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Abstract 

Polyethylene is a widely-used material in package industries. The fracture behavior 

of this material has not been studied in the plastic region in many years. In this thesis 

work, the J-Integral which is one material property used to represent the plastic 

material strength is calculated through the numerical analysis. To build a correct 

numerical model, the material behavior is summarized from previous uniaxial tensile 

test. The result from the fracture experiment for variable initial crack length is used 

to validate the reliability of the numerical model. The numerical analysis is done by 

the software ABAQUS which has the function to get the value of J-Integral directly. 

The final result contains the comparison between experiments and numerical analysis 

and the value of J-Integral at the crack initiation.  

Keywords:   

Material behavior, Fracture mechanics, Elastic plastic fracture mechanics, J-Integral, 

Numerical analysis, ABAQUS. 
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1. Introduction 

Polyethylene has been widely used in several industry areas and human 

livelihood nowadays, especially for packing and constructions applications. 

Since its accidental discovery in 1933 it has evolved into a material critical 

to modern life. The first product commercialized was low density 

polyethylene (LDPE) based on free radical polymerization [1]. 

Tetra package is one of the mostly famous application used polyethylene 

material. In 2012 the 60th Anniversary of Tetra Pak, 26.4 billion FSC™-

labelled packages reach consumers in 37 countries around the world [2].  

Polyethylene occupied twenty percent of the normal beverage packages.  

Shown in Fig 1.1 is the material consists for Tetra Pak packages,  numerious 

layers are made up by the polyethylene. This material used in the carton 

package has the usage to protect the beverage from outside and fix the 

aluminium layer to the paperboard steadily. 

 

Fig 1.1 Material consists for Tetra Pak packages [3] 

Sort of mostly used polyethylene as the package is called LDPE, 

abbreviation of the Low-density polyethylene. LDPE has a density between 

0.910 to 0.940 g/cm3. The intermolecular forces of LDPE are weak, which 

makes its tensile strength low but high resilience. 

 

 

1.1 Background and problem description 

When open these packages, shown in Fig 1.2, the polymer need to be torn 

apart. The opening force is required to be reasonable for the customer. For 
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this reason, the company set the aim of computing and predicting the 

opening force in advance by numerical solutions. 

 

Fig 1.2 Beverage package which is opened by material rupture 

To make the opening part noticeable and easy for being removed, the 

polymer is cut with a circle of crack on it. The measurement of the crack 

caused by hand motion can be considered as a Fracture Mechanics case. In 

this report the relation between external force and the crack is studied to 

verify whether the test material is applied for packaging.  

Fracture Mechanics is a subject which focuses on one specific failure mode 

– crack. Fracture mechanics is based on the implicit assumption that there 

exists a crack in a work component [4].  

LDPE has a long history of application in the package industry. But in the 

early time, lack of the studies about the fracture mechanics makes it hard to 

grasp detailed material properties. How strong the package design is can be 

only tested after making prototype. 

 About 50-60 years ago when the growth of crack was not available to be 

analyzed, the safety factor has to be chosen at a high value to confront the 

unforeseen factors. That also results in increasing cost of structural 

components. With the development of fracture mechanics, the causes and 

effects of the failure can be understood, which enables to use much lower 

safety factor and reduce the cost. Therefore, the fracture mechanics research 

possesses its economic value. 

Fig 1.3 is the material sheet made by the polyethylene material produced by 

Tetra Pak. The company has used this material in the products for many 

years. The research of this material property has not too many tools to use 

when the company starts to use it. Since the theory and methods of how to 

get the material property has a great development. The company wants to 

update the accurate material models of the polyethylene for improving the 

product design. This means both constitutive models for the stress-strain 

behavior as well as the fracture mechanics behavior. 
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Fig 1.3 Material sheet used for test 

For this project, the task is to determine the fracture behavior of the 

polyethylene sheet. The material sheet for being tested is given by the Tetra 

Pak. Several experiments and simulations are designed to fulfil the task. 

The material test contains both mechanics testing and numerical simulation. 

Mechanics testing uses polyethylene plates for objects at the lab. Meanwhile 

numerical simulation is performed in ABAQUS. Data from both test 

methods will be used for determination the strain energy release (J-integral) 

and surface energy. 

1.2 Aim and purpose 

The master thesis work aim to carry through three parts of tasks, Uniaxial 

tensile testing of polyethylene test specimens, Fracture mechanics testing of 

polyethylene plates, Numerical simulation in ABAQUS of the fracture tests 

for determination of J- integral.  

The main purpose of the project is to determine the critical value of the J-

integral, which is a property of materials. This property determines the 

material strength. Meanwhile the stress required for cracking the material 

can be figured. The data and simulations got from the project can make a 

clear view of the fracture behavior of tested material. 

 

1.3 Hypothesis and limitations 

Polyethylene is plastic material. When polyethylene plate tensioned by 

specific load, plastic area will form before plate cracked. Increasing load 

leads the growth of the crack and slit the plate at the specific length of the 

crack. 

The main experiment set for observing the fracture behavior of the material 

specimens is the tensile test. Giving tensile load on the specimens which has 
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an initial crack on the side is the main idea of the experiment. Test data can 

be used to support the numerical simulations in the ABAQUS. It is hard to 

test all the specimens with various lengths of initial crack, only specific 

specimens will be used for the test. 

The experiment and simulations may have deviations being compared with 

the actual fracture behavior. The simulation cannot simulate randomly 

generated crack.  
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2. Literature Review 

Studying the basic material property and history of fracture mechanics is 

helpful to learn some basic knowledge about the material property and a 

previous view about what is going to be researched and explored. The basic 

material property theory can be found in the online documentation and 

previous thesis works [4] [5] [6] [7]. 

2.1 Material behavior 

Unlike the shape and color, the material property of the load-tolerance is 

unable to be viewed directly. The material behavior under the external force 

is usually observed through the tensile/compression experiment, which 

doing the tensile/compression loading of a tensile bar. 

 

 
Fig 2.1 Standard tensile test specimen [8] 

 

Shown in Fig 2.1 is the standard tensile test specimen, which can be flat or 

cylinder relied on the type of test machine. Recorded by the test machine, 

the load added on two sides and the displacement is output as the stress-

strain curve. The material behavior from the start to the failure is contained 

in the stress-strain curve. Unique material may have the unique curve. 

 

Fig 2.2 is the common stress-strain curve of the thermoplastic polymer, 

which is measured from the tensile experiment. The whole curve can be 

divided into several parts. The first linear portion which has a single 

increasing rate is called elastic region. The slope of this region represents a 

major material property, the Young’s Modulus, which is the scale of the 

material’s elasticity. The elasticity relates to the extent of external influence 

and force a body or material can resist and restore the initial states when it is 

unloaded.  
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Fig 2.2 Typical stress-strain curve of a thermoplastic polymer [9] 

 

The elastic zone ends at the yield point. When the stress is beyond the yield 

strength, the deformation will be changed into permanent. The body cannot 

be return to the initial after the load is removed. The mechanisms reason for 

producing the plastic deformation is variable. The plasticity in the metal 

material is the consequence of crystal dislocations [7] 

 

Evidence of the plasticity is the permanent deformation. Unlike the linear 

relations between stress and strain in elastic zone, the strength is decreased 

during the plastic deformation, the force required to deform further is lower 

than it required during the elastic zone.  

 

With the continuous tensile deformation, large amount of strain along the 

tensile direction leads to the decrease in local cross-sectional area since the 

total quailty of the specimen is the invariant. This resulting decrease in local 

cross-sectional area provides the basis for the name of this tensile 

deformation mode ‘necking’.  

 

Decrease in local cross-sectional area also leads to the increasing of the 

stress at the concentration point. While higher stress makes further 

deformation as a higher strain, the neck inside the material eventually 

becomes a fracture under the mutual influence.  

 

Different with metal material, the hardening phase of the polymer material 

only exsists with a short period after achieve the yield point. The ultimate 

strength where the stress reaches the maximum value appears at the rupture 

point.  
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2.2 Fracture 

As a mode of mechanical failures, fracture is studied for years. The first start 

can be traced to the Middle Ages. Leonardo da Vinci (1452-1519) was the 

first person who discovered that the strength of a wire depends on its length. 

The rope used in that time contained numerous of cracks. Although the 

phenomenon was observed early, the fracture mechanics has not been 

studied as a specialized subject until the World War II [4]. 

The war provides a hard test to the structural and material strength of the 

aircrafts and ships. The carbon ships failed and broke into two parts during 

sailing in the low temperatures of the North Atlantic Ocean. Meanwhile the 

early jets were exploded flying at high altitudes. The fatigue cracks were 

founded from the accidents of both vehicles, which raise a serious problem 

for finding out the cause of the failures. These are the real beginning of the 

fracture mechanics, a new discipline of the engineering [4]. 

 

2.3 Fracture Failure Modes 

Fracture mechanics focus on the elements affect the growth of the crack. 

Illustrated in Fig 2.3 is the side view and 3D-view of the edge-crack. Two 

major component of the crack is crack tip and crack front. In 2D-view, the 

displacement of the crack tip is an important reference of the crack growth. 

When considering the force analysis at the crack tip, sometimes the crack 

front is not a straight line but varying curvature in real situation. Therefore 

the stress distributed differently from one point to another around the crack 

front.   

 
Fig 2.3 Side view and 3D-view of edge-crack [10] 

 

Considered with the effect of external loading, crack can be divided into 

three basic modes, opening, sliding and tearing, as shown in Fig 2.4. Mode Ⅰ 

is studied mostly in three types. Due to the largest concentrate stress 

contained at the crack front, the opening crack mode is treated as the most 

dangerous crack mode in many engineering applications and components 

fail. Several test methods have been created to define the fracture behavior 

in Mode I. The results have been accepted internationally. 
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Fig 2.4 the three modes of fracture [4] 

 

2.4 Stress Concentration 

Which is known publicly in the early time can cause the crack growth to 

failure is the stress concentration at the crack tip. The definition of the 

nominal stress has been introduced in the literature review.  

Illustrated in the Fig 2.5, distribution of the stress in the cross-sectional area 

at the middle of an object can be observed. When this object contains a hole 

inside and loaded by a certain external tensile force, the stress becomes 

larger when measured closer to the hole. The point that has the maximum 

stress is called the stress concentrated point. 



9 

Min Jin 

    

Fig 2.5 Stress concentration illustration [11] 

The difference between the maximum stress at the edge of the hole and the 

minimum stress at the edge of the object gives the basic reason of the crack 

growth. When the maximum stress at the concentrated point beyond the 

rapture stress limitation of the material, it causes the failure at that point. 

Meanwhile the stress at the edge of the object is far away to the failure. 

Repeated step by step, the crack tip will be extended from the concentrated 

point to the edge as a growth phenomenon and divide the loaded object into 

two parts. 
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3. Theory 
 

 

3.1 Liner Elastic Fracture Mechanics 

Before the development of the numerical analysis, the study of plastic 

fracture behavior is difficult to be summarized from the experiment. 

Comparably the elastic analysis was much easier in the early time. For many 

metal and brittle materials, elastic analysis is good enough for most fracture 

problem. Consequently, linear elastic fracture mechanics (LEFM) which 

only consider the determine stress and displacement in elastic region around 

the crack tip gets a further development. Griffith’s energy release rate (G) 

and stress intensity factor (K) are two major theory used in LEFM. 

 

3.2 Energy Releases Rate 

Basic theory of the crack analysis settled by Alan Arnold Griffith, he 

developed some basic concepts. He rose that a crack in the structure grows 

when released energy overcomes the energy needs of forming two new 

surfaces.  

 

 

Fig 3.1 introducing the crack at the center [4] 

 

Illustrated in Fig 3.1 is a stretched plate with a certain size crack at the 

center, which consists 𝑎 for the crack length and 𝐵 as the plate thickness. 
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Crack growth means creating two new surfaces, one below and one above 

the crack plane. That gives the equation as: 

𝐸𝑠 = 2𝐴𝛾 = 4𝑎𝐵𝛾                                        (3.1) 

Where: 

𝐸𝑠 is the surface energy required 

𝐴 is the crack surface area 

𝛾 is the surface energy per unit area of one surface 

 

The surface energy per unit area is one property of the material. The energy 

generated from the interior atoms depends on the type of material. The value 

of release strain energy at the triangular part in the plate can be calculated as 

the equation of: 

𝐸𝑅 =
𝜋𝑎2𝐵𝜎2

𝐸
                                               (3.2) 

 

Where: 

𝐸𝑅 is the release strain energy 

𝑎 is the crack length 

𝐵 is the plate thickness 

𝜎 is the tensile stress loaded on the plate 

𝐸 is the young’s modulus 

 

From the Eq3.2, the increase of the release energy is determined by both the 

tensile stress and the crack length. Due to the requirement of the crack’s 

growth, the release strain energy needs to overcome the surface energy, 

there is a critical crack length under the particular stress or a critical stress 

under the particular crack length. Griffith’s analysis provides the idea of 

Control variable in the fracture experiment. 

In the critical situation, the release strain energy equals the surface energy. 

During the crack growth, the release strain increases with the square length 

but the surface energy increase with single length. Therefore, if the crack 

starts growing, it cannot be reversed until the fracture occurs.  
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To define the increase of energy release per unit in area during the crack 

growth, the symbol G after Griffith is denoted. The energy release rate is 

given the mathematical formulation as: 

𝐺 = −
𝑑

𝑑𝐴
(𝑈 − 𝑊𝑒𝑥𝑡)                                    (3.3) 

Where: 

A is the crack area 

𝑈 is the strain energy with in the body 

𝑊𝑒𝑥𝑡 is the external forces 

 

The equation is carried out by invoking the conservation of energy. In the 

unit area, the difference between values for the strain energy and external 

forces equals to the release energy.  

The length of the crack growth is a quantity free to be measured while the 

energy is not visualized. Hence the release energy rate builds the relation 

between energy and the increment of the crack. 

3.8 Stress intensity factor 

Considered the crack tip as the origin, a two-direction orthogonal coordinate 

system can be built. Shown in Fig 3.2, vertical axis is the imaginary axis 𝑥2 

and horizontal axis is the real axis 𝑥1, which constitute the complex plane. 

The position of the crack tip and physical variables such like stresses, strains 

can be all considered as the complex variables in the plane. 

 

 
Fig 3.2 Line crack with local coordinate systems originating in the crack tip [10] 

 

When r and θ represents the polar coordinate used to describe the location 

of the point close to the crack tip, the stress component 𝜎𝑖𝑗 at that point can 

be written as the function related to the field stress 𝜎, crack length a and 

polar coordinate component r, θ : 
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𝜎𝑖𝑗 = 𝑓(𝜎, 𝑎, 𝑟, θ)                                           (3.4) 

 

For Mode I crack, shown in fig 3.3(a) is one common point H near the crack 

tip. Distribution of the stress components at the point H can be viewed in fig 

3.3(b).  

 
Fig 3.3 (a) Infinite plate with a crack of length 2a subjected to a far field stress 𝜎, and 

(b) Definition of stress components at point H [4] 

 

The stress components expression at point H is: 

𝜎11 =
𝜎(𝜋𝑎)

1/2

(2𝜋𝑟)
1/2 𝑐𝑜𝑠

𝜃

2
[1 − 𝑠𝑖𝑛

𝜃

2
𝑠𝑖𝑛

3𝜃

2
]                              (3.5) 

𝜎22 =
𝜎(𝜋𝑎)

1/2

(2𝜋𝑟)
1/2 𝑐𝑜𝑠

𝜃

2
[1 + 𝑠𝑖𝑛

𝜃

2
𝑠𝑖𝑛

3𝜃

2
]                              (3.6) 

𝜎12 =
𝜎(𝜋𝑎)

1/2

(2𝜋𝑟)
1/2 𝑠𝑖𝑛

𝜃

2
𝑐𝑜𝑠

𝜃

2
𝑐𝑜𝑠

3𝜃

2
                                        (3.7) 

 

For a certain point, two variables can affect the stress is the initial crack 

length 𝑎 and yield stress 𝜎. The problem will be more complex when having 

two changeable values than only have one variable. One new variable is 

defined to combine yield stress 𝜎 and crack length 𝑎, which is called stress 

intensity factor used symbol K to represent. K is defined as: 

 

K = 𝜎√𝜋𝑎                                                        (3.8) 

 

Considering when the point is located on the horizontal axis has the angle 

𝜃 = 0. The vertical and horizontal stress components are both equal to: 

 

𝜎11 = 𝜎22 =
𝐾

(2𝜋𝑟)
1/2                                              (3.9) 
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At this moment, the point stress near the crack tip has been sampled to a 

function only related to the location of the point and the stress intensity 

factor. Since the location can be measured manually, the stress intensity 

factor 𝐾 becomes only variable related to the material property. 

 

3.3 J-Integral 

Energy release rate is available for the elastic material. For elastic-

plastic material, the fracture behavior becomes complex. A large plastic 

zone at the crack tip makes a material tough. Griffith’s energy release 

rate becomes invalid.  

 

Fig 3.4 Path Γ around the crack tip with outward normal n; and traction T; [4] 

 

The method built to be applicable to non-linear elastic materials is the 

J-Integral. J-Integral calculates the release energy on any points through 

a specific path around the crack tip. As shown in Fig 3.4. It is defined 

as: 

J = ∫ (𝑊 𝑑𝑥2 − 𝑇𝑖
𝜕𝑢𝑖

𝜕𝑥1
𝑑𝑠)

Γ
                          (3.10) 

Where: 

                  W = ∫ 𝜎𝑖𝑗𝑑𝜀𝑖𝑗 is the strain energy density 
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                 𝑇𝑖 = traction vector at a point on the path Γ 

                 𝑢𝑖 =  displacement vector at a point on the path Γ 

One special property of the J-integral is the path independence. Shown in 

Fig 3.5, there is two round paths Γ𝐴, Γ𝐵 around the crack tip and two paths 

Γ+，Γ−  along the crack surface. Consisted by those four paths, the J-

integral value of this closed path is calculated equal to zero. 

 

 

Fig 3.5 Closed curve including crack surfaces [10] 

Assumed that crack surfaces are unloaded (𝑑𝑥2 = 0 𝑎𝑛𝑑 𝑇𝑖 = 0), there has: 

∫ +
Γ𝐴

 ∫ +
Γ𝐵

 ∫ +
Γ+  ∫ =

Γ− 0                              (3.11) 

With no load on the crack surfaces 

∫ =
Γ+  ∫ =

Γ− 0 → ∫ +
Γ𝐴

 ∫ =
Γ𝐵

0                          (3.12) 

The path Γ𝐴 is clockwise and the path Γ𝐵 is counter-clockwise, the integral value of 

each path is converse to the other, which has: 

−𝐽𝛤𝐴
+ 𝐽𝛤𝐵

= 0 → 𝐽𝛤𝐴
= 𝐽𝛤𝐵

                             (3.13) 

Path independence provides the convenience for choosing the integral path. 

It has the benefits for avoiding the plastic zone around the crack tip and 

freedom when making the numerical model. 

J-Integral seems as the advance of the Griffith’s method. This approach is 

available for both liner elastic material and non-liner situation. When the J-

Integral is applied to a liner elastic material, the result will be the same as 

the energy release rate G. 
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Therefore, J-Integral characterizes the stress distribution at the crack tip for 

elastic-plastic fracture mechanics. The critical value of J-Integral under the 

specific material and initial crack length is used in the crack growth criterion. 

When the current value of the J-Integral at the crack tip is equal to the 

critical value, the crack is allowed to growing: 

𝐽 = 𝐽𝑐                                                     (3.14) 
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4. Methods 

The main methods to determine the fracture behavior of one material is 

experiment. One square sheet made by the material to be tested has a crack 

in the specific length on one side initially. A tension load is given on the top 

of the sheet and increased until the crack growth appears. Record the value 

of the load. The energy release rate can be determined by collected data. 

 

4.1 MTS 810 testing machine 

 

Fig 4.1 Manifold of the uniaxial machine [12] 

The equipment used in the tensile experiment is MTS 810 testing machine. 

Shown in fig 4.1, the main parts of the MTS 810 uniaxial testing machine 

consists of a standard load frame (MTS 810) columns and hydraulically 

maneuverable crosshead [12]. 
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4.2 Fracture testing 

Shown in Fig 4.2 is the geometry measurement of the test specimens. Made 

by the polyethylene given by the Tetra Pak, the 79mm length, 79mm width 

and 0.62mm thickness square specimen contains an initial crack length 

which is cut manually before the test.  

        
 

Fig 4.2 Geometry of fracture test specimens (1) 

Behind the crack tip, ten lines with 2mm distance between each other are 

marked. Those marks are used to refer the crack growth, which will be used 

in the video analysis. 

                          
Fig 4.3 Geometry of fracture test specimens (2) 

79mm 

79mm 

Initial 
crack 

10 lines with 2mm distance 

79mm 

79mm 

Initial 
crack 

Network with 5mm distance 
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A special geometry of the fracture test specimen contains an initial crack 

with 45 degrees’ angle. Shown in fig 4.3, behind the crack tip is a network 

with 5mm distance marked, which will be used in the video analysis. This 

special specimen is used to analysis the effect to the fracture behavior of 

angle crack. 

To control variables, the initial crack lengths have two kinds of setting, 

20mm and 40mm. The crack orientations also have three types: MD, CD 

and 45 degrees. 

                  
Fig 4.4 Test specimens and crack orientation for testing  

 

Illustrated in Fig 4.4,  different loading direction is used for different type of 

specimens. The difference depends on which side the force is loaded. To the 

opposite, the reaction force is measured through the test machine. First type 

is used for MD and 45 degrees’ crack orientations. The second type is used 

for CD crack orientations. 

The experimental setup for the fracture mechanics tests is shown in Fig 4.5. 

The test specimens are fixed by metal grips in the testing machine. The 

external force is loaded on the bottom grips when the reaction force is 

measured by the force sensor linked with the upper grip. The distance 

between the grips is set as 65mm for all experiments in this case. This value 

is smaller than the size of the test specimens for fixing specimens stably 

during the whole period of the experiment. 

External force 

Reaction force 

MD 

CD 

External force 

Reaction force 

CD 

MD 
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Fig 4.5 Fracture test specimen 

The fracture experiments are recorded through both test machine and video 

recorder. The output from the tensile tests consists of the load vs. time data, 

displacement vs. time data, and the corresponding videos. These data will be 

used for later evaluation. 

4.3 Numerical analysis 

The numerical analysis using the numerical model simulates the real 

experiments for finding out the value of J-integral. Firstly, a numerical 

model is required. This task was done through the simulation software, 

ABAQUS.  

In ABAQUS, there is no built-in units system. For avoiding the figure error 

in the final output, the units system is required to be defined at the first time. 

Table 4.1 is the units standard used in this task. All figure of the model is 

following this standard. 

Table 4.1 Units standard for numerical model 

 

Quantity Unit 

Length mm 

Force N 

Mass ton 

Time ms 

Stress MPa(N/mm^2) 

Energy mJ 

Density ton/mm^2 

Model geometry sketch 

The specimen model uses the same dimension as the tested specimens. Fig 

4.6 is the sketch of the polymer specimen model. The width and length are 

both 79mm. The edge crack length has been set as 20mm initially. Circle 

around the crack tip is the region used for integral area. 
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Fig 4.6 specimen model sketch 

 

Thickness used is 0.62mm, which is same as the real situation. For 

simulating the experiments, the rotation effect is also considered. Therefore, 

in the ABAQUS model two grips used aluminum are added and tied with 

top and bottom of the polymer specimens’ model. The final model is shown 

in Fig 4.7. 

 

 
Fig 4.7 Final numerical model 

Another important setting for the model is the material property. Material 

property is based on the raw data from the uniaxial tensile test result. Two 

major parts included are elasticity and plasticity definition. The young’s 

modulus and poison ratio are two main values for defining the liner elastic 
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region meanwhile the plasticity needs a list of the stress and the plastic strain 

between the yield strength and the fracture point.  

When the polymer specimens are given from the company, the first 

experiment is the uniaxial tensile test to get the material behavior of the 

tested material. The uniaxial tensile test has been done by the supervisor of 

this project – Martin Kroon, previously. Detailed is recorded in the 

Appendix 2.  

The uniaxial tensile test provides the basic reference data for the material 

property of the tested specimens. Two major parts consist the material 

setting in the ABAQUS: elasticity and plasticity. 

From the uniaxial test, the polymer material shows an orthotropic state. That 

state makes the material properties becoming different when loaded in 

different directions. To simulate the real condition, the material properties 

used in numerical model are transferred from all of three direction test 

results. 

The elasticity combines the Young’s modulus and Poisson’s ratio. Young’s 

modulus is calculated through the raw data from the uniaxial tensile test. 

Since the test is done in three different directions, three different Young’s 

modulus is listed in table 4.2 for each direction. Poisson’s ratio is used 

equally 0.4 for all directions. 

Table 4.2 Young’s modulus value for different directions 

 

 Young’s modulus E (MPa) 

MD 272.2282 

CD 274.0772 

45 Degrees 144.5545 

The plasticity definition is combined with the true stress and plastic strain. 

The raw data is already represented by using true stress and true strain. The 

equation for translating the true strain into plastic strain is: 
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𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐 = 𝜀𝑡𝑟𝑢𝑒 −
𝜎𝑡𝑟𝑢𝑒

𝐸
                                        (4.1) 

Where: 

 

𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐 is the plastic strain 

𝜀𝑡𝑟𝑢𝑒 is the true strain 

𝜎𝑡𝑟𝑢𝑒 is the true stress 

𝐸 is the young’s modulus 

 

The initial crack length and the load forced on the model are changed with 

the corresponding experiments. The main thought to get the value of J-

integral from the numerical model is to plot the force-displacement curve 

from zero displacement to the crack critical situation which means the crack 

is going to grow from the model. Observing whether the curve is fitted with 

the result of experiments verifies the reliability of the numerical model. 

Then the convergent value of J-integrals for each material type and initial 

crack length can be plotted directly from the software. 
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5. Results 

5.1 Fracture experiment 
 

According to the plan of experiments in chapter 4, all finished experiments are 

coded due to the different initial crack length and the specimens cutting 

direction. From table 5.1, all tests are done under the 0.5mm/s monotonic tensile 

loading. The experiments are given codes from 111 to 126 based on separate 

initial crack length and crack orientations. 

 
Table 5.1 Experiment code distribution 

 
Loading type Monotonic loading Loading rate 0.5 mm/s 

 

Initial crack 

length 
20mm 40mm 

 

Crack 

orientation 
MD CD 45 degrees MD CD 

Test Code 

Test No.111 

Test No.112 

Test No.113 

Test No.121 

Test No.122 

Test No.123 

Test No.131 

Test No.132 

Test No.133 

Test No.114 

Test No.115 

Test No.116 

Test No.124 

Test No.125 

Test No.126 

The output from the fracture experiment includes the load vs. displacement 

curves, which is recorded by the force sensor and the displacement sensor in the 

uniaxial testing machine. Besides the curve illustrating the whole fracture 

behavior, the reaction forces when the crack is growing to the specific point are 

also marked in the diagram. 

Distributions of the specific points are shown in Fig 4.8 in chapter 4. Through 

the analysis to the corresponding videos of the experiments, the moment when 

the crack growth has reached each specific point can be observed. The route of 

crack growth is observed in the experiment videos meanwhile the force and 

displacement data is recorded by the test machine. Therefore, how to match both 

different data resources is the major task.  

For removing the difference between the times recorded by uniaxial testing 

machine with the time from the video, one reference time is required. In this 

case, the load canceled moment is defined as the reference time to connect the 

video recorded time and the machine recorded time. The reason for using the 

load canceled moment as the reference time is that the displacement reached the 

maximum value at that time. The max displacement is available to be observed 

in the video, compared with reading the force or stress. After determining the 

reference time, the external load and displacement at the specific points of the 

crack growth can be read out from the raw data recorded by uniaxial testing 

machine. 
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Experiment result: MD, 20mm initial crack length 

Fig 5.2 is the force-displacement curve diagram of test 111 to test 113. The 

diagram is plotted from the data collected by the test machine. These three tests 

use the specimens with 20mm initial crack length and MD crack orientation. The 

marked points in the diagram are the specific points for the crack growth from 

the initial crack tip to farthest 20mm. As the first set of experiments, Diagram 

and data for this initial crack length and crack orientation is used as the standard. 

It will be compared with later test.  

 

 Fig 5.2 Force – Displacement curve of fracture experiment (1) 
 

 

Table 5.2 lists the reaction force and displacements at the marked point recorded 

by the test machine. The maximum force and the corresponding displacement 

appear when the crack growing reaches between 6mm to 8mm for test 111 and 

112. For test 113, they come before 6mm. 
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Table 5.2 Specific force and displacements data (1) 

 

 

Experiment result: MD, 40mm initial crack length 
 

Fig 5.3 is the force-displacement curve diagram of test 114 to test 116. The 

diagram is plotted from the data collected by the test machine. These three tests 

use the specimens with 40mm initial crack length and MD crack orientation.  

 

Compared with the first set of test 111-113, the max load of this set is much 

lower while the displacement goes further.  

 
Fig 5.3 Force – Displacement curve of fracture experiment (2) 

   Test 111   Test 112   Test 113 

Marked point 

 Reaction 

force (N) 

Displacement 

(mm) 
 

Reaction 

force (N) 

Displacement 

(mm) 
 

Reaction 

force (N) 

Displacement 

(mm) 

Crack critical   153.0435 1.2999  153.64546 1.4498  201.97948 2.0027 

2mm mark   253.33304 2.8000  222.8793 2.4515  302.70758 4.0007 

4mm mark   267.1217 3.2995  261.06369 3.4496  318.16623 4.8980 

6mm mark   297.19418 4.7468  282.86792 4.4467  316.11978 5.6954 

8mm mark   296.4122 5.2958  285.34003 4.9448  306.68518 6.1941 

10mm mark   292.0603 5.7947  281.92035 5.4452  294.10098 6.6425 

12mm mark   277.2789 6.2930  264.22519 6.4435  279.89648 7.0418 

14mm mark   261.55637 6.7913  257.92944 6.9418  268.06027 7.3422 

16mm mark   244.15858 7.2405  243.60391 7.3906  251.23315 7.7407 

18mm mark   239.79062 7.3392  240.5592 7.4408  238.81075 7.9903 

20mm mark   218.3596 7.8388  214.94243 7.9386  222.34033 8.3384 

Load canceled   177.32149 8.7852  153.82747 9.4338  150.56731 9.8837 

Maximum force  297.4319 4.9954  285.5004 4.8464  319.1826 5.2964 
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Table 5.3 lists the reaction force and displacements at the marked point recorded 

by the test machine. The maximum force and the corresponding displacement 

appear when the crack growing reaches between 4mm to 6mm for test 114, 115 

and 116. 

 
Table 5.3 Specific force and displacements data (2) 

 
   Test 114   Test 115   Test 116 

Marked point 

 Reaction 

force (N) 

Displacement 

(mm) 

 Reaction 

force (N) 

Displacement 

(mm) 

 Reaction 

force (N) 

Displacement 

(mm) 

Crack critical   80.345871 2.4032  81.916603 2.0021  71.548897 1.9535 

2mm mark   115.94093 4.0528  129.51553 3.8009  117.04648 3.8004 

4mm mark   127.44288 5.1992  142.25926 4.9974  128.89821 5.0477 

6mm mark   130.347 6.3469  143.46498 5.8457  131.80006 6.0437 

8mm mark   127.9051 7.0445  139.20215 6.5444  128.35484 6.8426 

10mm mark   122.68684 7.7924  133.64093 7.0927  122.17316 7.4404 

12mm mark   114.72342 8.4397  126.77379 7.7411  116.79023 8.0885 

14mm mark   108.0526 9.1878  121.0765 8.3876  110.26041 8.6866 

16mm mark   103.26945 9.7839  113.63554 9.1846  101.07027 9.3848 

18mm mark   94.215057 10.5339  105.25198 9.8334  92.683876 10.0824 

20mm mark   84.731407 11.1813  95.813515 10.4325  85.722 10.6320 

Load canceled   70.314392 12.4254  79.040413 11.5562  72.572815 11.8264 

Maximum force  130.4183 6.2966  144.2833 5.3962  132.2778 5.7456 

 

 

 

Experiment result: CD, 20mm initial crack length 
 

Fig 5.4 is the force-displacement curve diagram of test 121 to test 123. The 

diagram is plotted from the data collected by the test machine. These three tests 

use the specimens with 20mm initial crack length and CD crack orientation.  

 

Compared with the first set of test 111-113, the max load of this set is lower and 

the maximum displacement decreased.  
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Fig 5.4 Force – Displacement curve of fracture experiment (3) 

 

Table 5.4 lists the reaction force and displacements at the marked point recorded 

by the test machine. The maximum force and the corresponding displacement 

appear when the crack growing reaches around 4mm for test 121, 122 and 123. 

 
Table 5.4 Specific force and displacements data (3) 

 
   Test 121   Test 122   Test 123 

Marked point 

 Reaction 

force (N) 

Displacement 

(mm) 

 Reaction 

force (N) 

Displacement 

(mm) 

 Reaction 

force (N) 

Displacement 

(mm) 

Crack critical   218.3941 1.9527  218.00938 2.0623  225.76273 2.2019 

2mm mark   250.80437 2.6032  250.0912 2.9116  235.07901 2.5519 

4mm mark   253.73605 3.0037  256.51855 3.4613  239.05817 3.0517 

6mm mark   250.07147 3.3526  246.08995 3.7109  236.60184 3.3508 

8mm mark   240.50261 3.5023  238.58124 4.0119  223.38033 3.6509 

10mm mark   226.38882 3.8541  223.65977 4.3125  214.55624 3.8516 

12mm mark   219.85188 4.0037  214.52164 4.6127  200.01271 4.0520 

14mm mark   204.45154 4.2043  206.10159 4.7106  186.05844 4.2511 

16mm mark   191.49753 4.3535  189.14072 4.9109  172.30203 4.4010 

18mm mark   176.0681 4.4541  168.65288 5.1098  159.61635 4.6513 

20mm mark   157.77245 4.6531  157.29686 5.4097  140.05879 4.8996 

Load canceled   65.478233 5.9004  101.09648 5.9599  88.467125 5.6979 

Maximum force  256.8526 2.8532  256.8820 3.5123  240.0861 2.9012 
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Experiment result: CD, 40mm initial crack length 
 

Fig 5.5 is the force-displacement curve diagram of test 124 to test 126. The 

diagram is plotted from the data collected by the test machine. These three tests 

use the specimens with 40mm initial crack length and CD crack orientation.  

 

Compared with the first set of test 111-113, the max load of this set is much 

lower while the displacement decreased.  

 

 
Fig 5.5 Force – Displacement curve of fracture experiment (4) 

 

Table 5.5 lists the reaction force and displacements at the marked point recorded 

by the test machine. The maximum force and the corresponding displacement 

appear when the crack growing reaches between 2mm to 4mm for test 124 and 

126, before 6mm for 125. 
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Table 5.5 Specific force and displacements data (4) 

 

 

 

Experiment result: 45 Degrees, 20mm initial crack length 
 

Fig 5.6 is the force-displacement curve diagram of test 131 to test 133. The 

diagram is plotted from the data collected by the test machine. These three tests 

use the specimens with 20mm initial crack length and 45 degrees’ crack 

orientation.  

 

Compared with the first set of test 111-113, the max load of this set is similar 

and the displacement as well. 

 

   Test 124   Test 125   Test 126 

Marked point 

 Reaction 

force (N) 

Displacement 

(mm) 

 Reaction 

force (N) 

Displacement 

(mm) 

 Reaction 

force (N) 

Displacement 

(mm) 

Crack critical   62.989792 1.6027  64.036064 1.8013  72.830322 1.9516 

2mm mark   80.107841 2.5536  73.087997 2.2027  80.10997 2.4516 

4mm mark   81.842445 3.1033  74.866104 2.7533  79.531105 2.9523 

6mm mark   76.285942 3.5025  72.052879 3.2514  75.069344 3.4005 

8mm mark   67.68811 4.0024  67.280823 3.7013  67.676476 3.8007 

10mm mark   60.037186 4.3026  61.618656 4.2521  66.037132 4.3509 

12mm mark   51.650089 4.7505  53.197132 4.5509  58.894352 4.7983 

14mm mark   46.422279 5.2491  46.40921 5.0993  48.971352 5.1979 

16mm mark   40.980099 5.8973  42.860729 5.4484  43.538074 5.7957 

18mm mark   35.898941 6.1965  36.708897 5.9472  39.010273 6.1950 

20mm mark   31.618282 7.0433  30.267405 6.5950  33.945087 6.7439 

Load canceled   21.778574 8.6363  16.212957 8.8293  24.536392 8.5863 

Maximum force  84.0564 2.9537  76.3206 3.0520  80.4350 2.5524 
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Fig 5.6 Force – Displacement curve of fracture experiment (5) 

 

Table 5.6 lists the reaction force and displacements at the marked point recorded 

by the test machine. The maximum force and the corresponding displacement 

appear when the crack growing reaches before 5mm for test 131, 132 and 133. 

 
Table 5.6 Specific force and displacements data (5) 

 

 

 

 

  

   Test 131   Test 132   Test 133 

Marked point 

 Reaction 

force (N) 

Displacement 

(mm) 

 Reaction 

force (N) 

Displacement 

(mm) 

 Reaction 

force (N) 

Displacement 

(mm) 

Crack critical   259.54758 2.9016  240.87711 2.6030  280.67389 3.2020 

5mm mark   320.58725 5.4488  320.33432 5.4494  333.0975 5.8470 

10mm mark   298.59235 6.7459  297.47055 6.5975  306.50473 6.9955 

15mm mark   260.48828 7.6427  262.72018 7.5944  268.04846 7.8934 

20mm mark   228.09892 8.4905  227.71687 8.3922  232.00906 8.6405 

25mm mark   187.30901 9.2880  189.74486 9.1897  194.94461 9.3378 

Load canceled   118.20376 11.4786  123.22955 11.0839  112.31351 11.8046 

Maximum force  321.2725 5.0492  320.3343 5.4494  335.1790 5.3986 
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5.2 Numerical Results 

The numerical results are sorted following the standard for the experiments. 

In the experiments, there are five sets of tests done in different conditions. 

One numerical model with one initial situation is corresponded with each set 

of tests.  

The numerical results will contain the illustration of the stress distribution at 

the crack tip when the crack is in critical situation. The comparison for the 

force-displacement curve between test and numerical model is also included. 

Then the critical value of the J-integral can be got directly from the software. 

 

 

 

 

Initial crack length: 20mm Crack orientation: MD 

 

 

 
Fig 5.7 Stress distribution at crack tip for critical situation (1) 

Fig 5.7 shows the stress distribution at the crack tip for the critical situation. 

The critical stress equals to the failure stress of the polymer from the middle 

direction, which value refers the result from uniaxial tensile test. This 

moment can be seen as the critical situation. The material will be failed if 

the load increases further.  
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Fig 5.8 Comparison between numerical analysis and experiments (1) 

The force-displacement curve from zero to the crack critical plotted from the 

numerical model is compared with the test results in Fig 5.8. What can be 

observed is that those curves have the same upward trend although the most 

difference is near 40N at 1.5mm displacement. Considered the micro 

difference of the initial crack length can affect large error in the result, the 

numerical model is able to be regarded reliable. 

 

  



34 

Min Jin 

Table 5.7 Critical J-integral value (1) 

 

Contour 

number 
𝐽𝑐  (𝑚𝐽 𝑚𝑚2⁄ ) 

1 9.762239 

2 17.91091 

3 19.09917 

4 19.45286 

5 19.61488 

6 19.71659 

7 19.78138 

8 19.83028 

9 19.86335 

10 19.88771 

The critical J-integral value can be plotted directly from the ABAQUS. 

Contour number is the parameter controls the number of element rings 

around the crack tip that construct the contour domains for the contour 

integral calculation. The figures under several contour numbers are listed in 

Table 5.7. The diagram of the table is shown in Fig 5.9. When the contour 

number increases, the critical J-integral value converges at one specific 

value. 
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Fig 5.9 Convergent critical J-integral value (1) 

 

 

 

Initial crack length: 20mm Crack orientation: CD 

 

 
Fig 5.10 Stress distribution at crack tip for critical situation (2) 
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Fig 5.10 shows the stress distribution at the crack tip for the critical 

situation. The critical stress equals to the failure stress of the polymer from 

the center direction, which value refers the result from uniaxial tensile test. 

This moment can be seen as the critical situation. The material will be failed 

if the load increases further.  

 

 
Fig 5.11 Comparison between numerical analysis and experiments (2) 

 

The force-displacement curve from zero to the crack critical plotted from the 

numerical model is compared with the test results in Fig 5.11. What can be 

observed is that those curves have the same upward trend although the most 

difference is near 20N at 1.3mm displacement. Considered the micro 

difference of the initial crack length can affect large error in the result, the 

numerical model is able to be regarded reliable. 
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Table 5.8 Critical J-integral value (2) 

 

Contour 

number 
𝐽𝑐  (𝑚𝐽 𝑚𝑚2⁄ ) 

1 9.178307 

2 16.46187 

3 17.21949 

4 17.40943 

5 17.45957 

6 17.50256 

7 17.52272 

8 17.53563 

9 17.54521 

10 17.55468 

The critical J-integral value can be plotted directly from the ABAQUS. The 

figures under several contour numbers are listed in Table 5.8. The diagram 

of the table is shown in Fig 5.12. When the contour number increases, the 

critical J-integral value converges at one specific value. 
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Fig 5.12 Convergent critical J-integral value (2) 

 

 

 

 

 

 

Initial crack length: 40mm Crack orientation: MD 

 

 
Fig 5.13 Stress distribution at crack tip for critical situation (3) 
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Fig 5.13 shows the stress distribution at the crack tip for the critical 

situation. The critical stress equals to the failure stress of the polymer from 

the middle direction, which value refers the result from uniaxial tensile test. 

This moment can be seen as the critical situation. The material will be failed 

if the load increases further.  

 

 
Fig 5.14 Comparison between numerical analysis and experiments (3) 

The force-displacement curve from zero to the crack critical plotted from the 

numerical model is compared with the test results in Fig 5.14. What can be 

observed is that those curves have the same upward trend although the most 

difference is near 20N at 2mm displacement. Considered the micro 

difference of the initial crack length can affect large error in the result, the 

numerical model is able to be regarded reliable. 
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Table 5.9 Critical J-integral value (3) 

 

Contour 

number 
𝐽𝑐  (𝑚𝐽 𝑚𝑚2⁄ ) 

1 15.96403 

2 31.44017 

3 33.24627 

4 33.817 

5 34.11381 

6 34.28045 

7 34.39519 

8 34.47445 

9 34.53434 

10 34.58116 

The critical J-integral value can be plotted directly from the ABAQUS. The 

figures under several contour numbers are listed in Table 5.9. The diagram 

of the table is shown in Fig 5.15. When the contour number increases, the 

critical J-integral value converges at one specific value. 
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Fig 5.15 Convergent critical J-integral value (3) 

 

 

Initial crack length: 40mm Crack orientation: CD 

 

 
Fig 5.16 Stress distribution at crack tip for critical situation (4) 

Fig 5.16 shows the stress distribution at the crack tip for the critical 

situation. The critical stress equals to the failure stress of the polymer from 

the center direction, which value refers the result from uniaxial tensile test. 

This moment can be seen as the critical situation. The material will be failed 

if the load increases further.  
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Fig 5.17 Comparison between numerical analysis and experiments (4) 

The force-displacement curve from zero to the crack critical plotted from the 

numerical model is compared with the test results in Fig 5.17. What can be 

observed is that those curves have the same upward trend although the most 

difference is near 15N at 1.5mm displacement. Considered the micro 

difference of the initial crack length can affect large error in the result, the 

numerical model is able to be regarded reliable. 
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Table 5.10 Critical J-integral value (4) 

 

Contour 

number 
𝐽𝑐  (𝑚𝐽 𝑚𝑚2⁄ ) 

1 9.92774 

2 18.44883 

3 19.41296 

4 19.67145 

5 19.78525 

6 19.89552 

7 19.94422 

8 19.9628 

9 19.98718 

10 20.00072 

The critical J-integral value can be plotted directly from the ABAQUS. The 

figures under several contour numbers are listed in Table 5.11. The diagram 

of the table is shown in Fig 5.19. When the contour number increases, the 

critical J-integral value converges at one specific value. 

 
Fig 5.19 Convergent critical J-integral value (4) 



44 

Min Jin 

 

 

Initial crack length: 20mm Crack orientation: 45 degrees 

 

 
Fig 5.20 Stress distribution at crack tip for critical situation (5) 

Fig 5.20 shows the stress distribution at the crack tip for the critical 

situation. The critical stress equals to the failure stress of the polymer from 

the middle direction, which value refers the result from uniaxial tensile test. 

This moment can be seen as the critical situation. The material will be failed 

if the load increases further.  

 
Fig 5.21 Comparison between numerical analysis and experiments (5) 
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The force-displacement curve from zero to the crack critical plotted from the 

numerical model is compared with the test results in Fig 5.21. What can be 

observed is that those curves have the same upward trend although the most 

difference is near 40N at 2.1mm displacement. Considered the micro 

difference of the initial crack length can affect large error in the result, the 

numerical model is able to be regarded reliable. 

 
Table 5.11 Critical J-integral value (5) 

 

Contour 

number 
𝐽𝑐  (𝑚𝐽 𝑚𝑚2⁄ ) 

1 10.57762 

2 23.5601 

3 25.43778 

4 26.11632 

5 26.56136 

6 26.80157 

7 26.93076 

8 27.04046 

9 27.12293 

10 27.19157 

The critical J-integral value can be plotted directly from the ABAQUS. The 

figures under several contour numbers are listed in Table 5.11. The diagram 

of the table is shown in Fig 5.22. When the contour number increases, the 

critical J-integral value converges at one specific value. 
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Fig 5.22 Convergent critical J-integral value (5) 
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6. Analysis 

Start with the results from the fracture experiments, the comparison will be 

done in two groups, separated by same crack orientation and same initial 

crack length. 

Considering the same crack orientation, Fig 5.2 is compared with Fig 5.3 

and Fig 5.4 is compared with Fig 5.5. What can be observed is that more 

force is required to make same displacement to the specimens with lower 

initial crack length than the specimens with longer one.  

Listed in table 6.1 is the data of reaction force and displacement at the crack 

critical for both crack orientation condition. What can be founded is that the 

shorter initial crack required more external load to allow the crack growth 

for both crack orientations.  

Table 6.1 Critical situation comparison of different initial crack length 

 

 

Reaction 

force (N) 

Displacement 

(mm)  

Reaction 

force (N) 

Displacement 

(mm) 

MD_20mm_1 153.0435 1.2999 CD_20mm_1 218.3941 1.9527 

MD_20mm_2 153.64546 1.4498 CD_20mm_2 218.00938 2.0623 

MD_20mm_3 201.97948 2.0027 CD_20mm_3 225.76273 2.2019 

MD_40mm_1 80.345871 2.4032 CD_40mm_1 62.989792 1.6027 

MD_40mm_2 81.916603 2.0021 CD_40mm_2 64.036064 1.8013 

MD_40mm_3 71.548897 1.9535 CD_40mm_3 72.830322 1.9516 

Analyzed with the stress intensity factor, the value is unique for the single 

material. The field stress is decreased to make the K value constant when the 

initial crack length an increases. Besides the cross-section area of the 

specimens with shorter crack is larger than the specimens with longer one, 

the test result is reasonable. 

Another discovery from the experiment is the moment when the requirement 

of maximum external load appears. Reviewing the force vs. displacement 

curves (Fig 5.2-5.6), the curves are not continued increased but reached the 

peak at the certain moment.  

Shown in table 6.2 is the force and displacement data around the peak 

moment for MD crack orientation.  Analyzed with the displacement, peak of 

the external load appeared close to 6mm marked point and 8mm marked 

point for 20mm initial crack length. Meanwhile peak of the external load 

appeared close to 4mm marked point and 6mm marked point for 40mm 

initial crack length. 
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Table 6.2 Force and displacement data around the peak moment (1) 

 

  

Reaction 

force (N) 

Displacement 

(mm)  

Reaction 

force (N) 

Displacement 

(mm)  

Reaction 

force (N) 

Displacement 

(mm) 

 

MD_20

mm_1   

MD_20

mm_2   

MD_20

mm_3   

6mm 

mark  
297.19418 4.7468 

 
282.86792 4.4467 

 
316.11978 5.6954 

Maximum 

force  
297.4319 4.9954 

 
285.5004 4.8464 

 
319.1826 5.2964 

8mm 

mark  
296.4122 5.2958 

 
285.34003 4.9448 

 
306.68518 6.1941 

 

MD_40

mm_1   

MD_40

mm_2   

MD_40

mm_3   

4mm 

mark  
127.44288 5.1992 

 
142.25926 4.9974 

 
128.89821 5.0477 

Maximum 

force  
130.4183 6.2966 

 
144.2833 5.3962 

 
132.2778 5.7456 

6mm 

mark  
130.347 6.3469 

 
143.46498 5.8457 

 
131.80006 6.0437 

Shown in table 6.3 is the force and displacement data around the peak 

moment for CD crack orientation. Analyzed with the displacement, peak of 

the external load appeared close to 2mm marked point and 4mm marked 

point for 20mm initial crack length. Meanwhile peak of the external load 

appeared close to 2mm marked point and 4mm marked point for 40mm 

initial crack length. 

Table 6.3 Force and displacement data around the peak moment (2) 
 

  

Reaction 

force (N) 

Displacement 

(mm)  

Reaction 

force (N) 

Displacement 

(mm)  

Reaction 

force (N) 

Displacement 

(mm) 

 

CD_20

mm_1   

CD_20

mm_2   

CD_20

mm_3   

2mm 

mark  
250.80437 2.6032 

 
250.0912 2.9116 

 
235.07901 2.5519 

Maximum 

force  
256.8526 2.8532 

 
256.8820 3.5123 

 
240.0861 2.9012 

4mm 

mark  
253.73605 3.0037 

 
256.51855 3.4613 

 
239.05817 3.0517 

 

CD_40

mm_1   

CD_40

mm_2   

CD_40

mm_3   

2mm 

mark  
80.107841 2.5536 

 
73.087997 2.2027 

 
80.10997 2.4516 

Maximum 

force  
84.0564 2.9537 

 
76.3206 3.0520 

 
80.4350 2.5524 

4mm 

mark  
81.842445 3.1033 

 
74.866104 2.7533 

 
79.531105 2.9523 

This phenomenon shows that the force required to allow the crack growth is 

not constant for whole process. The peak appeared before the crack growing 

to half of the specimens. When the crack grows, the cross-section area 

reduces at the same time. Therefore, the external load required to make 

equal yield stress is reduced, which may explain the previous mentioned 

phenomenon. To the material, it becomes more easily to be cracked during 

the crack growth. 
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The numerical analysis is comparing the numerical result with the test. 

Compared object is the Force vs. Displacement Curve from zero 

displacement to the critical situation when crack is going to grow. From the 

result, which can be observed is that the reaction force at the critical 

displacement from numerical model is higher than it from the test. Although 

the value of the difference is acceptable, it might be caused by overcut of the 

crack on the specimens when the specimens are made manually. 

Summarized previously, longer initial crack length will decrease reaction 

force. Therefore, the error between numerical model and the test could be 

caused by the error of cutting the crack manually on the specimens. 

One of the initial goals to the numerical model is simulating the whole crack 

growth, which is failed for the crack type used in this project. Fig 6.1 

illustrated the error of the crack growth during the simulation. The crack 

type used in the numerical model is called the contour integral. It has the 

benefit for calculating the J-integral value and measuring the integral path.  

 

Fig 6.1 Simulation error of the crack growth 

Observed from the Fig 6.1, the stress concentration moved forward as a 

symbol for the crack growth but the new surfaces are not created. Therefore, 

the contour integral crack type may not able to increase the elements number 

for new created surfaces, which is essential for simulating the crack growth. 
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7. Discussion 

Comparing Fig 5.2 and Fig 5.6 from the result of fracture test, the Force vs. 

Displacement Curve of different crack orientation gets the similar trend. 

Since the effective crack length to the load direction is the same, is that 

means the angle of the initial crack does not affect the fracture behavior of 

the same material? 

 

 
Fig 7.1 Force – Displacement curves comparison 

Fig 7.1 is the combination of Fig 5.2 and Fig 5.6. From the illustration, what 

can be found is that the curves plotted from MD_20mm_3, 45D_20mm_1 

and 45D_20mm_2 share very similar arc. It shows more clear similarity 

when analyzing the instant value of reaction force and displacement at the 

same moment. 

Table 7.1 is the comparison for the instant value of reaction force and 

displacement at the same moment from test MD_20mm_3, 45D_20mm_1 

and 45D_20mm_2. The specimens with 45 degrees’ crack orientation have 

the different mark system with the MD specimens. Therefore, only four 

moments: the crack critical, 10mm mark, 20mm mark and peak load are 

used in the comparison.  
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Table 7.1 Specific force and displacements comparison 

 

 
MD_20mm_3 45D_20mm_1 45D_20mm_2 

Marked 

point 

Reaction 

force (N) 

Displacement 

(mm) 

Reaction 

force (N) 

Displacement 

(mm) 

Reaction 

force (N) 

Displacement 

(mm) 

Crack 

critical 
201.97948 2.0027 259.54758 2.9016 240.87711 2.6030 

10mm 

mark 
294.10098 6.6425 298.59235 6.7459 297.47055 6.5975 

20mm 

mark 
222.34033 8.3384 228.09892 8.4905 227.71687 8.3922 

Maximum 

force 
319.1826 5.2964 321.2725 5.0492 320.3343 5.4494 

 

Although the requirement of the load for the crack critical is different between 

MD and 45 degrees’ crack orientation, the fracture behaviors in several specific 

marked points have almost same value. Due to the current result, the angle of the 

initial crack has the possibility for doing no effect on the fracture behavior of the 

same material. With improvement of the accuracy in the experiment analysis, the 

conclusion will be more correct. 

This aspect of the research will do benefit for reducing the experiment error 

caused by manual manufactured test specimens. When cut the initial crack on the 

test specimens manually, an overcut between 0.5mm to 1mm is the common 

situation. That will reduce the measured reaction force at the crack critical from 

22% to 44%, which also explain the unstable of experiment result. If the initial 

crack can contain 45 degrees’ angle, the equivalent length of overcut which is 

vertical to the load direction will be reduced as 60%. It is the visible benefit to 

the low cost fracture experiments without precise cutting machine or 3D printer. 
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8. Conclusion 

For this project, the whole task has been divided into two parts. First is 

studying the fracture behavior of the tested polymer. The result from the 

experiments gives the reference for building the numerical model. When the 

reliability of the model has been verified, the value of J-integral which 

represent energy released rate can be determined from the model directly. 

From the experiments, several conclusions can be summarized: 

1. For longer initial crack length material, less force is required to make the 

crack growth. 

 

2. The maximum external load required to make the crack growth appears 

closely to the start of the crack growth. 

From the numerical analysis, the conclusions from the experiments are also 

established. Besides, several further conclusions can be summarized: 

1. Increasing the contour number makes the value of the J-integral more exact 

and converged to a certain figure. 
 

2. The critical value of J-Integral increased from 19.88771 to 34.58116 

mJ/mm^2 when the initial crack length increased from 20 to 40 mm for MD 

crack orientation. 

 

3. The critical value of J-Integral increased from 17.55468 to 20.00072 

mJ/mm^2 when the initial crack length increased from 20 to 40 mm for MD 

crack orientation. 

 

4. Contour Integral crack type cannot simulate the crack growth. It is unable to 

increase the element numbers for the new created surfaces, but reliable and 

convenient for calculating the J-Integral value 
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Appendixes 

Appendix 1: Time schedule 

Appendix 2: Uniaxial tensile test 

 

 



 

APPENDIX 1: The project time schedule 

 

 

 

 

 

 

 

 

  



 

APPENDIX 2: Uniaxial tensile test 

The test specimens are cut from the orthotropic material sheet. Due to the 

unknown material behavior, the uniaxial tensile test to determine the 

material property has been done previously by the supervisor of this thesis 

work, Prof. Martin Kroon.  

Fig A.1 is the diagram of the material behavior for all specimens from 

different direction. All strength in three directions is required to be test for 

the later fracture test and creating the correct model in the simulation. 

 
Fig A.1 Material behavior from different direction 

What can be viewed in the diagram are several stress-strain curves for 

different specimens. In three directions, the specimens from the center-

direction have the lowest strength since the curve reaches the rapture point at 

the smallest stress than other two directions.  

The maximum stress of the specimens from both MD and 45 degrees is in 

the same value. But the specimens of 45 degrees have a better ductility. The 

failure point is located at the biggest strain.  

The stress-strain curve diagram gives the direct view of the material strength 

and the behavior under the external force. The curve is similar with typical 

thermoplastic polymer. The result and data from the uniaxial tensile test is 

the basic reference for the material model used in ABAQUS when doing the 

numerical analysis. 
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