appearance 
observed in the figure above. The fluctuation of the curves specify that the 
crack propagates as load reaches the maximum point of curve and due to the 
energy release, it takes a minimal position again. Here, the tiny fluctuations 
in the graphs are due to other disturbances recorded by the sensor. 

The force response obtained for the case of laminated LDPE/PET is shown 
in figure 4.12. 
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Figure 4.12 Tearing Response of Laminated LDPE/PET cut in MD 

Here, the area of delamination has been measured only for a certain length 
of crack propagation using Plot Digitizer Software. The pictures used for 
analyzing for the case of MD can be seen in figure 4.13. The pictures were 
taken with maximal focus from the steadily held camera depending on the 
zoom in view applied. An appropriate light shadowing and background were 
chosen while picturing for different cases of specimen orientation. The 
pictures of delamination in other specimen orientation directions can also be 
seen in figure 10.3 of Appendix (A). 

 
Figure 4.13 Picturizing delamination in MD with lines indicating a step 

value of 0.5 mm 

Here, the delamination majorly occurred in one of the trouser legs for which 
the computation of area was done while in the other leg, there was very little 
or no delamination visible to naked eye. The delamination area measured in 
all the specimen orientation directions is shown in table 4.2. A Matlab script 
used for obtaining the area is shown in section 2 of Appendix (C). The reason 
for varying delamination area was due to the crack angling behavior observed 
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when tearing single layer PET, which had repeated in the case of laminated 
tearing forcing even the LDPE (which was not so anisotropic when teared as 
a single layer) to move along same path.  

Table 4.2. Delamination area in various angles relative to MD. 

Specimen Orientation Delamination Area measured for 5mm 
crack propagation (in  

MD 4.2956  4.3 

22.5 degrees 5.3182  5.32 

45 degrees 3.3131  3.3 

67.5 degrees 5.5668  5.57 

CD 7.6614  7.66 

 

4.3.1 Discussion on tensile tests 

It is found by an experimental observation that the notches start to grow in 
size at their near tips and this phenomenon of increase in CTOD continues 
until the merging point or complete failure.  

A greater resistance to cracking was observed in the thinner film than in the 
thicker LDPE film. This can be attributed to the characteristic features of 
their morphologies like rate of disentanglement of tie chains [34]. 

The tensile tests performed on PET proved a sudden and brittle fracture 
without any further softening. 

It was seen that the material direction 45 degrees takes the lowest energy for 
fracture and has the highest slope than all the other curves, reaching a 
maximum force at an earlier displacement. 

It was seen that the force required to extend the thinner LDPE was increasing 
with a higher slope than the force intended for thicker LDPE, making the 
former more stronger, provided these materials may have different grades of 
production. 

The Force versus displacement response obtained from these experiments 
were further analyzed through the simulation. Further, the objective was to 
use the data from these tests to build a material model, especially for the tests 
done on MD in our case due to the assumption that the material is isotropic. 
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4.3.2 Discussion on tearing tests 

The lower test speeds chosen were helpful to predict the material response in 
a better way. 

It was seen that the angle in PET film varies indicating a clear anisotropy in 
its molecular structure indicating a crack direction converging towards an 
angle of 45 degrees with extruded direction. It was also convincing to find 
that this direction had the lowest energy when measuring the fracture energy 
from tensile tests. 

      The material LDPE had never reached a steady state indicating that the 
rate of plastic deformation was always increasing because the top layer of the 
lower leg as well as the bottom layer of upper leg undergo more and more 
rotation and this proportionally increases the hardening of elements near the 
crack. 

This phenomena was also seen to make the crack blunt and the degree of 
blunting or opening of the crack tip was seen to increase by progressive 
deformation. 

In the case of laminates, the leg where LDPE stands as the upper layer and is 
not being pushed on the other material (as shown in figure 4.10 (b)) has the 
freedom to move freely which causes it to rotate and simultaneously deform 
giving rise to delamination.   

The laminated materials considered in 5 different material directions had 
varying delamination areas with the lowest value corresponding to 45 
degrees, which can be attributed to varying material resistance, anisotropic 
behavior of both substrates (angling crack mentioned above) and also many 
other factors like degree of crack tip sharpness, uniformity in adhesion etc. 
In the limited amount of crack propagation (10mm) investigated in all cases, 
the stabilization of the delamination area was almost in evident in our case.  

The initial root cause of delamination on one leg is suspected to occur due to 
a maximum bending moment acting on layers near the crack tip where even 
a sharp curvature was observed. This can more likely act as a peeling force 
on upper layer (in our case LDPE) with the peeling arm set as the material 
near to the area where cut was made (tip). As soon as LDPE becomes free, it 
starts to get into Mode-I, because of the alignment of legs, which again tends 
to pull certain material off the laminate. A simultaneous peeling as well as 
pulling force can be a governing factor for the increasing delamination 
observed.  
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5 DIC Analysis 

Digital image correlation is an optical method to measure the displacement 
and strains throughout the region of interest. The accuracy of the result 
depends on the pattern that is applied at this region.  The use of this method 
was featured in this work by using 2D- GOM Correlate software. The 
pictures taken at a particular rate can now be imported into this software and 
here the need of smaller time scale is noticed since the computational time is 
proportional to the number of images or stages. 

The software automatically regularizes the images in a timeline, based on the 
numbering sorted sequence of the images taken from folder. These images 
become a platform for the software to perform a pointwise analysis through 
co-ordinate transformation. The algorithm is based on temporal matching or 
tracking of a range of distributed pixels which are compared with a reference 
image chosen manually for correlation[42]. The use of the software is not too 
complicated and a quick access to the results can be obtained with a few 
straight forward steps that are intended to be followed: 

- Pattern Quality Analyzing: Here, the appropriate facet size and overlap 
between these facets for an image or two can be checked and also the quality 
or accuracy of the results being shown can be tweaked. 

- Creation of Surface Component: Here, the surface over which the pattern is 
tracked is chosen on after which timeline inspection can be performed. By 
this, certain stages can also be eliminated because there can be certain 
instances whereby the pattern goes out of focus. 

- Evaluate and Report Results: After creating stages for the taken 2D images, 
various categories of results can be requested. Finally, the results can be 
exported to pdf format directly through the software. 

It has been seen that the technique works well for the case of analyzing much 
more strains, but the extent of its recognition of points was not purely 
investigated. 

In general, the software also provides access to other inspection measures 
like assigning local co-ordinate system, alignments etc. which were not used 
for the present work. This work targets how the strain distribution takes place 
locally as well as globally and for this, the DIC software offers either 
pointwise where a certain set of points can be selected or section wise 
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inspection where just start and end points of the required view plane are 
selected. 

There are several ways of representing strain through the software. The 
results of major strain obtained for continuum and notched cases of tensile 
tests on LDPE-25microns after following the above mentioned steps are 
shown below in comparison with the force displacement response. It 
represents the straining at various stages of deformation indicating any 
changes such as localization with a change in rainbow contours. 

  
Figure 5.1 Major strain representation at various points of Load extension 

curve for LDPE continuum (up) and notched (down) specimens 
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   Here, two lines that can be seen in figures shown are made up through 
section wise inspection. In our case, horizontal and vertical lines throughout 
created surface were suitable to check the strain gradients. The various 
deformation stages are represented with actual scale of strains in figures 5.2 
and 5.3. A similar case for 14 microns continuum test is given in figure 10.5.  

 
Figure 5.2 Percentage of Straining observed for Continuum specimen at 

various stages along 2 vertical lines in longitudinal direction 

(3) (4)

  (1)   (2)  
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Figure 5.3 Percentage of Strain Representation for notched specimen along 

horizontal line connecting the tips at different stages 

 

The highlighted region on the surface is the region of interest selected 
manually in the phase of creating surface components. As can be seen in 

  
(3)  (4)  

  
(1)  (2)  
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stages, a yellowish orange region is spotted near the implying higher strains 
in that region. The vibrations in the data obtained depends to some extent on 
the accuracy of software, fairness of applied pattern. 

The strains along the ligament of notch i.e. horizontal section connecting the 
notched tips had a high reduction in their value with decrease in the 
range>50%. This amount of decrease gave a scope to analyze the failure 
point over the created surface. 

The continuum cases had shown a stable and uniform range of strains within 
the specimen as shown in figure 5.4 with a rise shown only near to place of 
failure.  

 
Figure 5.4 Major strains along longitudinal direction for LDPE-14um (left 

of border) and  LDPE-25um (right) 
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6 Numerical Modelling  

The numerical models applied in the project were used as a tool to build up 
the capabilities of virtual implementation and aid in real life understanding 
of material performance. 

Initially, the obtained Force vs displacement curves for the repeated several 
number of experiments were analyzed using Matlab Software and to further 
enhance the scope of understanding of physical representation of 
experimental behavior, an FE Model was built in numerical software 
Abaqus/CAE-6.14. 

Table 6.1. Set of units used in ABAQUS simulation. 

Parameter  Units 

Density Tons/  

Force N 

Length mm 

Stress MPa 

Time s 

 

6.1 Simulation Strategy  

In this thesis, the main intention was to capture an additional work 
hardening in the LDPE as it strains which could further provide a better 
means of understanding strain distribution in tearing. An optimizing strategy 
to adjust certain imperative parameters to obtain effective material model 
was put into action. A trial and error approach was followed since the 
experimental response does not have a definitive certainty with a strategy to 
perform several parallel numerical simulations.  

The foremost concern that was most importantly checked before using trial 
and error method was to capture the maximum stress level that can be 
reached to match the RF (Reaction force) and displacements level, mainly in 
the case of notched specimen case. This could further enhance the 
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understanding of local response putting a typical bound to the global 
phenomena.  

The simplest approach to the problem was taken through combining several 
linear curves with varying heights and slopes. The continuous use of this 
method was seen to put a trend for the finally obtained material response. A 
more detailed description of the study done is given in section 6.2.2. Firstly, 
the V-notch specimen was taken as a reference case to enhance the 
understanding of how well the strain distribution takes place in comparison 
to experimental observations. Also, the reason to choose V-notch model was 
because it had much better strain gradients compared with that of other cases. 
The numerical simulation for a Continuum model was also carried out to 
crosscheck the material response globally. 

A systematic simulation study was done in building the constitutive model 
with a few initial assumptions, one being that the material is isotropic and 
homogeneous with constant poissons ratio, plane stress formulation for 
tensile test model cases. The study was favorable to these particular stages 
represented in diagram 6.1. 

    
Figure 6.1 Schematic of Simulation process 

6.2 Modelling and Work flow 

The following quantities were calculated from experimental data for 
obtaining the basic material parameters.  

INTERPRETATION OF RESULTS
Understanding of the results and identify the driving variables, if 

any, and perform simulation runs again using attained information

EXECUTE SIMULATION AND VALIDATE 
Check the feasibility of solution attained and compare them with 

experimental results

PROBLEM FORMULATION

Identification of objectives,input variables and building up model
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Elasticity: The relationship between the Stress and strain within elastic limit 
is assumed to be linear by Hooke’s law which is a convenient representation 
by looking at the force response. In a standard test, Stress and strain are 
calculated using reference configuration which are represented as the 
Engineering values given as: 

 

where  is the initial cross-sectional area,  is the change in length or 
deformation. 

The Elastic modulus is calculated using equation below: 

 

Plasticity:  For a constant volume of deformed specimen, 

 

where,   are the Area and length before deformation. 

              are the Area and length after deformation. 

The true stress at this stage can now be interpreted as [43], 

 

For an instantaneous change in specimen from to , we have, 

Total True Strain,  

The plastic strain is calculated as, 

 

The implemented various model cases in the numerical simulations and the 
direction chosen as reference are shown in table 6.2. The reference for these 
models were chosen only for one direction because the material model 
implemented was J2 plasticity with isotropic hardening.  
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Table 6.2. Models implemented in ABAQUS 

TYPE  Direction  Material 

V-Notch  MD LDPE-(14 25 ) 

Continuum  MD LDPE-(14 25 ) 

PET-100  

2-leg tearing  MD LDPE-(25 ) 

PET-100  

 

The reason behind choosing a specimen with sharp notched tip was to check 
how well the necking occurs prior to crack propagation and compare this 
phenomena to what is shown by DIC software. The necking leads to a 
considerable outer process zone build up in the ligament (region connecting 
the notch tips) in the case of ductile materials [32]. It is to be remembered 
that the comparison between both these models was done only for LDPE due 
to its ductile behavior. Initially, the motive was to balance the global 
simulation reaction force response with that of the experimental approach, 
thereby modifying the constitutive model to try replicating the strain 
distribution of DIC. 

The models for replicating tensile tests were built as a 2-D planar shell part 
and because the materials provided were thinner in the thickness direction 
than the planar dimensions, a plane stress formulation was used which was 
even a convenient option to proceed the analysis. The continuum and notched 
models were meshed with rectangular 4 noded elements, although a first 
order reduced integration establishment was used whereby the computation 
will be done only at a single integration point per element. 

A reference point, to which the displacement BC was applied was specified 
at the middle of the top surface or edge since this is a 2-D model and all the 
nodes of that particular edge were coupled to that point. This also helped in 
obtaining a cumulated reaction force at the surface (of all nodes) through 
means of requesting History output in Abaqus at a single point. The lower 
edge was completely fixed in all the directions, thus replicating the 
experimentally bound values. 

The simulations were performed through use of explicit time integration 
scheme which computes the solution through maintaining dynamic 
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equilibrium states and takes several increments to compute although the time 
taken for one increment is very small [44]. Here, the overall time taken 
depends upon the mesh density and especially on the smallest element size 
of the whole mesh which influences minimum stable time increment to 
advance the solution. The loading boundary conditions were applied by using 
a linear tabular amplitude curve in the explicit analysis that was done. 

The dependent variables considered for optimization (detailed more in the 
following sections) are the slope of the individual lines such as plastic 
modulus meaning the rate of increase of stress with respect to plastic strain 
and also height of overall curve. 

6.2.1 Meshing requirements 

In all the simulations, the mesh chosen was finer enough which eliminated 
the need for convergence check of the result. However, the meshing needed 
certain requirements for certain cases such as V-notch to eliminate any 
vibration or irregularities in the output reaction force curve due to necking 
instability or control of the stress wave propagation in Abaqus/Explicit.  

The mesh chosen consists of 18200 elements for notched case with minimal 
element size of 0.1 0.2mm whereas a uniform mesh of 10000 elements (size 
of 0.55 0.65mm) were chosen for continuum case as shown in figure 6.2. 

 
Figure 6.2 Mesh chosen for continuum and V-notch models 

The mesh sensitivity of continuum specimen was also studied for certain 
cases of LDPE and not much difference was seen finally with a difference 
limiting to 1-2%.  
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In the case of tearing, one criteria that was seen to mostly effect the result 
was the compatibility in the tie constraint of both the upper and lower legs. 
It was seen that the slightest difference in both of their geometric curvatures 
had a huge impact on the resulting mesh. 

A biased mesh with increased density of elements towards the tip of the crack 
was chosen and it was refined even more for the case of PET. Here, 3D 
conventional shell elements were chosen for single layer simulations due to 
their computational efficiency compared to solid elements. The quality of 
mesh was important in this case, discussed more in section 6.5. 

6.2.2 Optimization  

The method chosen for optimizing the various simulation parameters was 
trial and error method. This parametrization helped in an iterative learning 
process and also lists out the advantages and demerits of the process and 
assumptions in the chosen method and enables a suitable way of obtaining 
convincing results. The urge to choose trial and error from beginning was 
due to the undisclosed three-dimensional behavior in experimentally applied 
limiting conditions and includes many other effects such as anisotropy. This 
was concentrated towards changing different parameters through 
combination of several linear curves as explained before. The method was 
raised as an iterative study to get to know into factors effecting the model 
rather than waiving the learning process with usage of automated 
optimization algorithms. This indication of global true stress behavior by trial 
and error was motivated because it was seen by following the conventional 
approach of calculation (given in section 6.2) and also calculation accounting 
to the local response at a later stage through DIC analysis, that the curves 
being obtained can be made up of a set of linear regions (see figure 10.19). 

As mentioned earlier, the parameters were roughly described initially to 
support a few ideal cases of curve fitting after obtaining a specific bound to 
the stress level through linear curve combinations. These set of combinations 
were done like a design of experiment approach with certain factors involved. 
A reference model shown in figure 6.3 gives an idea of how the material is 
being characterized with main variables involving the lengths L1, L2, L3 
their slopes S1, S2, S3 in different regions of curve. A minimum of three 
regions was considered to be favorable for the study. 

The yield point and a few other points forming Region-I were chosen from 
the plasticity calculations at a suitable point where the plastic strain shifts 
from zero to positive values (a value approximately equal to zero).  
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This modification was done through MATLAB so as to prejudge the 
behavior or response being obtained from a particular input model and to 
identify any major variations which either undermines or improves the end 
result. In the subsequent stages of iterations, focus was put on certain regions 
of this combination of curves which turned to be important like controlling 
the shift in curvature or change in slope between one region to another. 

The optimization algorithm employed turned out as shown in figure 6.4. The 
iterative process has been detected to initiate with a systematic identification 
and then choosing which block effects the result the most and making the 
required changes to compute the solution. The decision to add a new block 
or remove a block when the existing blocks did not show a possibility of 
obtaining a better solution. In other words, adding a completely new curve 
or block means not only adding to the existing ones, but also dividing them 
into two curves of various slopes. The decision to remove a block was made 
when both the slope and height of the curve it contains were not suitable. 

Here, the most probable way of fitting the material model was by making 
linear approximation between a set of points scaled differently in the strain 

x1 x2 x3 x4

Tr
ue

 St
re

ss
 

Plastic Strain      

Linear Curve fit procedure

L2L1 L3

Yield 

Figure 6.3 Reference model showing a combination of set of linear regions 



62 
 

and stress axis. The trial and error process became advantageous in this 
process with complete control over the chosen parameters, even though a few 
number of characteristic points forming different linear regions were chosen 
for analysis. However, it can be argued that this iterative approach becomes 
unsuitable for usage in highly non-linear materials because this requires a lot 
of points to be considered which effects computational time of obtaining a 
suitable result. 

 
Figure 6.4 Work flow followed in optimizing the material parameters 

In this way of limiting the length and slope of these curves, certain 
phenomena were tuned appropriately such that they occur in a desirable 
manner, such that the strain distribution being obtained is comparable with 
that of DIC analysis without making a compromise on the global force 
displacement response, simultaneously controlling necking of model. The 
code in Explicit scheme tries to compensate the difference between the 
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numerically calculated stress and value obtained from extrapolation of 
defined material model by reducing cross-sectional area or in other words 
causing the specimen to neck and the location of this neck is controlled by 
the wave propagation phenomena. 

In the formation of neck, there are certain criteria that were looked into [22]: 

Initiation: It indicates the starting point of stress localization. 

Stabilization: The point at which the outer curvature starts to have very 
minute change and this stage acts as a transition point between the Initiation 
and growth. 

Growth: After stabilization, the neck continues to grow until failure occurs 
or a secondary neck tries to initiate in the already stabilized region. 

The above criteria, like the second and third phases could be especially 
controlled by changing the steepness of slope of the material curves. In an 
overall sense, the models that were found to be optimal are given in figure 
6.5. 

 
Figure 6.5 Comparison of True Stress vs Plastic Strain for thinner (14  

and thicker (25 ) LDPE film 

Although the material model shown in these pictures are fitted only to a strain 
range of 70% in the case of 14 microns and 77.5% for 25 microns, the amount 
of hardening was controlled here by providing an ideal plastic relation until 
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the defined fracture strain. This helped in attaining the required straining, 
around place of fracture (further discussed in section 6.3). The fracture 
strains defined for both cases can be seen in table 10.4 of Appendix (B). 

 

6.3 Simulation Results  

The providence of the material data was taken as the main foundation for the 
results in the tensile loading case apart from having a reasonable mesh, 
Boundary conditions etc. The mesh dependent damage evolution provided is 
also shown in table 10.5 of Appendix (B).  

The logarithmic strain obtained from ABAQUS just prior to fracture were 
compared with the Technical strain obtained from DIC software. A 
comparison of these results obtained for notched cases of both thinner 
(14 ) and thicker LDPE (25 ) are shown in figures 6.6 and 6.7 along 
with a check of how well the numerical result and the experimentally 
obtained global response data match each other. This representation of 
straining is ideal to get to know the effectiveness of material model 
implemented. 

  
Figure 6.6 Global Load extension response comparison of V-notch tensile 
specimen along with logarithmic straining having minimum value of 20% 

 

failure
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Figure 6.7 Global Load Extension response for 25microns LDPE 

numerically compared along with log strains having minimal value of 15% 

The comparison of Force displacement result obtained for continuum model, 
as a cross check for both these materials is shown in figure 6.8 and 6.9. A 
good agreement was found in this global load response obtained, although a 
much wider strain distribution could not be obtained for thicker LDPE case. 
The representation of respective straining for continuum at displacement 
values just before failure along a particular path is given in 10.8, 10.9. A 
better match was obtained along this path when compared to the time frame 
of fracture initiation through DIC analysis and these values are tabulated 
below with the values shown for the V-notch taken only at center of path. 

Table 6.3. Log. Strain comparison of iterative numerical model & GOM-data 

   Test Case and 
specimen thickness 

Path direction / Chosen 
point  

Strain 
from 
DIC  

Mean 
strains from 
Numerical 

model 

V-notch (14  Center of line joining tips 27% 23% 

   V-notch (25 ) Center of line joining tips 12-15% 9.5% 

Continuum (14 ) Along longitudinal direction 120%  103% 

Continuum(25 ) Along longitudinal direction 70-75% 77% 
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Figure 6.8 Comparison of Experimental and Numerical Global Force 

displacement response for LDPE-14microns 

 
Figure 6.9 Comparison of Experimental & Numerical Global Load 

extension response for LDPE-25microns with failure point representation 
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The logarithmic plastic strain data collected from experiments using 
formulas discussed above for the conventional case was provided directly as 
input in the plasticity model to examine the behavior of PET since the 
satisfactory results observed experimentally showed no pre-or post-necking 
phenomena and the case was also straightforward to compare with DIC 
results. The True Stress vs plastic strain behavior obtained for a set of five 
test cases in MD (see figure 4.9) was seen to be repeatable in a similar way 
like shown in figure 6.10 along for one of the cases along with a comparison 
of the true stress obtained by considering strain data from DIC analysis. 

 

 
Figure 6.10 Plasticity data comparison for PET 

Here, the considerable difference in the curves might be due to the 
consideration of technical strain instead of major strain data from GOM 
correlate software and in terms of displacement at failure, the test specimen 
has a considerable higher value causing an additional 40% plastic strain. The 
comparison of load displacement corresponding to plasticity of experimental 
test case in the above data with experimental response is shown in figure 
6.11. The reason to choose for the conventional data here is because of the 
brittle fracture behavior observed meaning a lesser area reduction 
incomparable with that of ductile LDPE film. 
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Figure 6.11 Global response comparison of Numerical and Experimental 

model for PET 

6.4 Comparison with DIC  

It is evident from equation of true stress that it has a direct dependence on 
the amount of strain that the specimen undergoes which corresponds to its 
displacement or engineering values. However, to capture the local 
phenomena, the strain pattern that occur near or around the failure region are 
necessary to use.  

The objective then was to implement the same equation with the local strains 
shown by DIC software instead of using the conventional formulae. Here, 
the strains considered was averaged along a set of points neighboring the 
region of failure. The points chosen for analyzing various cases are shown 
below. Thereby, the true stress was taken to be as equation below with true 
stress given as: 

 

In this case, initially a few points around the place of failure to investigate 
the straining predicted were selected for the following specimens as shown 
in figure 6.12 and 6.13 along with the evolution of strains. 
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Figure 6.12 Percentage of Strain vs time representation of various points in 

notched LDPE-25microns 

 
Figure 6.13 Strain vs time representation of various points in continuum 

LDPE-25microns 
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The technique was followed in the continuum as well as notched cases but a 
repetitive stress-strain behavior for all the points was obtained in the former 
case only as shown in figure 6.14. 

 
Figure 6.14 True Stress vs Strain Representation for individual points of 

continuum LDPE-25microns 

The model shows that repetitiveness in the Stress strain behavior is seen only 
until a certain extent, because during the end stages there is no clear way of 
representing strains at all the points because some of the points have already 
been removed due to crack formation. The concept of averaging strains by 
choosing more points becomes clearer at this stage, as it can help in reducing 
the round off errors to certain area. The true strain i.e. average of strain vector 
of all 10 points is now considered along with the True stress calculated using 
above equation. Now, the plasticity calculations were performed and the plot 
of true stress versus the plastic strain is shown in figure 6.15. 
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Figure 6.15  Actual Plasticity data obtained with mean value of total strain 

considered by averaging along 10 points in continuum case 

However, it can be considered that at a certain point of time, there occurs a 
considerable amount of thinning which makes the stress level even higher 
than what is obtained. The point where significant reduction in cross-section 
occurs was supposed as a good mark to provide hardening in the model. 

Again, the curve computed through these calculations gives rise to a certain 
slope or tangent modulus which can’t be believed appropriately because only 
until a certain strain, the pattern applied in the DIC is taken as recognizable 
and also the strain gradients are averaged over all the selected points which 
is not coherent in all the cases. 

It was seen that this model when implemented gives inadequate results, 
talking in terms of effect of slope of the linear curve seen above on the 
necking of model and also keeping in mind the minor strain approximation 
based on modelling assumptions. Here, the several trials from iterative 
process followed in fitting a material model as discussed in section 6.2.2 were 
supportive in analyzing the output response even before obtaining any 
results. So, a similar kind of slope and height, extracted as a tertiary or 
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hardening part from the previously used model for 25 microns, was now 
inserted into the above shown model and tried at several strain points. This 
was done both for controlling the amount of neck that took place during 
plastic deformation as well as strain distribution keeping the force 
displacement response close to experimental data. 

After mapping the true stress and plastic strains, the final representation of 
DIC model obtained is shown in figure 6.16 compared to that implemented 
using trial and error. It can be seen that both the curves have a considerable 
difference in the beginning regions while the slope matches correctly towards 
the end (tertiary part). 

 
Figure 6.16 Plasticity data comparison for LDPE-25microns 

The results obtained using this DIC model are discussed below. In the case 
of notch a better percentage of straining was obtained than previously shown 
iterative model, however, the percentage of disagreement in the global load 
response had been increased for both cases shown in figures 6.17 and 6.18. 
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Figure 6.17 Global Load Extension response comparison of V-notch tensile 
specimen along with logarithmic straining having minimum value of 15% 

 
Figure 6.18 Comparison of numerical Global Load Extension response for 

continuum case with plasticity input from DIC analysis 
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A comparison of the straining now shown through the modified DIC 
plasticity data is given in table 6.4. It is seen that the strains predicted from 
this plasticity data are much higher in the continuum case, while it falls down 
in a reasonable range for the notched specimen. But, keeping in mind, the 
validity of global load response, the iterative model was found to be more 
appropriate in this case. 

Table 6.4. Log. Strain comparison from modified DIC numerical model and 
Gom correlate software data. 

   Test Case and 
specimen thickness 

Path direction / Chosen 
point  

Strain 
from 
DIC  

Mean 
strains from 
Numerical 

model 

Continuum (25  Along longitudinal 
direction 

70-75% 91-92% 

   V-notch (25 ) Center of line joining tips 12-15% 13.285% 

 

6.5 Tearing Results  

The material model developed and validated through tensile tests was now 
given as input for further analyzing the results through numerical modelling 
of trouser leg tearing. However, in case of tearing it should be noted that 
isotropic hardening assumed makes the constitutive description incomplete 
because the elements in FE analysis are subjected to more complicated or 
mixed loading phenomena, especially those near to crack. 

The modelling of tearing individual layers was done in three-dimensional 
framework using shell elements. The FE model for simulation of tearing was 
designed in two ways: 

1. Planar model with predefined seam crack 
2. Model with Curvature for appropriately directed legs (2-leg design) 

The basis of the simulations was to verify them with experimental force 
results. The above two models are representative in terms of a few steps 
concerned in a previous work [17]. Each of these models have their own 
advantages. It was seen that the first model, shown towards left of figure 6.19 
is not very reasonable when it comes to the question of how well the 
difference or non-uniformity in curvature when deformation takes place in 
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both the legs being arised (also based on the applied boundary conditions) 
and because the phenomena of varying time before response reaches steady 
state for varying crack lengths had been unsettled whereas in the second 
model these issues are addressed manually. 

 
Figure 6.19 Comparison of two parts designed for tearing 

In the case of implementing tearing for single layer LDPE, the damage 
evolution was needed to be shifted from a set of tabular values to linear form 
because the rate of deformation was so high in the case of tearing that more 
and more elements were effected due to which no damage was declared and 
this led to convergence difficulties. However, this change to linear evolution 
of damage was seen to have no impact at all on the results discussed above 
since in those cases, a sudden declaration of damage had taken place. 

The comparison of force displacement results for the case of single layer 
LDPE along with the logarithmic strain representation near to place of 
fracture is given in figure 6.20. 

 
Figure 6.20 Comparison of Numerical response of thicker LDPE with 

experimental data obtained in MD 
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Here, the computational time is also effected by the number of integration 
points chosen, where in our case five points with Simpsons integration rule 
so that the domain extends to the surface boundaries, although a linear 
reduced integration formulation for elements were followed (S4R) whereby 
computation is done at a few integration points only. 

PET, being a tougher material undergoes higher stress levels by which stress 
distribution was seen to become higher, due to which the damage criterion in 
shell elements near to crack tip was predominantly focused. This gave in the 
need to refine the mesh as much as possible to localize the stress computation 
by decreasing the aspect ratio of elements near to crack to control the fracture 
declaration in elements. This meant that an appropriate control of the mesh 
was indeed required in this case, because the value of stable time increment 
depends in analysis performed mainly depend upon factors such as the least 
element size with also some effect from density.  

For the model with two leg design, the simulations were carried out at a 
controlled loading rate (for model with two leg design) which was reduced 
to as low as 10mm on both the legs so that the wave speed in explicit analysis 
could be supportive to damping before a further increase in the load occurs. 
The influence of mesh dependent damage evolution in this case was even 
tested which was later seen to have negligible effect and so the displacement 
at failure was given as zero like material model in tensile mode case. In all 
the cases however, the damage declaration had taken place near the curvature 
(artificial straining) of left leg hanging upwards which made this design or 
assembly inappropriate for this material, that is PET. 

So, the implementation was done with then done using the planar model 
mesh used for the planar model with triangular elements having a converging 
tip towards the tip of crack is shown in figure 6.21.  

       
Figure 6.21 Mesh chosen for Tearing simulation of PET 
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Figure 6.22 Comparing Numerical response of PET with experimental data  

The numerical response thus obtained for this case of mesh can be seen in 
figure 6.22 with the steady rate reached near load values of 1N. Here, the 
width as well as smoothness of the curve depends upon the number of 
elements chosen for the mesh where in our case a total of about 4600 
elements were taken in the above shown model. It was also seen through the 
simulations with this model that an incremental seeding definition around the 
region of seam crack defined with a refinement of elements along the region 
following it resulting in a mesh with pure quadratic elements even near to 
crack again had a few convergence issues without any damage effect near to 
crack. 

The effect of stress triaxiality which is taken as the ratio of hydrostatic (mean 
value of all three principal directions) to effective von-mises stress was 
studied in this case for both tension and tearing by incorporating an 
appropriate fracture locus in the ductile damage criterion relating its value to 
the equivalent plastic strain irrespective of strain rate effect. This damage 
initiation response was devised as shown in figure 6.23 (towards left) along 
with decreased force response compared to that with the conventional model 
(shown in figure 6.22) obtained at steady state (until crack propagation of 
about 20mm). 
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Figure 6.23 Modified ductile damage parameters for PET (left) in the input 
model and corresponding numerical global Reaction force obtained (right) 

This proved that the material model can be tuned more appropriately through 
an inverse analysis of damage in various cases of testing materials and above 
recognition of fracture strain had led to a corresponding decrease in the 
displacement at failure for continuum case from 95mm to 78mm 
respectively. However, a sharp change in the given fracture locus dependence 
on stress triaxiality is not entirely the true case and needs to be studied more 
to make it more viable in different loading conditions. 

Laminated two-layer tearing and three-layer tearing: 

Firstly, a 2 layer perfectly bonded model was investigated to simplify the 
case study. Here, the model was designed as a single three-dimensional solid 
part and partitioned later, instead of building 2 separate parts and further tie 
those surfaces in the assembly which would cause certain problems in 
interpreting data like over constraints being applied on the slave/master 
nodes. The specimen was modelled with solid C3D8R elements and the 
materials were assigned appropriate section properties such that LDPE stands 
as upper layer and PET as down layer. The ideal model chosen for this case 
had the same layout as that of two leg design model discussed above. 
The result of this model is shown in figure 6.24. 
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Figure 6.24 Comparison of two layer perfectly bonded numerical response 

with experimental data of laminated LDPE/PET in MD 

Here, the cause for mismatch is known to be due to the perfect bonding 
assumption taken into consideration and the density of mesh which was 
neither fine nor too coarse. Also, the higher forces registered from the tearing 
response for PET can be presumed to have an effect. 

In the beginning trial for simulating response of the above materials 
laminated with an adhesive layer, a cohesive model obtained from a 90-
degree peel test having cohesive (hexahedra COH2D4 in Abaqus) elements 
were used whereas LDPE and PET layers were formulated using hexahedra 
reduced integration (C3D8R) solid elements. The damage evolution was a 
mixed mode case with a stack direction assigned taken as default and the 
swept mesh path directed in a bottom up fashion. 

The cohesive properties such as interfacial strength were taken from a 
previous study [23], who suggested an isotropic response in the case of 
peeling, were relaxed without any damage initiating stresses in the second 
shear direction. So, these values were now given with respect to same order 
as in nominal and first shear directions. The mesh was created using sweep 
technique through all the layers and it was ensured towards the result that 
relative separation between the top and bottom faces of the cohesive element 
was in the correct orientation direction. Here, the delamination occurred only 
on one side (or leg) like that of experiments where LDPE had undergone a 
lot of deformation as the upper layer and was not pushed onto layers below. 
The model designed for simulation here was resized to an overall length of 
25mm (including crack length of 5mm) to have a more refined mesh around 
the three layers, eliminating a few errors resulting in solution from the 

Numerical 
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explicit analysis to a certain extent, simultaneously decreasing the overall 
computational time. 

 

 

 
Figure 6.25 Model design for two-layer laminate (left) and observed 
delamination behavior indicating early fracture in PET layer (right) 

 It was seen that the crack propagation occurs first in PET layer, ahead by 
atleast deletion of a single element which was satisfactory as shown in figure 
6.25 (towards right), but however irrelevant errors were encountered in 
computed solution at a particular time increment, due to excessive distortion 
occurring in elements which again needs to be attributed to mesh size and 
that the deformation speed of certain elements exceeds the wave speed which 
stands as a challenge in controlling overall time and mass scaling.  

 

6.6 Discussions  

The models were developed in a suitable manner for both tensile and tearing 
tests holding certain assumptions and an explicit analysis was performed to 
involve damage characterization. The simulations were carried out with basic 
inputs - material model and the boundary conditions as the important criteria 
and the following results were observed. 

LDPE: 

The strain hardening achieved was reasonable, especially for the thinner 
LDPE undergoing a lot of deformation. The strain distribution in this case 
was seen to increase at a constant rate from DIC whereas the thicker LDPE 
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although having a similar kind of constantly increasing pattern had shown a 
small gradient within the section being viewed (longitudinally) with the 
change in difference with deformation being nearly the same.  

The strain distribution obtained numerically for had a reasonable similarity 
until the point just before fracture initiation from trial and error method 
whereas that modified through DIC analysis as shown in table 6.4 for the 
case of 25 microns had a noticeable difference in the continuum case. 

A proportional compromise between the Strain localization in the notched 
specimen and strain distribution in the case of continuum specimen, assuring 
a close global Reaction force response in parallel for both, was built. This 
hardening part of material data was seen to be eminent in capturing the local 
phenomena under the approximations formulated. 

The ideal plastic zone was also responsible in the continuum case of LDPE 
as well as in PET, for redistribution of the stress throughout the specimen. 

It was seen that neither a very high slope nor a too low and gradually 
increasing slope were unsuitable for the given plasticity curves. The 
hardening could be made progressive based on how well the plastic modulus 
is controlled.  

The rate of plastic deformation around the notch was improved on an overall 
basis which led to blunting of the tip as can be seen in figure 10.18. 

The rate of twisting was seen to be dependent on the damage evolution and 
mesh compatibility between the 2 tearing legs. 

A clear transition in the deformation zone near the tip from Mode-III to 
Mode-I case was seen in the case of LDPE with the declaration of fracture of 
elements having a strong dependence on damage evolution. 

The tearing model in this case now had relaxed evolution of damage with a 
linear relation provided shown in table 10.5. It was seen however through the 
tensile loading case that the definition of damage is sudden and immediate 
as soon as the desired strain level is reached, so this change in damage 
evolution didn’t have much effect on the obtained result. 

PET: 

It has been simple and easy to implement this case by applying the 
conventional True stress and strain obtained from experiments. 

The results from DIC had shown a slightly higher, but the same strains 
distributed over the whole surface uniformly. 
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It is also to be mentioned that the material model from experimental tensile 
tests showed a higher young’s modulus and also its lesser density caused the 
dilatational wave speed to be an influencing factor for numerical simulation 
of tearing. 

The meshing for tearing this material had been revamped a several times in 
the case of model with 2 leg design, which however was seen not to suffice 
in the end in terms of damage requirements and finally after some crack 
propagation at the actual tip, the region with curvature initially had 
undergone damage as well. 

A suitable and smart mesh such as a perfect spider web mesh defined in the 
planar model was also seen not to have any initiation of damage with a loss 
of convergence and several iterations continuing at a particular time 
increment of solution. A kind of a focused mesh (not totally the case of spider 
web with 2 to 3 circular contours, but with a single contour as shown in figure 
6.21) with appropriate bias conditioning was seen to be suitable in this case. 

A significant amount of thinning was observed to take place in tearing 
models developed for both the materials under consideration as well as in the 
case of laminate. 

 

7 Summary and Conclusion 

The DIC technique was found to be a novel in the determination of 
deformations and straining. A clear transition to the fracture initiation point 
could be differentiated by plotting the section-wise strain distribution along 
the ligament for pictures taken at a frame rate of 1second each. However, in 
most of the tests done on thin films, a wrinkling effect was profoundly seen 
which makes the DIC technique inefficient in computing the strains in 
direction perpendicular to the loading direction. 

The chosen iterative method proved to be a way of prioritizing model 
complexity reduction, identifying the crucial parameters in parallel. The 
sensitive parameters playing vital role in optimizing were the steepness of 
individual curves, limits that can be put for the  

The trial and error method had a better way of predicting the global response 
compared with the result obtained through DIC method, but it was seen that 
a better local straining was obtained using the modified plasticity data taken 
through DIC analysis (by averaging strain data from a few points) had 
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revealed a higher straining compared to the iterative approach which can be 
attributed to the lower yield prediction. Moreover, this representation was 
obtained at the expense of a relatively higher amount of disagreement in 
global or load response which gives a conclusion that the iterative approach 
is more proper to use for further analysis. 

It was seen that the thinner LDPE had undergone much higher deformations 
when subjected to tension with a corresponding continuous increase in the 
force level which was however not the case in thicker LDPE where a very 
slight order of increase in force was seen until fracture. 

A quantitative measure of the energy required for fracture shows that the 45-
degree orientation for loading PET in tensile direction had the least value 
compared to other directions. The calibrated delamination area was also seen 
to be smallest when tearing in this same direction of orientation. Thereby, it 
can be suggested that this angle or orientation is more prone to easy failure. 

Finally, simulating the delamination in laminated LDPE/PET posed to be 
challenging in a way that the solution being computed required an additional 
tuning of parameters such as wave speed, interaction of material properties, 
although, separation between the two individual layers or faces of the three 
dimensional cohesive elements could be effectively predicted. A better 
prediction of fracture locus dependence in the material model could enable 
the load response in tearing the laminate to reach a desirable level. 

 

8 Future works 

 

- Designing an effective computational FE model for the laminated 
structure of LDPE/PET through use of suitable cohesive traction 
separation law for development or spread of delamination during 
damage can be done. A possibility would be to check if the traction 
between these 2 layers is a result of separation in more than one 
direction. 

- More components of strains from DIC can be used in analysis and 
anisotropy in Material model can also be included. 

- A better way to model a softening response in the case of notched 
specimen (post neck propagation) is required through study of effect 
of stress triaxiality.  
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10  Appendix  

10.1 Appendix (A):  

Experimental Load displacement curves for set of 3 tensile tests performed 
on other specimen orientation directions of LDPE -25um: 

 

 
Figure 10.1. Global response for 22.5 (top left), 45, 67.5(bottom left), 90 

(bottom right) degree orientations of LDPE (25 ) relatve to MD 
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Experimental Load displacement curves for set of 3 tension tests performed 
on other specimen orientation directions of PET: 

 

 
Figure 10.2. Global response for 22.5 (top left), 45, 67.5(bottom left), 90 

(bottom right) degree orientations of PET relatve to MD 
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Figure 10.3 Delamination in other directions of orientation relative to MD 

A path connecting the notch tips at the time point just before fracture was 
created in Abaqus and the strains were requested as field output, compared 
with DIC analysis at the point when fracture starts to occur shown in figures 
10.4 and 10.5. Here, the smoothness in the curve obtained numerically 
depends on the number of points selected in the path. 

 
Figure 10.4 Strain distribution along the ligament connecting the notches 

for LDPE-25  at crack initiation 

22.5 degrees      45 degrees 

 67.5 degrees  90 degrees (CD) 
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Figure 10.5 Comparison of result obtained numerically (above) with that 

shown in figure 10.4 from DIC (below) 

Straining at various displacements for a case of LDPE-14  continuum test: 

 
Figure 10.6 Global behavior of test case considered for DIC analysis of 

thinner LDPE (14 ) 
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The stages in figure 10.5 are shown below with every stage corresponding to 
a 30mm increase in displacement: 

 
Figure 10.7   Straining % observed for stages of LDPE (14 ) Continuum 

in figure 10.6 along two vertical lines in longitudinal direction 

Stage - (3) 

  

  Stage-(1) Stage - (2) 
  

Stage - (4) 
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Path analysis done numerically for the continuum cases of thinner and thicker 
LDPE using material model from trial and error approach to find the mean 
strains along this path (compared in table 6.3.) is shown in figures 10.8, 10.9. 

 
Figure 10.8 Strains along created path (highlighted in red) obtained 

numerically for LDPE-14microns 

 
Figure 10.9 Strains along created path obtained numerically- LDPE-25  



94 
 

10.2 Appendix (B):  

Elastic and Yield properties for LDPE and PET: 

For the analysis of thinner and thicker LDPE using trial and error method, 
the same Elastic modulus and yield stress were chosen shown in table 10.1. 
In the case of PET, one of the test cases from MD was taken into 
consideration for defining these properties as seen in table 10.2. 

 

Table 10.1 Elastic and yield properties used for LDPE through iterative 
approach. 

Elastic Modulus 
(MPa) 

Poisson’s 
Ratio 

Yield Stress 
(MPa) 

140 0.4 5.1976 

 

Table 10.2 Elastic and yield properties used for PET. 

Elastic Modulus 
(MPa) 

Poisson’s 
Ratio 

Yield Stress 
(MPa) 

1570 0.4 28.69 

 

In the case of DIC, it is seen that the yield stress predicted was far more lower 
than assumed for case of LDPE as can be seen in table 10.3. 

Table 10.3 Elastic and yield point chosen from DIC analysis for LDPE-
25um only. 

Elastic Modulus 
(MPa) 

Poisson’s 
Ratio 

Yield Stress 
(MPa) 

176.44 0.4 1.7655 
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Damage Initiation properties of above materials given in Abaqus: 

Table 10.4 Comparison of fracture strain at which damage starts to occur 
in thicker LDPE (table above) and thinner LDPE (table below). 

Fracture Strain Stress Triaxiality Strain Rate 

2 -5 0 

2 5 0 

  

Fracture Strain Stress Triaxiality Strain Rate 

1.5 -5 0 

1.5 5 0 

 

Damage evolution: 

For the case of LDPE, a tabular form of damage evolution defined especially 
to check for any softening behavior is shown in figure 10.10. 

 
Figure 10.10 Tabular damage evolution given in case of LDPE 
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Here, it was seen that the above data becomes unreliable in tearing mode and 
so a linear relation was followed shown in table 10.5. 

Table 10.5 Modified displacement at failure for LDPE-25um. 

Evolution 
law 

Displacement at 
failure 

Linear 0.005 

 

Some of the modelling steps in Abaqus that were followed during the 
creation of two tearing models discussed above are now given below. 

Tearing model with 2 leg design: 

This model is given as a 3D extruded part with the extrusion depth taken as 
the width of the specimen being teared, that is 30mm. Here, two separate 
parts were designed initially with the curvature having a fillet radius of 2mm 
as shown in figure 10.11. 

 
Figure 10.11 2D part design for one trouser leg up (left) & one down (right) 

The resulting model assembled after extrusion of the 2D design with the 
reference point coupling constraint is shown in figure 10.12. The same 
constraint has been applied on the reference point of lower leg as well. The 
reference point was chosen at the middle of the upper surface of both legs to 
uniformly distribute the loading boundary conditions which will then be 
applied. 
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Figure 10.12 Coupling constraint applied on left upper leg 

The boundary conditions applied in this case are shown in figure 10.13. The 
case shown has a strict constraint applied on coupled edges that is restriction 
being put on movement towards X direction while farmost edge had a free 
translation towards X direction. In another case the same boundary 
conditions can be swapped over these edges which will yield same results.   

 
Figure 10.13 Constraints defined for the reference point (left) and the 

farmost highlighted edge (right) 
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Further, another tie constraint had to be created between these two parts 
designed had to be created for combining the set of nodes on 2 separate 
individual surfaces into a single surface. This was done by choosing the 
master and slave surfaces as shown in figure 10.14. 

 
Figure 10.14 Tie constraint applied on surfaces of both parts (see 

highlighted region) 

A precautionary step as of how tie needs to be and should not be created by 
means of compatible mesh between the upper and lower legs designed for 
model is shown in figure 10.15. 

 
Figure 10.15 Incompatible (left) vs compatible (right) mesh 
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Planar model with predefined seam crack: 

In this model, a single part designed with length of 67.5 mm along with 
thickness specifications defined in the sections category are shown in figure 
10.16 where the material chosen for the category is PET.  

 
Figure 10.16 In-plane 2D design (left) with section thickness of 0.1mm 

assigned (right) in case of PET 

The additional length of 7.5 mm now taken as seam crack by following the 
steps: Interaction Module->Interactions (on top menu)->Special ->Crack-> 
Assign seam. The model with seam crack is shown in figure 10.17. 

 
Figure 10.17 Model with defined seam crack and reference points 

The reference points seen in figure are coupled to the both surfaces on either 
side of seam crack in a similar fashion as discussed for previous model. 
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Figure 10.18 Blunting of crack tip in the case of LDPE from initial 

configuration (left) to pre failure 

 

 
Figure 10.19 Linear curve fit (highlighted in red color) for curve being 

obtained through DIC analysis 
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10.3 Appendix (C):  

Matlab Code: 

 

%% CODE FOR DIC ANALYSIS THROUGH TENSILE TEST 
close all 
clear all 
clc 
  
  
%% - Loading data  
StrainPoints=load('localstrains3AprilTest1_25umCont.txt'); 
% Change the load name to curent data  
% The strain data comes from the points shown in the pdf plot. arranged in 
% a matrix  
% When the points lose track of surface there is a NaN instead of 
% empty (done in Excel), so a matrix can be formed in matlab,  
%when averaging a vector of this matrix NaN will 
% be removed so not to influance the averaging 
  
%  1 picture taken every sec  
  
Test_Data=load('LDPE_25um_DIC_3Apr_Test1.txt'); 
% The test data from experiment stored in a matrix with following structure 
  
%"Load (N)-(1st column)";"Extension (mm)-(2nd column)";"Time (s)--(3rd 
column)" 
Tensile_Load=Test_Data(:,1); 
Tensile_Extension=Test_Data(:,2)/1000; % [m] 
Tensile_Time=Test_Data(:,3); 
  
% The data acquisition made so every 10th value (Step) is on a "full" sec 
exept  
% for first second value (Starts on 8 in this case) 
Step=10; 
Load=Tensile_Load(8:Step:end); 
Extension=Tensile_Extension(8:Step:end); 
Time_Machine=Tensile_Time(8:Step:end); 
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%% Adding of initial and final values 
% we need to add the first "zero time" value 
Load=[abs(Tensile_Load(1,1));Load];  
% sometime it is negative/close to zero 
Extension=[Tensile_Extension(1,1);Extension];  
Time_Machine=[Tensile_Time(1,1);Time_Machine]; 
  
% Sometimes wee need to add the last time value 
Load=[Load;abs(Tensile_Load(end-1,1))];  
Extension=[Extension;Tensile_Extension(end-1,1)];  
Time_Machine=[Time_Machine;Tensile_Time(end-1,1)]; 
%% - Code start 
  
% Specimen test data 
Speed=20; % 20 mm/min speed of tensile test 
Length=0.100; % 100mm Length of specimen 
Thickness=25*10^-6; % 25um Thickness of specimen 
With=0.025; % 25mm  
  
% Youngs modulus from experiments 
Range=30; % How large the gap between the two points should be 
YoungsModulus=Tensile_Extension(20:20+Range)/Length\Tensile_Load(2
0:20+Range)/(With*Thickness); 
  
% - Engineering Values 
EngStress=Load./(With*Thickness); 
  
% Strain values average 
% The strains are in % so it has to be devided by 100 to get it 
% "unit less" 
StrainPoints=StrainPoints./100; 
  
% A strain vector can be formed with averaging all the points values 
% together ("Distributes" the strain over length), excluding NAN's 
StrainVector=mean(StrainPoints,2,'omitnan'); 
  
% - True Stress 
% The "True" Stress is calculated with F/A0*(1+strain) 
TrueStress=EngStress.*(1+StrainVector); 
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figure 
plot(StrainVector,TrueStress/10^6) % Stress in MPa 
title('25\mum LDPE Cont, average strain') 
xlabel('True Strain [\epsilon_T ]') 
ylabel('True Stress [MPa]') 
grid on 
  
figure 
plot(StrainVector,TrueStress/10^6) % Stress in MPa 
title('True vs Engineering Stress plot') 
xlabel('Strain [\epsilon_T_r_u_e vs \epsilon_E_n_g_g]') 
ylabel('Stress [MPa]') 
grid on 
hold on 
plot(Extension./(Length),EngStress/10^6) 
legend('True','Engineering') 
  
figure 
Jump=1; 
for ii=1:Jump:length(StrainPoints(1,:)) 
     
    plot(StrainPoints(:,ii),EngStress(1:length(StrainPoints(:,ii))).*(1+StrainP
oints(:,ii))/10^6) 
    hold on  
    grid on 
    Tit=num2str('Point %d'); % the title changes each loop 
    str=sprintf(Tit,ii); % changes the %d to a number (i) 
    Name{ii}=str; 
end 
title('25\mum LDPE Cont, Each point ploted separately') 
xlabel('True Strain [\epsilon_T]') 
ylabel('True Stress [MPa]') 
legend(Name{1:Jump:end}) 
  
  
%% - ABAQUS Part 
% Load_Crack=Test_Crack{1,i}(:,1); % Cell aray, first cell in cell-matrix 
{1,1} all columns and first row in matrix (:,1) 
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figure 
plot(Tensile_Extension*1000,Tensile_Load) 
title(['Test data: ']) 
xlabel('Extension [mm]') 
ylabel('Load [N]') 
hold on 
grid on 
     
% "Necking initiation point" 
[M,I]=max(EngStress); % finds the makimum point 
figure 
plot(StrainVector,TrueStress/10^6) 
title('Tensail test, True stress strain') 
xlabel('True Strain [1]') 
ylabel('True Stress [MPa]') 
grid on 
% Calculating plastic strains 
StrainPlastic=StrainVector-TrueStress./YoungsModulus; 
  
% Taking plasticity data accordingly based on yield prediction 
To_Abaqus(:,1)=TrueStress(4:end); 
To_Abaqus(:,2)=[0;StrainVector(5:end)];  
To_AbaqusSort=sort(To_Abaqus); 
  
figure 
plot(To_Abaqus(:,2),To_Abaqus(:,1)) 
hold on 
plot(To_Abaqus(1:20:end,2),To_Abaqus(1:20:end,1)) 
  
% Actual values from DIC 
Dictousestressact=(To_Abaqus(:,1))./(1e6);Dictousestrainact 
=(To_Abaqus(:,2)); %act-> actual values from DIC 
  
%Values taken in every 20th step 
Dictousestress=(To_Abaqus(1:20:end,1))./(1e6);Dictousestrain=(To_Abaqu
s(1:20:end,2));  
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%% Code explaining Measurement of Delamination area 
  
% use is made of 2 curves to measure the delaminated area because it was 
% seen that the crack goes in an angle  
  
%Straight line is taken as reference X-axis and the remaining area until 
%the particular angle is reached is substracted  
  
% analyzed picture- in jpg format (all dimensions in 
% mm) 
clc 
clear all 
load('actualcurve.txt') %takes the curve data from txt files obtained from 
Plot digitizer software 
xdatafromcurve=zeros(length(actualcurve)+1,1);ydatafromcurve=zeros(len
gth(actualcurve)+1,1); 
xdatafromcurve(1)=0;ydatafromcurve(1)=0; 
xdatafromcurve(2:end)=sort(actualcurve(:,1)); % sorting is done 
ydatafromcurve(2:end)=sort(actualcurve(:,2)); 
plot(xdatafromcurve,ydatafromcurve); 
figure 
xint=0:0.02:5 % require points until 5mm only 
yint = interp1(xdatafromcurve,ydatafromcurve,xint,'spline'); % returns 
interpolated values at the specified points or the given finer samples 
plot(xint,yint); 
figure  
load('minusthis.txt') % the area that is to be neglected 
%minusthisx=sort(minusthis) 
plot(minusthis(:,1),minusthis(:,2)) 
figure  
minusthisintx=minusthis(1,1):0.02:5 % require points until 5mm crack 
growth only 
minusthisinty = interp1(minusthis(:,1),minusthis(:,2),minusthisintx,'spline'); 
% returns interpolated values at the specified points or the given finer 
samples 
plot(minusthisintx,minusthisinty); 
  
delamarea=trapz(xint,yint)-trapz(minusthisintx,minusthisinty) %trapz is 
used to find final area 
% how to add more points within the same curve 
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