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 Abstract: 
In packaging industries, the demand for usage of Low Density Poly 
Ethylene foil is of profound interest. In the past, research was carried out 
on finite and infinite plates with varying crack lengths but having constant 
crack width. In this thesis, a detailed analysis on crack initiation is carried 
out on finite plates by varying width of the hole. The hole shapes for stress 
analysis include circle, ellipse and rectangular notch. Initially, maximum 
stress is found out using Linear Elastic Fracture Mechanics (LEFM) 
theory and compared with Finite element method (FEM) results. Secondly 
using Elastic Plastic Fracture Mechanics theory (EPFM), critical stress 
and geometric function are evaluated theoretically by Modified Strip 
Yield Model (MSYM) and numerically by ABAQUS. Finally, a tensile 
test is conducted to validate the theoretical and numerical results.  By 
varying the width of the hole, a study on the parameters like critical stress, 
geometric function is presented. A conclusion is drawn that the effect of 
hole width should be considered when calculating fracture parameters.  

Keywords:  
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Notation 

A                   Cross-sectional Area of finite plate in mm2 

2a                  Length of the hole in a specimen in mm 

2b                  Width of the hole in a specimen in mm 

E Young’s Modulus in N/mm2 

f (θ)               Geometric function for an infinite plate 

f (a/W), ϕ      Geometric function for a finite plate 

2H                 Length of the finite plate in mm 

(i, j)               Cartesian co-ordinates of an element 

J                    J-Contour Integral 

KI                           Stress Intensity factor for Mode I loading in N/mm1.5 

Kc                  Fracture toughness in N/mm1.5 

L                    Length of the specimen 

P                    Load acting on finite plate in N 

r                     Radius of curvature in a hole in mm 

(r, θ)              Polar Co-ordinates of an element 

Ti                   Traction Vector 

u                    Strain Energy 

2W                Width of the finite plate in mm 

w                   Strain Energy Density 

 Poisson’s Ratio 
σnom               Nominal Stress in N/mm2 

σmax                       Maximum Stress in a specimen in N/mm2 

σrr                           Radial stress of an element in a specimen in N/mm2 

σθθ                 Hoop stress of an element in a specimen in N/mm2 

τrθ                  Shear stress of an element in a specimen in N/mm2 

σij                  Stress field at the crack tip in N/mm2 
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δ                    Crack tip opening displacement 

σy                         Yield Stress in the specimen N/mm2 

σC                         Critical Stress in N/mm2 

σb                          Break stress or Yield stress in the specimen N/mm2 

ρ                           Length of the Plastic Zone in mm 

 

 

Abbreviations 

CAD Computer Aided Design 

 

CTOD           Crack Tip Opening Displacement 

 

EPFM           Elastic Plastic Fracture Mechanics 

 

FEM Finite Element Method 

 

LDPE            Low Density Poly Ethylene 

 

LEFM           Linear Elastic Fracture Mechanics 

 

MSYM         Modified Strip Yield Model 

 

MTS             Mechanical Testing and Simulation  

 

MD               Machine Direction 
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 Introduction 

1.1 Background     

During World war II, many ships and air crafts failed suddenly. After 
investigation, the cause of failure was identified as material cracks. Till then 
cracks were considered to be insignificant flaws, but aftermath this event led 
to rise of research in the field of fracture mechanics. Fracture is one of the 
most recurring phenomenon in day-to-day lives. Fracture occurrence may be 
natural or due to human interference. From the past decade, the need for food 
conservation and food preservation has increased comparatively. A rapid 
growth for perceiving the criterion of mechanical and fracture behaviour of 
materials has been noticed lately.  
Packaging Industries have increased the production values by using better 
design, thinner materials and automated packaging. The subsequent 
improvement has led to the usage of rigid, flexible and multi-layered 
packaging. Aluminium foil and LDPE are mostly preferred for this purpose. 
 

 
                 

 

 

 

 

 

 

 

 

A product is tested in all feasible ways before it is released into the market 
[1]. The materials are tested under varying loads and temperatures. When the 
load carrying capacity exceeds the certain value, material fracture develops. 
Stress-strain curve is used to understand the sequence of fracture 

Figure 1.1: Packages under loading. [1]. 
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development. Analysis of Stress-Strain curve theoretically and 
experimentally, would enhance the scope of fracture criterion.  

A material usually has some flaws, termed as pre cracks. Pre cracks usually 
exist in the material prior to application of loads. Study of pre cracks helps 
in analyzing the mode of fracture. A new crack is always formed at the end 
of these pre cracks which propagate under the action of external loads.  To 
analyze the modes of loading, two pre crack methods are followed. In the 
first method, the specimen is clamped across the width and is wedged to tear 
open the crack surface. This creates a Mode I pre crack. The current thesis 
responds to Mode I fracture. While the second method require crack length 
(a) to Specimen length (L) ratio i.e. a/L > 0.69 and in our case the ratio being 
0.47, Mode II is not applicable. Pre cracks are widely used in packaging 
industries and in the field of geology [2].  

 

1.2 Related Work 

The early studies of fracture characterized the important material parameters 
like fracture toughness, damage initiation and damage evolution by 
governing the crack opening. This approach is supported by the fundamental 
theories like Linear Elastic Fracture Mechanics and Elastic Plastic Fracture 
Mechanics applied to test specimens having a center line sharp crack [3]. 

Previous studies were carried out in many fields and used different 
approaches. An investigation was done on rotor rim sheets in hydro power 
plant on crack initiation. It was concluded that the radius had quite some 
impact on crack initiation [4]. The investigation did not include the material 
structure and manufacturing process. One other research considered both 
machining process and materials and investigated on resistance to crack 
propagation on a screw thread [5]. The screw thread with poly propylene 
under mode I loading proved to have highest resistance.   

A thesis work described the procedure for finding out the fracture toughness 
of materials like BoPP and LDPE [6]. The materials were layered on each 
other with and without adhesion and a physical testing is performed to 
calculate the fracture toughness parameters. The results were validated by 
experiments and simulations. In our case, a similar procedure is followed. An 
analysis on maximum stress and geometric functions is implemented initially 
by theoretical approach followed by simulations and validated through 
experiments.  
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1.3 Aim and Scope of Thesis 

The aim of this thesis is to study the stress field of specimens specifying a 
width to a central line crack. The study limits to crack initiation. The stress 
field study includes parameters such as maximum stress, critical stress and 
its corresponding finite geometric functions. An intricate study on the 
transpiration of fracture is observed. The research is performed on a LDPE 
sheet with different shaped holes such as circular, elliptical and rectangular 
notch. The parameters are analyzed by varying width of the holes.  
The aim of this thesis is to find answers to the below questions. 
 

1. How does maximum stress vary numerically and theoretically for 
smaller and larger hole sizes under LEFM? 

2. What would be the influence of introducing a geometric function in 
the theoretical approach of LEFM? 

3.  How will the critical stress values get affected when the width of the 
hole is increased for a hole length of 45mm, using EPFM theory? 

4. How will the geometric function differ when the width of the hole is 
varied for a particular hole length of 45mm, using EPFM theory? 
 

The scope of the thesis extends by considering various hole shapes until crack 
initiation. This thesis focuses mainly on inference of geometric functions by 
varying width of the holes. The dimensions of finite plate are 95mm*230 mm 
and the thickness is 14μm.  For a linear elastic case, width of the hole is 
varied for hole lengths of 25mm and 45mm. Theoretical approach is used to 
find the maximum stresses and numerically ABAQUS is used to evaluate the 
maximum stress values. The obtained maximum stress values are compared 
and a conclusion is drawn. From the conclusion, a need for introducing the 
geometric function arose. For an Elastic-Plastic case, the critical stresses are 
evaluated theoretically, numerically and experimentally by varying the width 
of the hole. Modified strip yield model is used for theoretical approach. 
Plasticity values are obtained by conducting a tensile test on LDPE 
continuum model. In ABAQUS, the obtained plasticity values are induced to 
capture the extreme nature of the material. The obtained results are compared 
and analyzed.  
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 Theoretical Model 

2.1 Fundamental Theory of Fracture Mechanics 

Solid mechanics is a fundamental subject of mechanical engineering 
which analyses the behaviour of bodies when loaded.  

Loading of a Crack: A crack can be loaded in three different modes. 

Mode I: 

This type of mode corresponds with a load such that the crack is opened by 
a tensile stress perpendicular to the crack. Figure 2.1. During this loading, 
there are two different conditions of stress that will appear in the front of an 
opened crack which depends upon the thickness of the body. 

Mode II: 

Mode II is discriminated by deformation of plane shear, which is caused by 
shear stress normal to the crack tip so that shear occurs in X direction Figure 
2.1. 

Mode III: 

Mode III is characterized by shear stress, which is parallel to the crack tip so 
that shear occurs in Z direction Figure 2.1. 

 

Figure 2.1: Modes of fracture. [7].
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2.2 Material Characteristics of LDPE 

The LDPE’s physical and material characteristics always depends upon the 
direction or plane of cut. Usually the LDPE sheet is cut in two directions, 
depending upon the material’s manufacturing. The direction of the material 
in which it is folded is called Machine direction and the direction normal to 
the machine direction is called as Cross direction.  

 

2.2.1. Anisotropic and Isotropic Material 

In general, the mechanical and physical characteristics vary with the 
orientation of materials (Isotropic and Anisotropic). The material is said to 
be anisotropic, when the characteristics of the LDPE material differ with 
various crystallographic orientations. If the characteristics of the LDPE 
material are same in all directions, then it  is said to be isotropic material. 
Inspite of being a nonlinear material, LDPE is isotropic and so, Linear Elastic 
Fracture Mechanics and Elastic Plastic Fracture Mechanics studies are taken 
into consideration. 

 

2.3 Stress Concentration factor 

Normal stress in a uniform plate is: σnom=P/A, where P is load acting along 
the circumferential area of the finite plate and A is the cross-sectional area of 
the finite plate. An assumption is made that stress is uniformly distributed 
over the cross-sectional area. The assumption is valid only if the plate is 
uniform along its length. The stress is then said to be nominal stress σnom. A 
change in the dimension regulates stress concentration. The stress close to 
the notch or hole would be higher than the nominal stress when stress 
concentration exists. 

 Stress Concentration at hole, ellipse and rectangular notch: 

Consider a large plate subjected to uniaxial tension. A nominal stress  
is produced. A small hole is now drilled in the middle of the plate and loading 
is done perpendicular to the cross-sectional area. Due to the presence of the 
hole, some material is missing at the center. The stress will be high for the 
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material closer to the hole than the material away from it. This phenomenon 
is termed as stress concentration [8].   

 

2.3.1 Hole 

The Stress distribution around a circular hole on a plane subjected to tensile 
loading is shown in Figure 2.2 and can be represented with equations: 2.1. 
2.2, 2.3.  

 

Figure 2.2: Tensile Loading of a plate having a circular hole. [9]. 

 

 (2.1) 

                  (2.2) 

                 (2.3) 

 

Where σ is magnitude of remotely applied tensile stress σxx, 



 15 

             is polar coordinates of an element at an angle , 2a is length of the 
hole and r is radius of curvature. 

 

For a circular hole, the free surface has zero radial and shear stress i.e. 

 

Firstly,  
 

 

 

Let us consider  and eliminate  as it can’t be zero. 

 

 

 

This can be written as, 

 

 

 

 

                         (2.4) 

 

Now, ,  
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                                                      (2.5) 
 

From the equations 2.4, 2.5. it can be said that,  Where,  

Therefore, a = r. The stress distribution would then be 

 
   [8] 

 

The maximum value would be when the load is applied perpendicular to the 
specimen. And the point at which the maximum value would be is 
represented in the above figure which is at θ = 90 degrees. 

The maximum value is                           (2.6) 

 

2.3.2 Ellipse 

Unlike a circle, the stress distribution for an ellipse depends on its major and 
minor axis, Figure 2.3.  

 

Figure 2.3: Tensile Loading of a plate having an elliptical hole.[4]. 
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At the edge of the elliptical hole, Figure 2.4 the sum of stress components is 

 

Figure 2.4  Elliptical coordinates and stress components. [4]. 

 

 

 

The stress σα tends to zero at the edge of the hole. So, . 

 

 

 

The maximum value of occurs at the end of major axis i.e. .  

 

Substituting β=0,  

 

We know that,  
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Here,  and  
 

 

 

 

 

 

 

Hence, we get that,  

 

The value of  is the length of major axis to the length of minor axis 
i.e. a/b. 

The maximum stress for an elliptical hole is  

  (2.7) 

 

Therefore, the Stress Concentration is  
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2.3.3 Rectangular notch 

When an irregular shaped geometry like a rectangular notch is considered, it 
can be re-designed using an equivalent ellipse, Figure 2.5. 

  

Figure 2.5: Rectangular notch shaped hole structure. 

 

The equivalent ellipse has identical properties of an ellipse [4]. The 
maximum stress is developed at the end of major axis. Radius of curvature 
‘r’=b2/a. 

Now the maximum stress formula for an elliptical hole will be changed as 
equation 2.8. As Rectangular notch can be considered as an equivalent 
ellipse, the maximum stress for rectangular notch case is same as that of the 
elliptical case for the size, Figure 2.5. 

 

The Maximum Stress for rectangular notch is 

 

                      (2.8) 

 

Therefore, the Stress Concentration is  
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2.4 Linear Elastic Fracture Mechanics 

According to LEFM, the material is assumed to be linearly elastic and 
isotropic [10]. The stress field pertaining to the crack tip is considered as a 
function of applied load, location and geometry of the specimen. LEFM is 
valid only if the inelastic deformation is small when compared to the size of 
the crack.  

The stress field at the crack tip is 

 

         (2.9) 

 

Here  is the stress at an angle θ, i & j represents values 1 & 2 with respect 
to the Cartesian axis x & y. KI is a stress intensity factor and  is 
Geometric function. The stress field at the crack tip depends upon the 
location of the specimen, geometry and loading. This location can be 
discriminated in polar coordinate system with ‘r’ and ‘θ’. From equation 2.9, 
we can observe that as the stress intensity factor is linearly proportional to 
the stresses near the crack tip displayed in Figure 2.6 [11].  

 

Figure 2.6: Stress Distribution near crack tip.[5].  
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Equation 2.9. for stress field near the crack tip is modified by introducing a 
factor called correction factor which is also called as geometric function: 

 

                                                                            (2.10) 

 

For a cracked body, Plane stress and plane strains are derived depending 
upon the modes of loading (Opening Mode (I), Sliding Mode (II) and Tearing 
mode (III)). If the deformation exceeds the crack size, then Elastic Plastic 
fracture mechanics is used where Stress Intensity Factor can be calculated 
based on LEFM. 

 

Stress Intensity Factor 

In Fracture Mechanics, Stress Intensity Factor is an inherent property of a 
material which is used for predicting the stress state near the crack tip caused 
by remote or residual stresses [11]. Figure 2.7 illustrates an element near the 
crack tip on which the in-plane stresses are introduced.  

 

Figure 2.7: Stresses at the crack tip for elastic material.[11]. 
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When remote or residual stresses are loaded on a specimen, the stress 
intensity at the crack tip is measured using Stress Intensity Factor. Stress 
Intensity Factor depends on geometry, size of specimen and modal 
distribution of loads. For different geometries the stress intensity factor 
varies accordingly with respect to geometry function f (θ). 

The correlation between the stress intensity values and the stresses at the 
crack tip can be expressed as:  

 

                (2.11) 

 

  (2.12) 

 

                    (2.13) 

 

 

 

At the crack tip, from Figure 2.7, we can say that the angle θ will be zero. 
So, the stresses in both the x and y direction becomes equal.   

  (2.14) 

 

Effect due to geometry 
Equation 2.14. of Stress intensity factor is for an Infinite plate having a crack 
length of 2a. In this infinite plate in Figure 2.8, a uniform stress field is 
distributed normal to the crack plane and also the crack size is small when 
compared to the total dimensions of the plate [12]. The conditions of the 
crack tip would have adverse effects if there is any increase in size of a crack 
or decrease in size of a plate [13]. This effect would interfere in interpreting 
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a closed form stress intensity factor. Hence, the width of a plate is restricted 
to 2W which interprets the higher stresses near the crack tip. 

 

 

 

 

 

 

 

 

Figure 2.8: Specimens having infinite geometry (above left) and finite 
geometry (above right). [14]. 

 

Based on LEFM criterion, the stress intensity factor for a finite plate is  

 

  (2.15) 
 

For a finite plate, Figure 2.8 under tensile loading and having a crack of 
length 2a, the stress intensity factor is as 

                                      (2.16) 

 

Where  

   (2.17) 

 

And 2a is crack length, σ is remote tensile stress, KI is Stress Intensity 
factor and  is finite geometric function 
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2.5 Modified Stress Concentration Factor 

Equations 2.6, 2.7, 2.8 used for evaluating maximum stress and the stress 
concentration factor are not involved with geometric function. However, in 
1994, Pilkey [15] states the relationship between maximum stress and stress 
intensity factor as: 

 

 

But we know from Equation 2.16 that:  

 

Substituting in equation 2.16.   

 

Implies that   

 

Hence, we get    (2.18) 

 

Therefore, the modified Stress Concentration is 

 

 

 

Where  is radius of curvature and f(a/w) is geometric function. Here, 
 

Therefore,   (2.19) 
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2.6 Elastic Plastic Fracture Mechanics 

Elastic Plastic Fracture Mechanics theory deals with the materials which 
are nonlinear in behaviour and considers better the role of plastic deformation 
near the crack tip. As the load increases independent of time, plastic 
deformation occurs. Elastic Plastic Fracture Mechanics describes the crack 
tip conditions with the help of two elastic plastic parameters. They are: 

 Crack tip opening displacement (CTOD) 

 J-contour integral 

 

2.6.1 Crack Tip Opening Displacement 

In 1961, Wells [16] postulated an alternate approach that would result in 
applications beyond general yielding conditions. This alternate approach is 
applied on materials which stretch near the crack tip before failure occurs. 
Wells developed these approaches as he observed the high complexity of the 
plastic deformation before material fracture. These theories further helped 
while the relation between Crack tip opening displacement and KI is derived 
as: 

 

 

 

Where δ is CTOD and  is Yield Stress.  
 

The Crack tip opening displacement can be defined using two definitions 
[16]. Two definitions which are explained in Figure 2.9 and Figure 2.10 are: 
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1. The displacement of the opening of an original crack tip. 

 

Figure 2.9: Crack tip. [16].  

 

2. The 90 degrees’ intercept of the displacement near the crack tip. 

 

 

Figure 2.10: Opening of a crack tip having 90 degrees’ intercept. [16].  

 

Crack tip opening displacement deals with both elasticity and plasticity 
behaviors in the materials given by: 

 

                                              

 

Combining these, CTOD can be written as 

 

  

Where, w is half the width of the plate and rp is rotational factor of plastic 
and a is crack length. 
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2.6.2 J Contour integral 

Rice understood the complexity of elastic plastic materials and proposed 
J-integral theory for regions beyond linear elastic materials. The materials 
that deal with high strain rates can be treated with J-contour integral theory 
while LEFM cannot. J-contour integral, see  Figure 2.10 is the path 
independent integral where it characterizes the stresses and strains near the 
tip of a crack and energy release rate uniquely in a material [17]. 

The integration in equation 2.20 over an arbitrary path shown in Figure 
2-10 around the tip of a crack defines J-contour integral [10].    

 

Figure 2.11: Nonlinear elastic specimen having a crack. [16]. 

 

                                              (2.20) 

 

Equation 2.20 can be written in the form of strain energy per unit thickness      

  

                                  

 

Where strain energy density w= , J is J-integral which exhibits 
energy release rate of a material and is path independent and Ti is traction 
vector component perpendicular to contour. 
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2.7 Modified Strip Yield Model 

An Elastic analysis on the specimen predicts singular stresses near the 
tip of a crack where it is unrealistic. In order to avoid such an unrealistic 
prediction, an attempt has been made which proposed cohesive or yielded 
strip zones extending from the tip of a crack by Dugdale (1960) and 
Barenblatt (1962) [17]. The length of this extended zone is δ where the total 
effective crack length will be 2(a+δ). This model is suitable only for thin 
plates. 

The opening of the fractured surfaces which are ahead of the tip of a 
crack is presumed to be opposed by cohesive stresses and Dugdale took that 
stress to be the Yield Stress ‘ ’ of the material, Figure 2.12 

 

 
 

Figure 2.12: Strip Yield Model or Dugdale Model. [17]. 

 

The crack tip opening displacement ( ) is given as 

 

                                             (2.21) 
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And the length of cohesive zone or plastic zone near the crack tip is given as 

 

      (2.22) 

 

Where  is Yield Stress and ‘  is Critical stress.  
The equation that is obtained by principle of virtual work is given as  

 

  (2.23) 

 

A relation that can relate applied stress or remote stress and crack length is 
obtained from the above equations 2.21, 2.22, 2.23 shown below: 

 

  (2.24) 

 

The equation 2.24 is for infinite plates, whereas for finite plates, the 
geometric function is induced to 2.24 by introducing it with the correction 
factor. Hence, introducing a correction factor tends to give Modified Strip 
Yield Model [17] shown below: 

  (2.25) 
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 Experimentation 

A material is to be tested under varying loading conditions before 
releasing into the market. In this research, a tensile test is performed on a 
LDPE specimen to analyze the fracture. 

3.1 Experimental Setup 

The research focuses on determining the fracture properties that 
influence crack initiation in a LDPE sheet. In Mode I loading condition, 
various tests are performed on LDPE sheet with cracks of different 
geometries. Finite Element simulation is used to calibrate the fracture 
parameters virtually. This Physical test conducted in Tensile Test Machine  
Figure 3.1, is compared with the virtual simulations. 

 

 
 

Figure 3.1: Tensile Test Machine at BTH Laboratory. 
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A hole is introduced at the center of the LDPE specimen. The hole geometries 
studied in this research are line, circle, rectangular notch and elliptical 
shaped. Elliptical hole geometry is selected as the further propagation of a 
sharp crack would be elliptical shape. Rectangular notch is selected to 
identify whether there is any difference between both the results. 5 trials are 
made for each specimen by varying the geometry and crack dimensions. 

 

Table 3.1: Hole Dimensions. 

 

Crack Shape Ellipse 

(2a mm * 2b mm) 

Rectangular Notch 

(2a mm * 2b mm) 

1. 45 mm * 5 mm 45 mm * 5.6 mm 

2. 45 mm * 10 mm 45 mm * 10 mm 

3. 45 mm * 15 mm 45 mm * 15 mm 

4. 45 mm * 22.5 mm 45 mm * 20 mm 

 

A sharp crack of 45 mm length and circular hole size of 45 mm diameter was 
analyzed. While considering rectangular notch shaped hole dimensions, 5.6 
mm width instead 5 mm is considered on some distinctive purpose but it 
doesn’t matter. 

The specimen is made out of the LDPE specimen and placed in the tensile 
test machine. The machine has pair of grippers and clamps at its top and 
bottom. The bottom gripper is stationary while the upper one is flexible. A 
2.5 KN load cell is used and the tensile load is acted along the length of the 
specimen. The specimen having a test speed rate of 10 mm/min is tested 
under uniformly distributed load till it breaks. 

The load is controlled digitally and the experiments are recorded. The force 
vs displacement data is recorded for further analysis. 
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3.1.1 Materials 

LDPE Specimen: 
LDPE is a thermoplastic of ethylene. Due to its molecular structure, LDPE 
has less tensile strength and low density. LDPE has very good resistance to 
acids and alcohols while very less resistance to mineral oils and oxidizing 
agents.  

Applications: Plastic bags and wraps, packaging (laminated with 
paperboard), bottles & containers. 

In order to identify the LDPE material physical properties, experimental 
work was initially carried out with the continuum model. Continuum model 
explains the specimen under tensile test without a crack or a hole. The 
Plasticity values have been calculated using values from Figure 3.2 
representing the force vs displacement graph of an experimental continuum 
model. 

 

 
 

Figure 3.2: Force vs Displacement graph for Continuum model. 
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3.1.2 Loading and Testing 

 

Loading: 
Structural loading is the force applied on a structure or its components. Load 
causes stresses, deformations and displacements on structures. Excessive 
loading can cause material failure and must be strictly controlled. Different 
loads include dead load, live load, impact load and cyclic load.  

In our research, uniformly distributed loads are acted upon the whole cross-
sectional area of the specimen. A tensile stress is thus developed which 
causes the material to elongate and thus fail. A cyclic tensile stress can cause 
fracture, fatigue and failure of a structure. 

 

Testing: 
To study the failure caused by tensile loading, tensile test is performed. 
Tension testing enables to review the material reaction upon the application 
of the load. A universal testing machine is used to perform the tensile test. 
From the tensile tests, engineering stresses and strains are obtained. The data 
points are available in the form of stress-strain curve. 
 

 
 

Figure 3.3: Tensile Loading Condition. [18]. 
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3.2 Sample Preparation and Mounting the Specimens 

Measure the length and width of the specimen using a ruler. Extra material 
should be cut along the height of the specimen 2H so as to insert the specimen 
into the gripper. The markings made on the specimen are to be specific in 
terms of its dimensions. As thickness of the specimen varies according to its 
manufacturer, it is advisable to measure the thickness of the LDPE layer 
using micrometer. 

 
 

Figure 3.4: Specimen having a centred crack with finite geometry. [19]. 

 

Five test pieces are cut along the machine direction. The specimen and cracks 
are cut using a steel ruler and surgical knife. As LDPE is isometric and 
ductile, care should be taken that the materials should not have any whirls. 
Ensure that the knife tip is sharp. 

3D Printing Machine: 
Hole shapes like circle, ellipse and rectangular notch are to be cut without 
irregularities. To overcome these irregularities, we use 3D printing machine, 
Figure 3.5 to print impressions of hole shapes, Figure 3.6. These rulers play 
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a significant role in making the holes of curved shapes on the specimen with 
ease. 

 

 

Figure 3.5: 3D Printing Machine. 

 

Figure 3.6: 3D Ellipse ruler (left) and Rectangular Notch ruler (right). 

 

The 3D printed rulers are placed on the LDPE sheet as impressions. A 
surgical knife having negligible thickness at its edge is used to make the holes 
on the foil. Markings are made on the foil using a marker and cuts are made 

BASE 

ARM 
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carefully without any imperfections. The specimen is now mounted onto the 
grippers of the tensile test machine. Loading is carried out digitally. The 
gripper and specimen should be parallel to each other. The specimen is 
loaded into the grippers through bolt and nut mechanism. All the bolts and 
nuts are to be locked perfectly in order to avoid any movement or rotation of 
the specimen. A pre-crack (continuum) model is considered to evaluate the 
plasticity values from the force vs displacement graph. These values help 
further in building the material model in numerical work.  

 

3.3 Experimental work: Results and Discussion 

Case (I): Specimen without a hole or a crack 
Continuum model is considered in order to evaluate the properties of LDPE 
to build an exact material model in the simulation software ABAQUS. 
Plasticity values are obtained from Figure 3.7. 

 

 
 

Figure 3.7: Force vs Displacement graph for specimen without a hole. 
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Case (II): Specimen having elliptical shaped hole 
 

 

Figure 3.8: Force vs Displacement graph for specimens having elliptical 
shaped hole. 

 

The LDPE specimen having an elliptical hole with a particular length ‘2a’is 
varied accordingly with the width. Now, the tensile test is conducted on the 
specimens to obtain force vs displacement graphs and to observe the effect 
of varying width.  

Figure 3.8 represents force vs displacement curves for different specimens 
having different shapes like circular and elliptical holes. Table 3.2 represents 
the maximum force values in each case and its corresponding displacement 
values.  

From Table 3.2, a conclusion can be drawn that the maximum force increases 
as width of the hole increases for a particular hole length.  
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Table 3.2: Maximum load results based on varying width of an elliptical 
shaped hole in a scale from low to high. 

 

Elliptical shaped 
hole of size 

(2a mm * 2b mm) 

Maximum Load 

(N) 

Displacement 

 (mm) 

45 mm * 0 mm 7.081 21.13 

45 mm * 5 mm 7.412 21.21 

45 mm * 10 mm 7.414 23.66 

45 mm * 15 mm 8.108 25 

45 mm * 22.5 mm 8.426 25.55 

45 mm * 45 mm 8.590 28.67 

 

Case (III): Specimen having rectangular notch shaped hole 

 

Figure 3.9: Force vs Displacement graph for specimens having rectangular 
notch shaped hole. 
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Table 3.3: Maximum load results based on varying width of rectangular 
notch shaped hole in a scale from low to high. 

 

Rectangular Notch 
shaped hole of size 

(2a mm * 2b mm) 

Maximum Load 

(N) 

Displacement 

 (mm) 

45 mm * 0 mm 7.081 21.13 

45 mm * 5.6 mm 7.950 22.55 

45 mm * 10 mm 8.415 26.58 

45 mm * 15 mm 8.456 26.64 

45 mm * 20 mm 8.585 28.67 

45 mm * 45 mm 8.590 28.94 

 

Now, the same tensile test is conducted on the specimens having rectangular 
notch shaped hole Figure 3.9. The maximum load and their corresponding 
displacement values evaluated from the graphs are displayed Table 3.3.  

For a specimen rectangular notch shaped hole, see Table 3.3, a similar 
conclusion to that of an elliptical is drawn. The force vs displacement graphs 
for different trials of same specimen and hole geometry are attached in the 
appendix. The obtained experimental results are used just for validating the 
numerical results. 
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 Numerical Model 

A numerical model is used for the subsequent analysis to find out the stress 
concentration and stress intensity factors for varying cross-sections and 
dimensions. Finite element method is a technique used to find the 
approximate solutions to boundary value problems. Finite element analysis 
divides a large problem into simple steps. 

The advantages of using a numerical model is: 

1. Accurate representation of geometry 

2. Inclusion of dissimilar properties  

3. Ease of representation and trials 

4. Capture of local effects. 

 

A virtual simulation that includes finite element modelling is used such that 
the number of trials and the subsequent results are approximate to the 
solutions obtained by the experimental work. 

 

4.1 Abaqus Standard / Explicit 

ABAQUS software offers powerful and complete solutions for both 
sophisticated and routine engineering problems. The complete Abaqus 
environment is used for modelling and analysis of mechanical components 
and assemblies. ABAQUS/ Standard is used initially for the Linear Elastic 
analysis of the material, but for analyzing non-linear elastic plastic material 
ABAQUS/ Explicit is used.  

 

 

Preprocessing: 
Creating an input 

file for solver

Processing: Finite 
element analysis 

that produces 
output file

Post-processing: 
Generating report 
from the output 

file.

Figure 4.1: Stages approached in Finite Element Analysis for ABAQUS.
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FEM considers following steps: 

 Two Dimensional Modelling. 
 Deformable body. 
 Shell Elements are used for meshing. 
 Plane stress is considered due to small thickness of the material. 

 

Table 4.1: Units used consistently throughout the ABAQUS simulation. 

 

Property Unit System 

Length mm  

Load/Force N 

Stress MPa 

Density g/mm^3 

 

4.1.1 Finite Element Method: 

The material designed in the pre-processing stage is now introduced with 
the loads and boundary conditions. Since a uniformly distributed tensile load 
is acting on the specimen, stress values can be given on upper end of the 
specimen in the software module. According to the experimentation, the 
specimen is fixed at lower end and is pulled at the upper end. Finite element 
method depends on the number of elements to be divided. Extremely finer 
mesh with 8 elements is the best suitable option for precision as it helps to 
trace out the stresses that are escaped within the element. So, mesh with 8 
node element is only preferred while considering linear elastic analysis.  

Due to the LDPE material’s degradation, the ABAQUS / Explicit is 
preferred over the ABAQUS / standard with 8 node element. And also the 
use of ABAQUS / Explicit avoids the convergence problems when compared 
to implicit case. This finite element meshing is more concentrated in the 
region of the corresponding specimen’s hole and in the direction of crack 
propagation. The more the number of elements and less the size of the 
element, results in more accuracy. Now, the job is carried out and the results 
are obtained. 
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4.2 Material Properties 

A specimen with length 230mm, breadth 95mm and thickness of 9 μm is 
created in the design module. While performing simulations, symmetry is 
considered i.e. only a quarter of the geometry. Material properties include 
density, young’s Modulus and poison’s ratio are added.  

 Young’s Modulus is used to define the linear elastic region i.e. 
below yield strength in the graph. 

 Plasticity is used to define the plastic nature of the material i.e. 
between yield strength & ultimate strength in Figure 4.2. 

 Ductile damage initiation and the damage evolution are not 
considered as the work deals only till crack initiation.  

 

 

Figure 4.2: Stress Strain curve to determine Ductile Material 
Parameters [20]. 

 

4.2.1 Young’s Modulus 

Young’s Modulus is a constant which describes the linear elastic properties 
of a material that is under tensile or compression test. Mathematically, 
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Young’s Modulus is obtained by dividing the uniaxial stress by the 
extensional strain. 

 

4.2.2 Plasticity 

Plasticity data is acquired from the tensile test of a continuum model to 
develop the real material properties in finite element model. Initially 
engineering stress and its corresponding engineering strain are calculated but 
due to the change in the area of cross-section, true stress and true strain are 
calculated in order to consider the effect. The plasticity data is a combination 
of the true stress and plastic strain where plastic strain in turn depends upon 
true stress and true strain.  

 and  

Now, true stress and true strain are as  

and  

 

 

 

Figure 4.3: True Stress Vs True Strain graph for LDPE material under 
Tensile Test.[20]. 
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This measured true strain is composed of elastic strain and plastic strain 
which can be seen in Figure 4.3. 

 

 

 

 

 

 

Figure 4.4: True Stress Vs True Strain.  
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4.3 Mesh Convergence 

 

Figure 4.5 demonstrates mesh convergence test on a particular 
specimen having an elliptical hole (2a = 45 mm and 2b = 15 mm). Mesh 
convergence test is conducted by varying the number and size of the 
elements. Variation is done by continuously increasing the number of 
elements and decreasing the size of elements until the set tolerance limit is 
reached. 

As this thesis concerns about the maximum force value and its 
corresponding displacement value, finite element meshing plays a vital role.   

Figure 4.5 concludes that the very fine mesh result is much closer to 
the experimental one than the fine mesh result. Hence, the refined meshes 
would enable accurate results closer to the experimental one.  

 

 

 

Figure 4.5: Effect of Mesh in LDPE material. 
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 Results and Discussions 

5.1 Comparison of numerical and theoretical results 
using LEFM theory 

5.1.1 Influence of Width ‘2b’ on Small and large size holes. 

The maximum stress in the LDPE specimen having elliptical shaped and 
rectangular notch shaped holes of length ‘2a’ as 15 mm and 45 mm is 
calculated by varying width. In the below graphs, maximum stress values are 
calculated using theoretical formulas as mentioned in section 2. The 
properties of the LDPE are Young’s Modulus, E = 120 MPa and Poisson’s 
ratio = 0.4. 

 

Elliptical Hole, 2a =15 mm  
 

 

 

 

 

 

 

 

 

 

Figure 5.1: Effect of increase in width ‘2b’ of elliptical holed specimen on 
maximum stress, 2a = 15 mm.   
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Elliptical Hole, 2a =45 mm 

 
 

 

Figure 5.2: Effect of increase in width ‘2b’ of elliptical holed specimen on 
maximum stress, 2a = 45 mm. 

 

From Figure 5.1 and Figure 5.2 it can be observed that for smaller hole sizes, 
(15 mm hole length), the theoretical results match with numerical results. But 
when coming to the larger hole sizes i.e. 45 mm hole length, the theoretical 
results do not correlate with numerical results.   

Now, the same procedure is repeated for the specimen having a rectangular 
notch shaped hole.  
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Rectangular Notch, 2a =15 mm 
 

 

Figure 5.3: Effect of increase in width ‘2b’ of rectangular notch shape holed 
specimen on maximum stress, 2a = 15 mm. 

 

Rectangular Notch, 2a =45 mm 

 

Figure 5.4: Effect of increase in width ‘2b’ of rectangular notch shape holed 
specimen on maximum stress, 2a = 45 mm.   



 49 

For the smaller hole sizes, Figure 5.3 of length ‘2a’ (15 mm), the theoretical 
results match with numerical results. But in the case of larger hole sizes 
Figure 5.4 of length ‘2a’ (45 mm) do not correlate with numerical results. 

 

5.1.2 Influence of geometric function in Theoretical equation 

Now, the theoretical equation 2.7 is modified by introducing a geometric 
function and maximum stress values are calculated using modified 
theoretical equation 2.19.  

 

Elliptical Hole, 2a =45 mm 

 

 
 

Figure 5.5: Effect of geometric function introduced in theoretical equation 
for elliptical holed specimen, 2a = 45 mm. 
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Rectangular Notch, 2a =45 mm 

 

 

 

Figure 5.6: Effect of geometric function introduced in theoretical equation 
for rectangular notch shape holed specimen, 2a = 45 mm. 

 

Figure 5.5 and Figure 5.6 represent maximum stress values calculated by 
using theoretical equations 2.7 and 2.8. Numerical results and modified 
theoretical results are calculated using equations 2.18 and 2.19. It can be 
observed that the theoretical results obtained using equations 2.7 and 2.8 do 
not correlate with numerical results. But the modified theoretical results 
using equations 2.18 & 2.19 are good fit with numerical ones. 

 

5.1.3 Influence of Geometric function in Stress Intensity factor 
equation 

The numerical Stress Intensity Factor (from ABAQUS) at displacement 30 
mm for a specimen having a sharp crack of length 2a as 45 mm is found to 
be 138.1 N/mm1.5. 
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From theoretical equation 2.16.,  

Where for 45 mm crack length and 230*95 specimen size, 

 

 

At displacement 30 mm from ABAQUS,   

Therefore,  

Here, it can be seen that the stress intensity factor from both theoretical 
results and numerical results are similar. 

 

5.2 Comparison of experimental, numerical and 
theoretical results using EPFM theory 

5.2.1 Influence of Width ‘2b’ of a hole on  

Elliptical hole, 2a =45 mm 
      

For LDPE material, the theoretical results (modified strip yield model), 
numerical results and experimental results are presented for critical stresses 
‘ ’. The geometric function used here has been calculated using equation 
2.17. The graphs show a good match with all the results. The fracture 
toughness values are taken from the previous work [6].  

Critical stress is the peak point in the below experimental and numerical true 
stress vs strain graphs Figure 5.7. True stress vs true strain graphs are 
obtained from force vs displacement graphs.  

As mentioned earlier, the true stress vs true strain graphs are evaluated until 
the crack has been initiated because this thesis mainly concerns the peak 
stress in the graph. All the calculations are made for the specimen having 
elliptical shaped hole of length 2a = 45 mm and varying widths of hole 2b = 
0, 5, 10, 15, 22.5 and 45 mm. 
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Figure 5.7: True stress vs strain graph of specimen with 2a = 45 mm 
straight line sharp crack.  

 

 

Figure 5.8: True stress vs strain graph of specimen with 2a = 45 mm and 
2b = 5 mm elliptical hole. 
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Figure 5.9: True stress vs strain graph of specimen with 2a = 45 mm and 
2b = 10 mm elliptical hole. 

 

Figure 5.10: True stress vs strain graph of specimen with 2a = 45 mm and 
2b = 15 mm elliptical hole. 
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Figure 5.11: True stress vs strain graph of specimen with 2a = 45 mm and 
2b = 22.5 mm elliptical hole. 

 

Figure 5.12: True stress vs strain graph of specimen with 2a = 2b = 45mm 
circular hole. 
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Table 5.1: Critical Stress results based on varying width of an elliptical 
shaped hole in a scale from low to high. 

 

 

 

 

 

 

 

 

 

 

 

 

The Critical stress ‘ ’ calculated using strip yield model is 3.2635 MPa.  
   

From Figure 5.7, Figure 5.8, Figure 5.9, Figure 5.10, Figure 5.11 and Figure 
5.12, the critical stress values for LDPE specimen are framed in Table 5. It 
can be observed from the graphs that the numerical results correlate with the 
analytical results (modified strip yield model) for the straight line crack case 
(2b is 0). In case of specimen having elliptical hole, the numerical results 
vary as the width of the hole varies 

Similarly, all these calculations are made for the specimen having rectangular 
notch of length 2a = 45 mm and 2b = 0, 5.6, 10, 15, 20 and 45 mm. It is 
observed that the experimental results, numerical results and analytical 
results using strip yield model are having a good match with each other. 

 

 

 

 

 

Elliptical Hole ‘2a’ = 45 mm 

Width ‘2b’ of Hole Numerical Critical 
Stress ‘ ’ 

0 mm 3.2632 MPa  

5 mm 3.2711 MPa 

10 mm 3.2963 MPa 

15 mm 3.3849 MPa 

22.5 mm 3.4372 MPa 

45 mm 3.5687 MPa 
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Rectangular Notch, 2a =45 mm 

 

Figure 5.13: True stress vs strain graph of specimen with 2a = 45 mm and 
2b = 5.6 mm rectangular notch shaped hole. 

 

 

Figure 5.14: True stress vs strain graph of specimen with 2a = 45 mm and 
2b = 10 mm rectangular notch shaped hole. 
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Figure 5.15: True stress vs strain graph of specimen with 2a = 45 mm and 
2b = 15 mm rectangular notch shaped hole. 

 

Figure 5.16: True stress vs strain graph of specimen with 2a = 45 mm and 
2b = 20 mm rectangular notch shaped hole. 
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Table 5.2: Critical Stress results based on varying width of rectangular 
notch shaped hole in a scale from low to high. 

 

Rectangular Notch ‘2a’ = 45 mm 

Width ‘2b’ of Hole Numerical Critical Stress 
‘ ’ 

0 mm 3.2632 MPa  

5.6 mm 3.3175 MPa 

10 mm 3.4315 MPa 

15 mm 3.5248 MPa 

20 mm 3.5328 MPa 

45 mm 3.5687 MPa 

 

The Critical stress ‘ ’ calculated using strip yield model is 3.2635 MPa. 

In this case of specimen having rectangular notch shaped hole, see Figure 
5.13, Figure 5.14, Figure 5.15 and Figure 5.16 , results are similar to the 
specimen having elliptical shaped hole. The numerical results of the 
specimen having zero width hole size in Figure 5.7 is only too close with 
analytical results (using equation 2.25.). While coming to the case with 
varying widths of the hole size, numerical results differ with analytical results 
which can be seen in Table 5.2. 

 

5.2.2 Influence of Width ‘2b’ of hole on  

For a specimen having particular crack length ‘2a’, there is only one known 
geometric function. But the geometric function for the cracks having a width 
‘2b’ can be found out by using evaluated critical stresses, yield stress and the 
fracture toughness of that particular material, equation 2.25. Critical stresses 
obtained from numerical results are used in the MSYM to illuminate the 
geometric function of a specimen having an elliptical and rectangular notch 
shaped holes with varying widths ‘2b’. Now, the results obtained are 
compared with theoretical results obtained using equation 2.17.  
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Elliptical hole, 2a =45 mm 

 

Figure 5.17: Effect of increase in width ‘2b’ of elliptical holed specimen in 
nonlinear elastic plastic case, 2a = 45 mm. 

 

Table 5.3: Geometric function results based on varying width of an 
elliptical shaped hole in a scale from low to high. 

 

Elliptical Hole ‘2a’ = 45 mm 

Width ‘2b’ of Hole Geometric function 

f(a/w) 

0 mm 1.1629  

5 mm 1.1601 

10 mm 1.1511 

15 mm 1.1207 

22.5 mm 1.1034 

45 mm 1.0623 
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Rectangular Notch, 2a =45 mm 

 

Figure 5.18: Effect of increase in width ‘2b’ of rectangular notch shape 
holed specimen in nonlinear elastic plastic case, 2a = 45 mm. 

Table 5.4: Geometric function results based on varying width of rectangular 
notch shaped hole in a scale from low to high. 

 

Rectangular Notch ‘2a’ = 45 mm 

Width ‘2b’ of Hole Geometric function 

f(a/w) 

0 mm 1.1629 

5.6 mm 1.1436 

10 mm 1.1052 

15 mm 1.0762 

20 mm 1.0756 

45 mm 1.0623 
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The effect of width of the hole ‘2b’ on geometric function, see Figure 5.17 
and Figure 5.18 is similar between specimens having both elliptical shaped 
hole and rectangular notch shaped hole. And there is a considerable 
difference between numerical results and the theoretical results, as the width 
of the hole ‘2b’ varies as seen in Table 5.3 and Table 5.4. We have proposed 
here a way to find out the geometric functions of any complex shaped hole. 

 

5.3 Observations form the Experimental Work 

After mounting the specimen, MTS software test work is launched. Make 
sure that the load value is positive. The displacement is set accordingly. Now, 
start the video recorder and the tensile test simultaneously. As the process 
ends, a force vs displacement graph is obtained. Repeat the experiment for 
five trials each on line, circular and elliptical cracked specimens.  

Practical knowledge can be attained by analyzing the force vs displacement 
graph in Figure 5.22 with the following captured photos of experimental 
work in Figure 5.19, Figure 5.20 and Figure 5.21. 

 

(a)                              (b)                           (c)                        (d) 

 

 

Figure 5.19: Linearity phase of LDPE material under tensile. 
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              (e)                         (f)                           (g)                          (h) 

 

Figure 5.20: Crack Initiation and Propagation of LDPE material under 
tensile. 

 

(i)                           (j)                                    (k) 
 

 

 

 

 

 

 

 

 

 

 

Figure 5.21: Shows LDPE specimen detaches at the crack. 
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Observations 
 

The plotted sequence in Figure 5.22 correlates pictorial representation of 
experimental work to the Force Vs Displacement observations and applies to 
the specimens having circular, elliptical and rectangular notch shaped holes. 

 
(a) & (b) are the initial steps where specimen is mounted on to the grippers 
of the tensile test machine and the tensile test begins as soon as the 
displacement is set.  

 
A detailed overview is presented below. 

Figure 5.22: Correlation of Force Vs Displacement graph and 
pictorial experimental work. 
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(a) The specimen undergoes the linearity phase, where the stress at the 

crack tip tends to move towards the yield stress. Here the linear 
elastic nature of the specimen continues until the yield point is 
reached.  
 

(b) Yield point is reached due to the plasticity of the LDPE specimen, 
the crack gets initiated and the stress at the tip of a crack reaches 
maximum stress in the whole specimen.  
 

(c) Point of maximum stress in the material where the crack propagates 
as if the mouth of the crack tip gets ripped.  
 

(d) The propagation of crack can be explained in terms of necking 
region where the model gets damaged.  
 

(e) During this necking region, the highest rate of buckling effect can 
be seen. The folds in Figure 5.20  are due to Buckling.  
 

(f) From Figure 5.20, we can observe the propagation of crack ends at 
one end of the crack which results a fluctuation in force vs 
displacement graph.  
 

(g) As one of both ends of the specimen gets ripped off, the stress 
suddenly drops off and picks up due to the stress at another end of 
the crack.  
 

(h) Finally, the the other end of the crack rips off  in Figure 5.21  and 
the graph of force vs displacement in Figure 5.22 falls off  suddenly 
at point k relatively. 

 

 

The observations for different specimen shapes are tabulated Table 5.5. 
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Table 5.5: Elapsed time for crack initiation and propagation. 

 

Specimen Shape 

(2a mm * 2b mm) 

Time at the end of 
crack initiation 

Time at the end of 
crack propagation 

Sharp Crack 

(45 mm * 0 mm) 

1 min 10 secs 3 mins 54 secs 

Ellipse  

(45 mm*10 mm) 

2 mins 11 secs  3 mins 6 secs 

Rectangular Notch  

(45 mm*10 mm) 

2 mins 10 secs 3 mins 59 secs 

Circle  

(45 mm* 45 mm) 

4 min 35 secs 5 min 33 secs 

 

Table 5.5 is an observation from the experimental video. The time taken for 
the crack initiation to end is almost same for ellipse and rectangular notch 
having same width. The crack propagation depends on the shape of the 
specimen irrespective of width. As the width of the hole increases, the time 
for the crack initiation also increases. Time is an independent variable, but 
helps in finding out the displacement. Time and displacement are directly 
related and so, displacement can be considered as a suitable parameter in 
analysing the experimental work.    

 

A detailed overview of geometric function and critical stress both 
numerically and experimentally is tabulated Table 5.6 The observations are 
made for both elliptical and rectangular notched specimens with varied 
widths. Conclusions are drawn from the observations and are presented in 
section 6. 
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Table 5.6: Fracture parameters with respect to various shaped holes. 

 

 

 

Elliptical Hole ‘2a’ = 45 mm 

Width ‘2b’ of 
Hole 

Numerical 
Critical Stress 

‘ ’ 

Experimental 
Critical Stress 

Geometric 
function 

f(a/w) 

0 mm 3.2632 MPa  3.0542 MPa 1.1629 

5 mm 3.2711 MPa 3.1561 MPa 1.1601 

10 mm 3.2963 MPa 3.1878 MPa 1.1511 

15 mm 3.3849 MPa 3.5046 MPa 1.1207 

22.5 mm 3.4372 MPa 3.6499 MPa 1.1034 

45 mm 3.5687 MPa 3.7664 MPa 1.0623 

 

Rectangular Notch ‘2a’ = 45 mm 

Width ‘2b’ of 
Hole 

Numerical 
Critical Stress 

‘ ’ 

Experimental 
Critical Stress 

Geometric 
function 

f(a/w) 

0 mm 3.2632 MPa  3.0542 MPa 1.1629 

5.6 mm 3.3175 MPa 3.4033 MPa 1.1436 

10 mm 3.4315 MPa 3.6598 MPa 1.1052 

15 mm 3.5248 MPa 3.6785 MPa 1.0762 

20 mm 3.5328 MPa 3.7642 MPa 1.0756 

45 mm 3.5687 MPa 3.7703 1.0623 
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 Conclusion and Future Work 

In this thesis work, the study mainly includes the effect of increase in the 
width of the hole in a specimen on various parameters like maximum stress, 
critical stress and geometric function. Theoretical derivations, simulations 
and experimental work are used to evaluate the parameters. The conclusions 
drawn from this thesis work are 

1. For larger lengths holes, theoretical results cannot be used for 
analysis.  
 

2. To avoid the difference between theoretical and numerical results of 
maximum stress for larger length holes, a geometric function 
parameter is introduced and as a result the difference was reduced.  
 

3. The theoretical and numerical results are a close match, when stress 
intensity factor approach is used for a sharp crack.  
 

4. Numerical and theoretical results of critical stresses are a close match 
for all the hole shapes under EPFM theory. 
 

5. Width of the hole/ blunting crack should be considered while 
calculating the critical stress and geometric function.  
 

6. An increase in the width of the hole resulted in a significant increase 
of critical stresses, for all the hole shapes.  
 

7. A process for finding the geometric function for any complex shape 
is formulated.  
 

8. The experimental time / applied displacement at the end of crack 
initiation is almost the same for elliptical and rectangular notch 
shaped holes having same width. 
 

9.  The experimental time / applied displacement at the end of crack 
propagation differs for different widths of different shaped holes.  
 

10. The experimental crack tip opening displacement (CTOD) at the end 
of crack initiation increased with an increase in the width of the hole. 
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Future Work 

 In future, stress analysis can be carried out on specimens with 
irregular shapes.  

 A systematic study can be done by varying the specimen material. 
  A stress analysis can also be performed on a specimen having 

multiple holes. 
  Parametric analysis can be performed by varying different material 

parameters such as thickness and specimen size.  
 A contradiction between LEFM and EPFM theory is observed i.e. in 

case of LEFM, the geometric function increases for an increase in 
the width of the hole.  

 An optimization study can be included to find out the optimum 
value of stress the material can handle. This problem can also be 
solved as future work.  
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 Appendix 

8.1 Appendix (A): Force vs Displacement graphs 
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8.2 Appendix (B): Finite Element Modelling in 
ABAQUS 

Method used in Abaqus: 
 

 

 

 

 

 

 

 

(B1) 

Solution Process in ABAQUS for Maximum stress near crack tip 
(Linear Elastic Analysis)   

 

Step 1: Creating Part Geometry 
Modelling space  2D Planar 
Type  Deformable. 

Base feature  Shell. 

 

Step 2: Assigning Material Properties 
Model Data Base  Model Material  Elasticity and Density. 

Model Data Base  Sections Section Assignment  Thickness.      

     

Step 3: Assembly       
Model Data Base  Model Assembly Instances Independent. 

 

 

Part Material 
Properties Assembly Step

Interaction Load Mesh Job
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Step 4: Step 
Model Data Base  Model  Step  Static / General. 

 
 

Step 5: Boundary conditions 
Symmetry conditions: 

Step  Mechanical  Symmetry/ Anti-symmetry / Encastre 
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Step  Mechanical  Displacement / Rotation 

 
 

Step 6: Meshing 
Module Mesh Seed Edges By number 

Module Mesh  Mesh Controls 

Module Mesh Element Type Standard Quadratic 
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Step 7: Job 
Full Analysis. 

 

Step 6: Visualization 
Maximum Stress (S22) 

 

(B2) 

Solution Process in ABAQUS for Force Vs Displacement graphs (Non-
Linear Elastic Plastic Analysis) 

   

Step 1: Creating Part Geometry 
Modelling space  2D Planar 

Type  Deformable. 

Base feature  Shell. 

 

Step 2: Assigning Material Properties 
Model Data Base  Model Material  Elasticity, Density and Plasticity. 
 

Plasticity values: 

Yield Stress Plastic Strain 

3.061006 0 
4.532127 0.003851 
5.842838 0.006771 
6.859338 0.010706 
7.730617 0.016675 
8.430849 0.023551 
9.027013 0.031538 
9.497497 0.040136 
9.937471 0.049515 
10.37597 0.058956 
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10.72619 0.068251 
11.1577 0.078051 

11.48997 0.087085 
11.85345 0.096722 
12.09649 0.105974 
12.46171 0.115992 
12.72519 0.12495 
13.06125 0.134544 
13.34646 0.143454 
13.68368 0.152621 
13.95573 0.161266 
14.29655 0.170279 
14.62318 0.178655 
14.9985 0.187017 
15.2803 0.194896 

15.68477 0.203369 
15.85467 0.210804 
16.17407 0.219898 
16.4492 0.227761 

16.76682 0.235851 
17.11831 0.243519 
17.57774 0.250833 
17.63029 0.257233 
18.06652 0.266604 
18.27933 0.272988 
18.62897 0.280966 
18.79907 0.287819 
19.14427 0.295936 
19.35493 0.302649 
19.73622 0.310287 
19.89533 0.316554 
20.33198 0.324417 
20.40668 0.330103 
20.71283 0.338437 
20.89844 0.344951 
21.20787 0.352294 

 

Model Data Base  Sections Section Assignment  Thickness.      

 

Step 3: Assembly       
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Model Data Base  Model Assembly Instances Independent. 

 

Step 4: Step 
Model Data Base  Model  Step  Static / General. 

 
Step Nlgeom on. 

 
Features  Reference Point 

 

Constraint Coupling  

Select Reference Point  Node region 
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History Output Request Domain  Set  Reference point 

 Reaction Forces (RF2) 
 Displacement (U2) 

 

Step 5: Boundary conditions 
Symmetry conditions 

Step  Mechanical  Symmetry/ Anti-symmetry / Encastre 

 
 

Step  Mechanical  Displacement / Rotation 



 83 

 
 

Step 6: Meshing 
Module Mesh Seed Edges By number 

Module Mesh  Mesh Controls 

Module Mesh Element Type Explicit Linear 
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Step 7: Job 
Full Analysis. 

 

Step 6: Visualization 
Create XY Data  ODB History Output. 

Create XY Data  Operate on XY data. 
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