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Abstract: 

Finding new or improving existing opening solutions for a package are 

important at Tetra Pak since the development of new polymers films 

influence the present package opening solutions. Knowing the general 

mechanical and fractural behavior of the package material is crucial for 

the understanding and prediction of the overall opening performance. This 

thesis presents a study of two different polymer materials, Polypropylene 

(BoPP) and Low-density polyethylene (LDPE). Single layer of BoPP, 

single layer of LDPE, BoPP with both sides laminated by LDPE with full 

adhesion(LDPE/BoPP/LDPE) and with no adhesion(LDPE//BoPP//LDPE) 

are analyzed under Mode I tensile loading. The study is based on physical 

test together with Finite Element analysis using computer software 

ABAQUS. The physical test and calibration is done for continuum and 

fractured (center crack) test specimen. Comparison of the physical test and 

the numerical analysis showed a convincing match between the two 

results for every test cases, continuum and fracture, both in machine and 

cross direction. Fracture toughness calculated using theory of linear elastic 

fracture mechanics (LEFM), Modified Strip yield model (MSYM) and 

Experimental test (using global force) and all compared together to 

determine the possible range of the fracture toughness of  BoPP and 

LDPE. 

Keywords: Mode I tensile loading, Continuum, Fracture, Fracture toughness, 

LEFM, MSYM. ABAQUS, FEM. 
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1 Notation 

A Area [m]
2
 

a Thickness [m] 

E Young‘s Modulus [MPa] 

G Energy release rate [J/[m]
2
] 

H Height [m] 

KI Stress intensity factor for mode one [MPa ] 

KIc Fracture toughness [MPa ] 

P Load [N] 

W Half the width [m] 

 Function of specimen geometry [-] 

 Stress [MPa] 

b Stress at Break [MPa] 

c Stress at fracture [MPa] 

 Strain [%] 

 Shear stress [MPa] 
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Abbreviations 

BoPP Polypropylene 

CD Cross Direction 

CTOD Crack Tip Opening Displacement 

EPFM Elastic Plastic Fracture Mechanics 

LDPE Low-Density Polyethylene 

LEFM Linear Elastic Fracture Mechanics 

MD Machine Direction 

MSYM Modified Strip Yield Model 

MTS Mechanical Testing and Simulation 

NLFM Nonlinear Fracture Mechanics 

DOE Design of Experiment 



 7 

2 Introduction 

Liquid food packages are mainly made from polymer and paper. The 

polymer consists of a number of micro level thick polymer film layers 

inconsistent with the desired purpose of the package. The consisting layers 

are laminated together using adhesion as a bonding material or by a direct 

heating of the layers. Low-density polyethylene (LDPE) and Polypropylene 

(BoPP) are among the consisting materials. Due to different reasons the 

polymer films developed, are consisting of behavior like high toughness. 

The development of new tough polymer film based packaging material will 

influence the present opening solutions at Tetra Pak, a global leading 

multinational food processing and packaging company. 

The fracture mechanics theory made easiness and competence in designing 

a component with respect to static and dynamic loading and assist in the 

prevention of failures of structural and mechanical components subject to 

fluctuating loads in service. Different types of loadings occur at a time   

during transportation and the opening phenomena of a food package.  

Theories behind the fracture mechanics, like linear elastic fracture 

mechanic (LEFM) and Elastic Plastic Fracture Mechanics (EPFM) helped 

in analyzing the effect of loadings on the component, response of material 

under different loadings and fracture of material. 

This thesis titled as Fracture mechanics applied in thin ductile packaging 

materials. The aim of this thesis is to define the Finite Element Modeling 

strategy and to define experimental test procedure for determining the 

important material properties like fracture toughness damage initiation and 

damage evolution, governing the opening performance. The test consists of 

Physical test in combination with virtual test in the computer software 

ABAQUS. A mode I tensile test has been done on BoPP, LDPE and BoPP 

both side laminated with LDPE test specimens having pre-center crack. The 

physical and ABAQUS test result has been compared. Using the physical 

test results fracture toughness, fracture parameters, of BoPP calculated. 
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3 Theoretical Model 

3.1 Fundamentals of fracture mechanics  

Fracture mechanics is the field of solids mechanics that deal with behavior 

of cracked bodies subjected to stress and strains [2]. It uses methods of 

analytical solid mechanics to calculate the driving force on a crack and 

those of experimental solid mechanics to characterize the material‘s 

resistance to fracture [3]. 

Some of the important terms of fracture mechanics are discussed.  

Force: 

In fracture mechanics, forces that cause fracture are classified in to three 

categories: 

1. Direct load  

2. Chemical Reaction 

3. Temperature 

Type of loading and three Modes: 

The stress and deformation in the material in front of a crack tip depend on 

how the crack structure is loaded. A crack may be loaded in three different 

modes, Mode I, Mode II and Mode III [8]. 

Mode I: The forces are normal to the crack plane which tends to open the 

crack (Figure 3.1a). 

Mode II: Applied forces are parallel with the crack plane which tends to 

slide one another (Figure 3.1b). 

Mode III: Mode III refers to out-of-plane shear (Figure 3.1c). 
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Figure 3.1a: Crack loaded in Mode I [8]. 

 

Figure 3.1b: Crack loaded in Mode II [8]. 
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Figure 3.1c: Crack loaded in Mode III [8]. 

 

3.2 Material properties 

Materials often have physical characteristics that depend on the plane or 

direction [15]. Figure 4.1 shows direction of material in manufacturing. 

MD (Machine direction) is the direction the manufactured material rolled 

and CD (cross direction) is the direction perpendicular to the MD. 

Isotropic and Anisotropic materials: 

When the properties of a material are the same in all directions, the material 

is said to be Isotropic. When the properties of a material vary with different 

orientation, the material is said to be anisotropic. 

 

Figure 3.2: Directions of a material in manufacturing. 
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3.3 Linear Elastic fracture Mechanics (LEFM) 

Linear Elastic fracture Mechanics assumes that the material is Isotropic and 

linearly elastic. According to these assumptions, stress field near to the 

crack tip is calculated using the theory of elasticity [4]. Theory of elasticity 

says the stress field near the crack tip is a function of location, loading and 

the geometry of the specimen or object. The location can be represented by 

‗r‘ and ‗θ‘ in polar coordinate system whereas loading and geometry can be 

submitted in to a single parameter KI called stress intensity factor.  

According to the LEFM, the stresses surrounding a crack tip are given by as 

follows [1]: 

 

 

(3.1) 

Here, r is the distance from the crack tip and θ is the angle to the crack 

plane ahead of the crack tip. Indices i and j assume values 1 and 2 referring 

to the Cartesian axes x
1 

and x
2
. K is the stress intensity factor and  is 

known angular functions [1]. 

At onset of crack growth the stress intensity factor, K, equals the fracture 

toughness . The LEFM limiting stress is given by 

 

 

(3.2) 

Where, a is half crack length, σ stress at crack growth,  is correction 

factor explained in section 3.7 and  is obtained from an experiment. 

LEFM is valid only when inelastic deformation is small compared to the 

crack size, which is called as small scale yielding (SSY) [2]. 

Solid background in the fundamental of LEFM is essential to understanding 

of more advanced concepts in fracture mechanics like crack tip opening 

displacement (CTOD) and J contour integral [2]. We are describing both 

energy and stress intensity approaches to linear elastic mechanics.  

3.4 Fracture mechanics approach to design 

There are two alternative approaches to fracture analysis: the energy 

criterion and the stress-intensity approach.  Both are discussed briefly 
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below. In line with these approaches effect of finite size also discussed 

below. 

The energy criterion: 

The energy approach states that crack extension (i.e. fracture) occur when 

the energy available for crack growth is sufficient to overcome the 

resistance of the material. The material resistance may include surface 

energy, plastic work, or other type of energy dissipated with propagating 

crack [2]. 

The energy release rate G defined as the rate of change in potential energy 

with crack area for a linear elastic material. 

For a crack of length 2a in an infinite plate (i.e. width of the plate is >> 2a) 

subjected to remote tensile stress (Figure 3.3), the energy release rate is 

given as 

 

 

(3.3) 

Where  is the remotely applied stress, a is the half crack length, and E is 

Young‘s modulus. 

At the moment of fracture G=Gc, the critical energy release rate, which is a 

measure of fracture toughness. At fracture equation (3.4) describes the 

critical combination of stress and critical crack size for failure: 

 

 

(3.4) 

The energy release rate G is the driving force for fracture, while  is the 

materials resistance to fracture. 

One of the fundamental assumption of fracture mechanics is that fracture 

toughness ( ) is independent of the size and geometry of the 

cracked body; a fracture toughness measurement on a laboratory specimen 

should be applicable to a structure [2]. The similitude assumption is 

applicable as long as the material behavior is predominantly linear elastic. 
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Figure 3.3: Through thickness crack in an infinite plate Subjected to a 

remote tensile plate. In particular Infinite means the width of the plate is 

>> 2a [1]. 

The stress intensity approach 

This approach is an alternative method that examines the stress state near 

the tip of a sharp crack directly has proven more useful in engineering 

practice. Figure 3.4 shows an element near the tip of a crack in an elastic 

material, together with the in-plane stress on this element. The stress 

components are directly proportional to a constant KI called stress-intensity 

factor, completely characterize the crack tip condition in a linear elastic 

material. The subscript I is used to denote the crack opening mode 

described in section 3.1. 

Fracture occurs at critical stress intensity KIc. Thus, KIc is an alternative 

measure of fracture toughness [1]. 

For an infinite plate illustrated in figure 1, the stress intensity factor is given 

by 

  (3.5) 

Failure occurs when KI = KIc which imply that KI is the driving force and 

KIc is a measure of material resistance. Like critical energy release rate , 

the property of similitude applies for critical stress intensity KIc. 
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Figure 3.4: Stresses near the tip of a crack tip in an elastic material [2]. 

The stresses in Figure 3.4 expressed as [2] 

 

 

 

(3.6) 

 

 

 

(3.7) 

 

 

 

(3.8) 

 

If KI is known, the entire stress distribution at the crack tip can be 

computed with the equations (3.6), (3.7) and (3.8). 

Using equation (3.1) and (3.3), the relationship between energy release rate 

and stress intensity factor expressed as 

 

 

(3.9) 

This holds true for critical stress intensity factor and energy release rate. 
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Considering the Mode I, singular field on the crack plane, where  = 0. 

According to equation (3.5), the stress in the x and y direction are equal:  

 

 

(3.10) 

 

When = 0, the shear stress is zero. This means that the crack plan is the 

principal plane for Mode I. 

Equations (3.6), (3.7) and (3.8) are valid only around the crack tip where 

1/  singularity dominate the region (Figure 3.5). Far from the crack tip, 

the stress is defined by remote boundary condition. In this case when the 

specimen is under pure mode one remote tensile stress, the stress  

converged to a constant value . 

For an infinite plate and a through crack where the normal to the crack 

plane is oriented at an angle  from the stress axis, the crack will 

practice both mode I and mode II loadings. Figure 3.6a and 3.6b done by 

using equations (3.6), (3.7) and (3.8) assuming the stress intensity factor  

equals to 2.5 MPa  , and angle =0 and  respectively. 

For an infinite plate as shown in Figure 3.3, the remote stress is 

perpendicular to crack plane. This shows pure mode I loading. According 

to equations (3.6), (3.7) and (3.8), the stress intensity factor has 

unit . For an infinite plate, the only relevant length unit is the 

crack length. Therefore, the relation between  and global stress expressed 

as [2] 
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Figure 3.5: Stress normal to the crack plane in mode I [2]. 

The actual solution driven in appendix 2.3 [2, pp.95] and expressed as 

follows 

 



 17 

 

Figure 3.6a: Stress distribution at crack tip for stress intensity 

 and angle .  

 

Figure 3.6b: Stress distribution at crack tip for stress intensity 

 and angle . 
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Formulas how to calculate the stress intensity factor for the common 

geometries and crack are shown in Appendix B (table B1) [2]. 

Effect of Finite Size 

Dimension of 95x230mm used in this work in reference with few 

researches done on non standard specimen in order to characterize material 

parameters. [1] & [13]. 

In infinite plate, size of crack is small compared to dimension of the plate. 

In this case the crack tip conditions are not influenced by external 

boundaries. As the crack size increases or as the plate size decreases, the 

outer boundaries start to exert an influence on the crack tip. In such cases, a 

closed-form stress intensity solution is usually not possible. 

Figure 3.7, schematically illustrates the effect of finite width on the crack 

tip stress distribution, which is represented by lines of force; the local stress 

is proportional to the spacing between lines of forces. Since a tensile stress 

cannot be transmitted through a crack, the lines of force are diverted around 

the crack, resulting in a local stress concentration. In the infinite plate, the 

line of force at a distance W from the crack centerline has force component 

in the x and y direction. If the plate width is restricted to 2W, the x force 

must be zero on the free edge; this boundary condition cause the line of 

force to be compressed, which results in a higher stress intensification at 

the crack tip [2].     

 

 

Figure 3.7: Stress concentration effect due to a through crack in finite and 

infinite width plates: (a) infinite plate and (b) finite plate [1]. 
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The Mode I stress intensity factor for through crack finite plate is given 

as [2] 

 

 

(3.11) 

The stress intensity factor approaches the infinite plate as  approaches 

zero;  is asymptotic to . 

A more accurate solution for through crack finite plate obtained from finite 

element analysis and is given by  

 

 

(3.12) 

Equation (3.12) agree with the finite element solution to within 7% for 

a/W< 0.6. The secant(without polynomial term) correction is much closer 

to the finite element solution. 

3.5 Elastic-Plastic Fracture Mechanics 

Elastic-Plastic Fracture Mechanics applies to material that exhibit time-

independent, plastic deformation. There are two elastic-plastic parameters 

describe crack-tip conditions in elastic-plastic materials, those are crack-

tip-opening displacement (CTOD) and J-Contour Integral.  

Crack-Tip-Opening Displacement (CTOD): 

Wells [10] noticed that the crack faces had moved apart prior to fracture, 

plastic deformation had blunted an initial sharp crack. The degree of crack 

blunting increased in proportion to the toughness of the material. Based on 

this observation Wells [10] proposed the opening at the crack tip as a 

measure of fracture toughness, and this parameter is known as CTOD. 

There are two most common definitions, which are the displacement at the 

original crack tip and 90
0
 intercept as illustrated in below figures. The latter 

definition was suggested by Rice [11] and is commonly used to infer 

CTOD in finite element measurements.  
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Figure 3.8: Definitions of CTOD [21]. 

Standard method for CTOD testing is modified hinge modal, in which 

displacements are separated into elastic and plastic components. 

 

 

Where  is the CTOD, subscripts el and p denote elastic and plastic 

components, respectively. The plastic rotational factor  is approximately 

0.44 for typical materials. 

3.6 Crack Propagation 

A crack starts to propagate in a specimen when the stress intensity factor  

reaches a critical value and the materials resistance to the load reaches its 

peak; this critical value of   is called fracture toughness.  Therefore, the 

crack will start to propagate when  

 
The crack propagation also expressed in terms of energy. The crack uses 

the stored strain energy in the material to advance the crack and to produce 

new crack surface. Therefore, the material needs to have enough stored 

energy in order to create the surface otherwise the crack will not be growth. 

If G is the energy necessary for the crack to grow and develop the surface 

and R is the material resistance to crack propagation, the following 

condition should be fulfilled for a crack to advance. 

 
When change in stored energy equal to the material resistance, the crack 

continue growing. If the change in stored energy is less than the change in 

material resistance, the cracks will not grow any more. Else if the change in 

energy greater than the change in resistance, then unstable crack will be 

developed and may continue until failure of the material or structure [4]. 
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3.7 Modified Strip yield Model (MSYM) 

Strip yield model models plastic zone of a crack tip by assuming a segment 

of discontinuous displacement. The length of the segment is 2( ), 

where  is the length of the plastic zone, with a closure yield stress equal to 

 applied at each crack tip as shown in Figure 3.9. The model 

approximates elastic –plastic behavior of a material by superimposing two 

elastic solutions: a through crack under remote tension and a through crack 

with closure stress at the tip [2]. The model was first proposed by Dugdale 

and Barenblatt.  An application to a polymer material is found in [2]. 

The crack tip opening displacement (δ
CTOD

) and cohesive zone length 

(plastic zone) at initiation of crack growth is given by [13]:  

 

 

(3.13) 

and  

 

 

(3.14) 

 

Where,  is the uniaxial stress perpendicular to the crack plane and at large 

distance. 

The principle of virtual work provide the following relation [13]  

 

 

(3.15) 
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Figure 3.9: Strip yield model [13]. 

 

From equations (3.13) and (3.15), a relation between crack length a and 

applied stress 
 
at fracture can be derived as below:  

 

 

(3.16) 

Equation (3.13), (3.14) and (3.16) are limited to finite plate [13].  Equation 

(3.16) modified by multiplying it with correction factor, , in order to make 

the result reasonable  for finite plate  when crack length approaches width  

of the specimen (a W) . The modified formula with the correction factor 

( ) expressed [13] as: 

 

 

 

(3.17) 

Where   

 

 

(3.18) 
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3.8 Fracture Toughness 

Fracture toughness is a property which describes the ability of a material 

containing a crack to resist fracture [14]. 

One of the fundamental assumptions of fracture mechanics is that fracture 

toughness is independent of size and geometry of cracked body [2]. The 

fracture toughness and the manner in which the crack grows are heavily 

dependent upon the material thickness [1]. 

Specimens having standard proportions but different absolute size produce 

different values for KI. This results because the stress states adjacent to the 

flaw changes with the specimen thickness (B) until the thickness exceeds 

some critical dimension. Once the thickness exceeds the critical dimension, 

the value of KI becomes relatively constant as shown in Figure 3.10 and 

this value, KIC, is a true material property which is called the plane-strain 

fracture toughness [12]. 

 

Figure 3.10: Fracture toughness vs. thickness [22]. 

 

In principle, the fracture toughness is computed on the bases of the load 

corresponding to a well defined unstable advance of the crack [1]. The 

following derivation of the fracture toughness is more or less retrieved from 

article [1]. 

 

At onset of crack growth the stress intensity factor, K, equals the fracture 

toughness. Therefore, the linear elastic fracture mechanics limiting stress is 

given by [1] 

http://en.wikipedia.org/wiki/Fracture
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(3.19) 

 

Here, is the remotely applied stress,  is a geometrical correction factor 

for center crack specimen [1], a is half crack length, W is the half specimen 

width. The geometrical correction factor  for center crack specimen is 

 

 

(3.20) 

Analytically, relationship of experimental stress versus crack length is 

given by [1] 

 

 

(3.21) 

 

 

 

  

 

 

 

 

 

 

 

 

 

 2h = L B 

 

 

 

 

 

 

 

2W 

Figure 3.11: Specimen configuration with a centered crack of length 2a 

[1]. 

 

 

           2a 
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4 Experimental Work 

4.1 Experimental Setup 

The aim of these experimental tests to define test procedure for determining 

material properties governing fracture initiation and propagation, hence 

predicting opening performance under mode I and accurate experimental 

data is needed for calibrating the material models used in the FE-

simulations.  If this strategy is applicable, the computer simulation can be 

used to calibrate the continuum and fracture material parameters. The 

physical tests and virtual tests are also visually compared. 

 

Two different layers having different thickness are tested. Center crack 

made on the test specimen by hand using scalpel and steel ruler. 

 

The two layers, BoPP with 18  thicknesses and LDPE with 27  are 

tested for different cases as shown below. 

 

Test Cases 

 

1.  BoPP layer 

2.  LDPE layer 

3.  LDPE/BoPP/LDPE without laminate (Figure 4.1) 

4. LDPE/BoPP/LDPE  laminate 

 
Figure 4.1: Model of laminate layers. 

BoPP (18 micrometers) 
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These layers are pulled apart along height (Figure 4.6) by applying load on 

upper griper, clamps along width of the specimen (Figure 4.2).  Force 

versus displacement data were recorded and exported for further analysis. 

 

The tensile test machine, MTS has a pair of gripper, clamp the specimen 

ends, where the lower one is stationary and the upper one moves up 

accurately by applying displacement on the cross head. Due to the weight 

of the clamper 2.5 KN load cell was used. The specimen placed in between 

the gripper. The clamped specimen loaded and extended till it breaks. The 

speed is adjusted to 7mm/ min. The load and extension of the specimen 

controlled digitally. 

 

Most of the physical tests in this thesis were performed at the laboratory, 

Blekinge Institute of Technology (BTH) and few of them performed at 

Tetra Pak packaging solutions AB. All the test results (plots) are shown in 

Appendix A. 

     

 

 
 

Figure 4.2: MTS Machine at the laboratory of BTH [1]. 
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4.2 Materials 

LDPE (Low density polyethylene) is available in the form of circular batch 

where melted LDPE on a PET layer (Figure 4.3) in.  LDPE layer extracted 

from PET using Table extruder (fig 4.4a). BoPP supplied by package and 

packaging material manufacturing company Tetra Pak. LDPE is assumed to 

have Isotropic behavior in this work and BoPP is assumed as anisotropic 

materials. 

 

 

 
 

 

Figure 4.3: LDPE and PET composite. 

 

4.3 Preparing sample for test 

Measure half width W and height h from center using ruler. Thickness of 

the materials layer measured using Micrometer. Sometimes the thickness of 

the material, example LDPE, in a roll varies due to manufacturing 

variations. Therefore, it is important to measure the thickness of each 

specimen before doing the test. 

 

For each material, LDPE and BoPP, at least five test pieces of 95x230mm 

size specimens are taken from MD and CD. The width of the specimen (2W 

equals to 95mm) assumed infinite in comparison with crack length in order 

to remove effect of finite size. Since LDPE is assumes isotropic material, 

only BoPP is tested in cross direction. The specimens and crack are cut 
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using a steel ruler and knife. The crack on LDPE made before the LDPE 

specimen peeled from PET. This helps to make a perfect crack goes along 

the center line of the specimen.  

Taking gripper of MTS machine into consideration, height size greater than 

230 mm specimen is taken. Since LDPE specimen layer has been produced 

by extruding melted LDPE on PET layer with a table extruder (Figure 

4.4a), it is first pre peeled from PET in the portion of the specimen 

considered for the griper before the specimen cut. The center crack made 

half crack length from center to both directions (Figure 4.4b) in order to 

have similar pre-crack tip shape. Finally, LDPE carefully separated using 

the smooth circular rod of the table extruder from both ends (height 

direction) till the center crack region. The remaining peeling process 

around the crack region has been done carefully by hand along crack (width 

of the specimen) direction. The application of the rod has helped in 

protecting the formation of dimples on LPDE layer while peeling by hand. 

The detached face of LDPE layer showed property to stick and roll over the 

smooth circular rod. This helped to separate the two layers easily and 

slowly. 

               
Figure 4.4a: Extrusion of test size LDPE layer from PET laminated with 

LDPE layers. 

 
Figure 4.4b: Center crack cut direction of test specimen. 
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4.4 Mounting specimen in the Test Machine 

The specimen mounted on the grippers (Figure 4.5) that matches the 

specimen under the test. The load is applied to the specimen through the 

cross head (Figure 4.2) connected to 2.5 KN load cell. The specimen and 

the gripper are parallel with the cross head. The gripper has pointed needle 

used to put the specimen in correct position. The specimen placed in the 

slots of the grippers and tightened with bolt and nut locking mechanism. A 

line drowns along width of the specimen to make sure that slippage not 

happened while running the test. Before running the test, it is important to 

makes sure that the specimen placed well and the upper and lower grippers 

are parallel with the specimen. 

 

 

 
 

Figure 4.5: Experimental test setup at BTH. 

 

4.5 Running the test 

Once the specimen setting is ready, the MTS-software Test Work 4.07 is 

launched. Simplified tensile method selected .The input configurations, test 

speed, SI units and griper space, are introduced. The gripper spacing set to 

size of the test specimen and the cross head set to raise (test speed) at 7mm/ 

min (Figure 5.6).  Because of the setting limitation, data collection time set 

to 10ms. The output parameter, load and Extension, set on. The load and 
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extension set to zero before running (pressing play button) the test. As the 

test begins, the load versus extension plot displayed continuously.  

 
Figure 4.6 Configuration of specimen with center crack and without center 

crack. 

 

In the case of pre-center crack, the crack tears along the width of the 

specimen following the centerline for both layers, LDPE and BoPP. Where 

as in the case of without pre-crack, BoPP layer fail suddenly and LDPE 

may fail suddenly or may tear around the lower gripper. When the test 

ends, the display shows plots of load versus extension. As a result 

Semicolon separated row data exported and saved. The test process 

continues at least for five specimen layers.  The exported data imported to 

MATLAB for analysis. 

4.6 Laminate 

A simple paper laminating machine was used to make BoPP both side 

bonded with LDPE (Figure 4.1). The manual was studied and observed that 

the machine operate at 120 
o 

C. Paper placed on both side of the lamina to 

protect the lamina from having direct contact with the heated roller while 

laminating. A short and brief description of operating condition included in 

Appendix B. 
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A 5mm center crack has been done after the layers have been laminated. 

The same procedure has been followed to test the laminated specimen 

except that the pre-center crack done after laminating the layers. 

 

4.7 Test Result and Discussion 

Due to the weight of the upper clamper, 2.5KN load cell used in the 

experiment. The continuum BoPP material under tensile fails suddenly at 

its maximum stress where as LDPE fails suddenly or tears along width of 

the specimen at its break point. BoPP behaves differently in MD with that 

of CD. Therefore, BoPP categorized under anisotropic material. For every 

test repetition BoPP failed at large strain and stress variation in MD relative 

to CD as shown in figure 4.7. Hence, BoPP is unstable in MD. The 

instability of BoPP material can be further investigated in future work. The 

peack load for contnum LDPE is 20.72 N and is reached when the 

specimen extended 36mm. ….….. For case I (BoPP) failure occurs at the 

maximum stress. The point at failure (fracture) is different from the 

American standard load versus displacement behavior as shown in figure 

4.8. For a material under pure tensile, the standard shows necking of the 

material after maximum load pmax before fracture. Therefore, Bopp is not 

ductile after the maximum tensile strength. The strain in MD is much 

higher than CD. Hence, BoPP is stiffer in CD. 
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Figure 4.7: Load vs. extension of Continuum BoPP (95 x 230mm) material 

in MD and CD.  

 

The load versus displacement behavior of the fractured BoPP specimen 

with pre center crack is same as that of the continuum material. Stress and 

strain variation between the continuum and fractured material is very large. 

Table 4.1 shows the value of mean load and displacement of the fractured 

BoPP for different crack length in MD. At each crack length (2 to14mm) 

the load versus displacement profile follow the continuum material profile 

until the point of fracture as shown in figure 4.9. The load carrying capacity 

of the fractured BoPP is larger in CD than MD. Each crack length test of 

BoPP in CD and MD is repeated five times and the test result included in 

appendix A. 

The maximum load carrying capacity of LDPE is 21N and is very small 

compared to the capacity of the load cell used in the experiment. Taking the 

weight of the upper clamper (figure 4.2) in to consideretaion load cell of 

100 to 200 N capacity is enough.  The capacity of the load cell used could 

be on e for the reason for the occurance of small oscillation on load versus 

displacement plot profile of LDPE. The presence of pop-pop and sound and 

wrinkles during LDPE tensile test tells the possibile presence of load 

variation. 
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Figure 4.8: Three types of load displacement behavior and the 

identification of the critical load (ASTM stds, No. E399, Vol. 03.01). Type I 

- tearing (plane stress fracture). Type 2 - mixed. Type 3-cleavage (plane 

strain fracture) [1]. 

 
Unlike with BoPP, the difference of the load carrying capacity of LDPE 

with out crack and that of LDPE with center crack are not large. The peack 

load for LDPE with no crack is 20.72 N and is reached when the specimen 

extended 36mm where as peack load for LDPE with  Center Crack 5mm is 

17.9 N at extension of 30mm. Figure 4.11 shows load versus displacement 

behavior of continuum and fractured LDPE. Compared to BoPP, load 

carrying capacity of LDPE is small. Table 5.2 shows values of pick load 

and displacement for each center cracke length. The pick load and extensin 

decrease as the crack length increases. Each crack length tested at least five 

times and the plot is included in appendix A. 



 34 

 
Figure 4.9: Load vs. displacement of continuum and fractured BoPP with 

center crack 2a from 2mm to 14mm in MD. 

 

Table 4.1 Load and extension of fractured BoPP, Machine direction (MD), 

thickness B=18 µm and dimensions 230*95mm (2H*2W). 

 
Crack length 2a 

(mm) 

 

2 3 4 5 8 11 14 

Max displacement 

(mm) 

4.18 3.63 3 2.9 2.3 2.05 1.8 

Max Load(N) 

 

56.39 54 49 49.8 42.26 37.2 33.3 
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Figure 4.10: Load vs. extension of BoPP specimen size 95x230mm in CD of 

center crack lengths 2, 3, 4, 5, 8, 11 and 14mm. 

 

Table 4.2: Load and extension of continuum and fractured BoPP, Cross 

direction (CD), thickness B 18 µm and dimensions 230*95mm (2H*2W). 

Crack 

length(mm) 

No 

Crack 

2 3 4 5 8 11 14 

Max 

Extension(mm) 

22.7 4.85 4.08 3.37 2.79 2.38 1.91 1.72 

Max Load(N) 115 94 86.4 80 74.6 67.17 58.87 54.42 
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Figure 4.11: Load versus displacement of continuum and fractured LDPE 

of center crack 2-14mm. 

 

Table4.3. BoPP, Cross direction (CD), thickness B=18 µm, Dimensions 

230*95mm (2H*2W). 

Crack 

length(mm) 

No 

Crack 

2 4 5 8 11 14 

Max Load(N) 20.68 19.44 18.5 17.9 17.2 16.7 15.2 

Extension 

(mm) 

36 32 31.76 30.18 22.6 20.03 19.9 

 

A sharp crack propagation observed for case I (BoPP) under tensile. 

Conducting the pre crack from the center to both sides (figure 4.4b) give 

sharp crack tip and allow the crack to propagate in both direction under 

tensil. Figure 4.12a shows crack propagation of BoPP under. It was 

observed that conducting the crack from one side to the other side allow the 
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crack to propagate dominantly to the side opposite to the first tip of the pre 

crack due to due to difference in crack tip shape. LDPE behave differently. 

The crack tip of LDPE blunt due to ductility property of LDPE. Figure 

4.12b shows crack propagation of LDPE under tensile. 

 

 

Figure 4.12a: Sharp crack propagation of BoPP material under tensile. 

 

 
 

Figure 4.12b: Crack propagation of LDPE. The crack blunts before it 

propagates. 

 
 

Figure 4.12c: shows crack propagation of the laminate material. Sharp 

crack propagation observed both for BoPP and LDPE. The propagation is 

faster in BoPP and LDPE follow. 
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The crack tip opening displacement calculated for BoPP of MD and CD 

and LDPE using equation 3.15. Average fracture toughness value of the 

materials (table 6.18) used in calculation. The obtained result showed in 

table 4.5. The crack tip opening displacement of BoPP in MD is 0.0427mm 

and is higher than CD of 0.0288mm. Therefore, BoPP in CD is stiffer than 

MD. Crack tip opening displacement of LDPE is 0.5576mm higher than 

BoPP due to its softening property under tensile.  

Table 4.5: crack tip opening displacement of BoPP (MD and CD) and 

LDPE. 

Material Stress at 

break σb 

(MPa) 

Young‘s 

Modulus 

E (MPa) 

Fracture 

toughness KIc 

(MPa.m
1/2

) 

Cracktip opening 

displacement δ 

(mm) 

BoPP in CD 126.4 4177 3.9 0.0288 

BoPP inMD 65 2073 2.4 0.0427 

LDPE 8 126.1 0,75 0.5576 

 

A 5mm center cracked laminated BoPP (case IV) were also tested. A 

simple paper laminating machine was used to manufacture the laminated 

material. The manual studied and was observed that the machine operate at 

120 
o
C. Figure 4.13 shows the load carrying capacity of BoPP both sides 

laminated with LDPE (full adhesion), no adhesion, BoPP and LDPE under 

tensile for the specimen size 95x230mm in MD with 5mm center crack.  

The laminated (full adhesion) material displays a higher peak load and 

larger extension at peak load. Stress distribution is one of the reasons. The 

peak load of the laminated material is 63.5N and is reached when the 

specimen extend 6.8mm where as peak load for BoPP both sides LDPE (no 

adhesion) is 54.4N and is reached when the specimen extend 2.54mm.  The 

difference of the load carrying capacity of BoPP with that of BoPP without 

laminate (no adhesion) is not large. Figure 4.12c shows crack propagation 

of the laminated material. Unlike LDPE material sharp crack propagation 

observed for the laminate material. 
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Figure 4.13: Physical tensile test result of LDPE, BoPP, BoPP both side 

laminated with LDPE (full adhesion) and without adhesion specimens of 

size 95 X 230mm with 5mm center crack. 

 

Table 4.4 shows peak load and extension of the specimens for each case. In 

comparison with BoPP laminate (full adhesion), the difference of the load 

carrying of BoPP and BoPP without adhesion with that of Laminated BoPP 

is large. 

Table 4.4: peak load and extension of the specimen for all the cases (case I-

IV)  

Specimens Extension (mm) Peak load (N) 

Laminate (Case IV) 6 64 

No laminate (Case 

III) 

2.73 54.7 

BoPP 2.9 50 

LDPE 30.12 18.6 
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5 Numerical tests 

To understand the material behavior clearly, the exact same tensile tests 

have been done virtually. In order to do the virtual test, ABAQUS 6.10 

(general FE-computer software) was used. The modeling techniques of the 

tensile test modeling fracture in ABAQUS 6.10 are included in Appendix 

C. 

Assumptions: 

 Plane stress is assumed due to the small thickness 

 Shell elements was used 

 Non-linear elastic plastic fracture material model was chose for the 

polymers   

ABAQUS 6.10/Explicit: 

ABAQUS/Explicit has been used in this study. Initially ABAQUS/Standard 

was used but had difficulty with converging because of material 

degradation. Applying the explicit dynamic procedure to quasi-static 

problems requires some special considerations. Since a static solution is, by 

definition, a long-time solution, it is often computationally impractical to 

analyze the simulation in its natural time scale, which would require an 

excessive number of small time increments. To obtain an economical 

solution, the event must be accelerated in some way. The problem is that as 

the event is accelerated, the state of static equilibrium evolves into a state of 

dynamic equilibrium in which inertial forces become more dominant. The 

goal is to model the process in the shortest time period in which inertial 

forces remain insignificant. However, the smallest element size determines 

the time increment. [17]  

To conduct the tensile test in ABAQUS 6.10/Explicit, the following 

modeling procedures have been used. 

 Calibration of continuum material parameters in MD and CD. 

 Calibration of fracture material parameters in MD and CD. 

 Time dependency. 

 Mesh Density.  
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5.1 Calibration of continuum material parameters  

Young’s Modulus (E): 

It is defined as the ratio of uniaxial stress over the strain in the range of 

material elastic limit. Using the physical test results young‘s modulus have 

been calculated.  

 

 

(5.1) 

Plasticity in ductile metals: [17] 

When defining plasticity in ABAQUS, we should use true stress and true 

strain quantities compensated for change of the cross-sectional area (Figure 

5.2) instead of nominal (engineering) stress and its conjugate nominal 

(engineering) strain (Figure 5.1) which are based on the unreformed cross 

sectional area A0. The nominal stress and strain (Figure 5.1) expressed as 

 

 

(5.2) 

 

 

 

(5.3) 

 

Figure 5.1: Normal stress-Strain behavior of an elastic-plastic material in 

tensile test [17]. 
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The true stress and strain (Figure 5.2) expressed as 

  (5.4) 

 

  (5.5) 

These relationships are valid only prior to necking. 

True plastic strain expressed as  

 

 

(5.6) 

 

 

Figure 5.2: True stress-plastic strain. 

 

5.2 Calibration of fracture material parameters 

Components of material definitions: 

 The material behavior under no damage. 

 The material behavior under damage (damage initiation (point A)) 

[Figure 5.3]. 
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 The material behavior after damage initiation (damage evolution (point 

A-B)) [Figure 5.3]. 

 

Figure 5.3: Typical material response showing the progressive damage 

[19]. 

Damage initiation defines the point of initiation of degradation of stiffness 

[19]. Two main mechanisms can cause the fracture of a ductile polymer: 

ductile fracture due to the nucleation, growth, and coalescence of voids; 

and shear fracture due to shear band localization. Based on 

phenomenological observations, these two mechanisms call for different 

forms of the criteria for the onset of damage [17]. It does not actually lead 

to damage unless damage evolution is also specified. 

The Ductile damage initiation criterion is a model for predicting the onset 

of damage due to nucleation, growth, and coalescence of voids in ductile 

metals. The model assumes that the equivalent plastic strain at the onset of 

damage is a function of stress triaxiality and strain rate [17]. 

Damage evolution defines the post damage initiation material behavior. 

That is, it describes the rate of degradation of the material stiffness once the 

initiation is satisfied [19].  



 44 

Figure 5.4 illustrates the characteristic stress-strain behavior of a material 

undergoing damage. In the context of an elastic-plastic material with 

isotropic hardening, the damage manifests itself in two forms: softening of 

the yield stress and degradation of the elasticity. The solid curve in the 

Figure 5.4 represents the damaged stress-strain response, while the dashed 

curve is the response in the absence of damage [17].  

 

Figure 5.4: Stress-strain curve with progressive damage degradation [17]. 

In the Figure 5.4  and are the yield stress and equivalent plastic strain 

at the onset of damage, and  is the equivalent plastic strain at failure; that 

is, when the overall damage variable reaches the value . The overall 

damage variable, D, captures the combined effect of all active damage 

mechanisms and is computed in terms of the individual damage variables 

[17]. 
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5.3 Design of experiments (DOE) 

Numerical calibration of fracture material parameters 

P-diagram explains the overall strategy of numerical calibration, like the 

inputs (I), control factors (CF), and response factors (R) (Figure 5.5). 

Keeping both CF3 and CF4 as constants, the values of CF1 and CF2 were 

changed during the study. Finally R1and R2 was extracted from the 

simulation. 

The theory related to damage initiation and damage evolution was 

explained in the section 5.2. To find the most appropriate damage values 

for the material the DOE method was followed. In DOE the damage values 

were changed in a systematic way to fit the material behavior with the 

experimental result (Table 5.1). After each run the force and displacement 

have been extracted to compare with the experimental result. 

 

Table 5.1: Design of experiments. 

 

Run Order Time Damage Initiation Damage Evolution 

1 Low Low High 

2 High Low High 

3 Low Low Low 

4 High Low Low 

5 Low High Low 

6 High High Low 

7 Low High High 

8 High High High 
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Figure 5.5: P- diagram [20]. 

5.4 Analysis time 

When running the analysis in ABAQUS/ Explicit, the analysis time has 

significant role. Therefore, the appropriate time should be selected, where 

the material response should be independent of time. There is a significant 

time effect on the BoPP, MD material at low (0.5ms) and high (3ms) time. 

Figure 5.6 explains the material (BoPP) behavior, where 3ms and 

everything above should be good and in 0.5ms and 1.5ms case it‘s not. 
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Figure 5.6: Analysis time effect for material BoPP-CD. 

5.5 Mesh dependency 

In order to obtain an efficient and utmost accurate solution, we want to use 

few elements in regions where the unknown functions (damage initiation 

and damage evolution) varies slowly, but high mesh density in region 

where it varies rapidly [18]. Analysis in this study was performed on a very 

fine mesh where the crack is situated and where the crack will grow. The 

mesh was very fine at the crack region 0.39x0.26mm and coarse mesh 

4.7x4.9mm was used for other regions to see the material behavior for the 

particular fracture parameters (Appendix C). The mesh was refined until a 

stable solution was found. Hence, the more fine mesh would give the better 

result Figure 5.7. 
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Figure 5.7: Mesh effect for the BoPP-MD-95X230 material. 
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6 Results and discussion 

BoPP-MD-specimen size 95 230mm continuum and fracture material 

parameters: 

For calculating the continuum material parameters experimental result has 

been used (Appendix A). Based on experimental result analytically young‘s 

modulus (5.1) and plasticity values (5.6) were calculated. Using these 

values the FE-calculations were made. Figure 6.1 shows response of 

physical test and FE-calculation from ABAQUS. 

The obtained physical test and FE-calculations results of the continuum 

material are almost similar as shown in Figure 6.1. This shows that the 

continuum material; BoPP, can be modeled in a computer software 

ABAQUS. The ABAQUS modeling techniques are included in Appendix 

C.   

Young‘s modulus (E) =2373 Mpa, poisons ratio (v) = 0.3, thickness (t) 

=18  

Plasticity values: 
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Table 6.1: Plasticity values of BoPP in MD of specimen 95 230mm. 

True Stress 

[MPA] 

Plastic Strain 

[-] 

30 0 

40 0.06043 

45.3 0.0978 

50.06 0.1335 

55.06 0.1774 

60.07 0.212 

65.42 0.2487 

70 0.2771 

75.27 0.3077 

80.75 0.3379 

85.8 0.3622 

90.85 0.3891 

95.59 0.4055 

101.2 0.4301 

 

Using the DOE, the fracture material parameters have been calibrated and 

compared with the experimental result. Good result was seen when the 

young‘s modulus 2373 MPa, plasticity values (Table 6.1), damage initiation 

0.1, and damage evolution 0.07mm (Table 6.2 & 6.3). As mentioned in 

section 5.3 the stress triaxiality and strain rate is fixed in this study. 

Damage Initiation: 

Table 6.2: Damage initiation values for BoPP, MD, 95 230mm. 

 

Fracture Strain Stress Triaxiality Strain Rate 

0.1 -5 0 

0.1 5 0 
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Damage Evolution: 

Table 6.3: Damage evolution value for BoPP, MD, 95 230mm. 

Displacement at 

failure [mm] 

0.07 

 

There is a significant difference observed in the force versus displacement 

graph when 2a=5mm center crack was introduced as shown in Figure 6.1. 

The modeling technique of fracture material parameters used gave 

reasonable result in comparison with the physical test result. The magnified 

plot of the fracture material parameter with center crack 2a of 5mm shown 

in Figure 6.2. Figure 6.3 and 6.4 shows the stress concentration of the 

material in ,  and  directions.  
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Figure 6.1: Force vs. displacement Response of physical test and numerical 

FE calculation results of continuum and fractured (2a = 5mm) BoPP of 

size 95 X 230mm in MD. 
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Figure 6.2: Magnified scale of Force vs. displacement Response of BoPP in 

MD of dimension 95 X 230mm with Center Crack 2a of 5mm. 

 

 

Figure 6.3: Stress components [MPa] for the BoPP-MD-95 230mm. 
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Figure 6.4: Stress components [MPa] of BoPP-MD-95 230mm, 2a=5mm 

crack. 

BoPP-CD-specimen size 95 230mm continuum and fracture material 

parameters 

The cross direction of BoPP is stiffer than the machine direction. The 

young‘s modulus (5.1) and plasticity (5.2) calculated and shown in table 

6.4. Using these values and the DOE the FE-calculations were made and 

compared with the physical test results. The physical test and numerical FE 

calculation result of the continuum material (no crack) shown in Figure 6.5. 

The ABAQUS modeling technique of continuum material used gave 

reasonable in comparison result with the physical test results 

Young‘s modulus (E) =4177 MPa, poisons ratio (v) = 0.3, thickness (t) 

=18  



 54 

Plasticity values: 

True Stress 

[MPA] 

Plastic Strain 

[-] 

40 0 

50.19 0.00447 

60.47 0.0105 

70.03 0.01623 

80.14 0.02244 

90.03 0.02873 

100.2 0.03516 

110.2 0.04156 

120.2 0.04854 

130 0.05557 

139.2 0.06228 
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Figure 6.5: Physical test and FE calculation result of a continuum and 

fractured (2a=5mm) of BoPP-CD-95 230mm. 
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Figure 6.6: Stress components [MPa] for the BoPP-CD-95 230mm. 

Good result has been obtained for the fractured specimen of center crack 

2a=5mm using the calculated young‘s modulus 4177 MPa and plasticity 

values (Table 6.4) when damage initiation is 0.045 and damage evolution is 

0.01mm (Table 6.5 & 6.6). The result plotted in Figure 6.5. 

As mentioned in section 5.3 the stress triaxiality and strain rate is fixed in 

this study. 

Damage Initiation: 

Table 6.5: Damage initiation for BoPP-MD- dimension 95 230mm. 

Fracture Strain Stress Triaxiality Strain Rate 

0.045 -5 0 

0.045 5 0 

Damage Evolution: 

Table 6.6: Damage evolution for BoPP-MD- dimension 95 230mm. 

Displacement at 

failure [mm] 

0.01 

The magnified result of the fractured material with 5mm center crack is 

shown in Figure 6.7.  
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Figure 6.6 and 6.8 shows the stress concentration of the material in ,  

and  directions. 
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Figure 6.7: Magnified scale plot of BoPP in CD and specimen dimension 

95 X 230mm with center crack 2a equals to 5mm. 

 

Figure 6.8: Stress components [MPa] for the BoPP in CD of specimen 

dimension 95 X 230mm with center crack 2a equals to 5mm. 
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BoPP-MD-specimen size 25 20mm continuum and fracture material 

parameters 

In section 6.1 and 6.2, physical test and numerical calculation result of big 

specimen (95 X 230mm) showed in both MD and CD direction and 

convincing result obtained. Using the same modeling techniques for the 

specimen of size 25 20mm, the material parameters have been calibrated. 

Obtained numerical results showed good match with the experimental test 

results. Finally, the modeling techniques used for both specimens size 

(bigger and smaller specimen) giving reasonable results with the 

experimental test results. This helped to see as the edge effect is not 

considerable.    

The young‘s modulus (5.1) and plasticity (5.2) calculated using the physical 

test data where the young‘s modulus for BoPP-MD of specimen dimension 

25 20mm is 2073 [MPa] and the plasticity included in table 6.7. Using 

these results the FE calculation made in ABAQUS. In Figure 6.9, the 

physical test and finite element calculation results of the continuum 

(without crack) material have been plotted and a convincing result obtained 

as shown in the Figure 6.9. 

Poisons ratio (v) = 0.3, thickness (t) =18  
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Plasticity values: 

True Stress 

[MPa] 

Plastic Strain 

[-] 

40               0 

60 0.1652 

80 0.2785 

100 0.3724 

120 0.4434 

140 0.5069 

160 0.5658 

180 0.6118 

200 0.6549 

220 0.6974 

240 0.7347 

260 0.7639 

280 0.7942 

300 0.8227 

320 0.8487 

340 0.8706 

360 0.8952 

380 0.9146 

400 0.9326 

 

Using the DOE, the fracture (with crack) material parameters are calibrated 

and compared with the physical test result. The obtained numerical result 

for fractured (5mm center crack) specimen compared with the physical test 

result as shown in Figure 6.9. Good result obtained when the young‘s 

modulus 2073 MPa, plasticity values (Table 6.7), damage initiation of 0.15, 

and damage evolution 0.1mm (Table 6.8 and 6.9).  
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As mentioned in section 5.3 the stress triaxiality and strain rate is fixed in 

this study. 

Damage Initiation: 

Table 6.8: Damage initiation for fractured BoPP in MD of specimen size 

25 20mm. 

Fracture Strain Stress Triaxiality Strain Rate 

0.15 -5 0 

0.15 5 0 

Damage Evolution: 

Table 6.9: Damage evolution of fractured BoPP in MD of specimen size 

25 20mm. 

Displacement at 

failure [mm] 

0.1 
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Figure 6.9: Response of BoPP-MD-25 20mm experimental and numerical 

result with crack 2a=5mm and without crack. 

Plot of the fractured (5mm center cracked) specimen shown in Figure 6.9 

again shown in a magnified scale in Figure 6.10. 
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Figure 6.10: Response of BoPP-MD-25 20mm, 2a=5mm crack in a 

magnified scale. 

 

Figure 6.11: Stress components [MPa] for the Continuum BoPP in MD of 

specimen size 25 20mm. 
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Figure 6.12: Stress components [MPa] for the BoPP of size 25 X 20mm in 

MD with 5mm center.  

Figure 6.11 and 6.12 shows the stress concentration of the material in , 

 and  directions. 

BoPP-CD-specimen size 25 20 continuum and fracture material 

parameters 

As mentioned in earlier section (section 5.3) the cross direction of BoPP is 

stiffer than the machine direction. The young‘s modulus (5.1) and plasticity 

(5.6) calculated using physical test result of the continuum material. Using 

these values numerical FE-calculations were made. 

The numerical calculation result of the continuum material compared with 

the physical test result as shown in Figure 6.13. The comparison shows 

good match between the two results. 

Young‘s modulus (E) =2887 Mpa, poisons ratio (v) = 0.3, thickness (t) 

=18  
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Plasticity values: 

Table 6.10: Plasticity values of BoPP-CD specimen size 25 X 20mm. 

True Stress 

[MPA] 

Plastic Strain 

[-] 

40 0 

50 0.0086 

70 0.0229 

90.58 0.0412 

110.3 0.0597 

130.3 0.0794 

150 0.0996 

170.2 0.1206 

190 0.1423 

210.5 0.1649 

230.1 0.1867 

250 0.2096 

270.2 0.2323 

290.3 0.2548 

322.3 0.2905 

 

Using the DOE, the fracture material parameters are calibrated and 

compared with the physical test result as shown in Figure 6.13. Good result 

obtained when the young‘s modulus is 2887 MPa, plasticity values (Table 

6.10), damage initiation 0.1 and damage evolution 0.08mm (Table 6.11 & 

6.12). The magnified plot if the fractured material shown in Figure 6.14.  

As mentioned in section 5.3 the stress triaxiality and strain rate is fixed in 

this study. 
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Damage Initiation: 

Table 6.11: Damage initiation values of BoPP, CD specimen size 

25X20mm. 

Fracture Strain Stress Triaxiality Strain Rate 

0.1 -5 0 

0.1 5 0 

 

Damage Evolution: 

Table 6.12: Damage evolution values of BoPP, CD specimen size 

25X20mm. 

Displacement at 

failure [mm] 

0.08 
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Figure 6.13: Response of BoPP-CD-25 X 20mm experimental and 

numerical result with crack 2a=5mm and without crack. 
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Figure 6.14: Response of BoPP-CD-25 X 20mm when 2a=5mm crack in a 

magnified scale. 

The Stress components of the continuum and fractured specimen (size 25 X 

20mm in CD) showed in Figure 6.15 and Figure 6.16, respectively. 

 

Figure 6.15: Stress components [MPa] for the BoPP of size25X20mm in 

CD. 
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Figure 6.16: Stress components [MPa] for the fractured (5mm center 

crack) BoPP of specimen size 25 X 20mm in CD. 

Figure 6.15 and 6.16 shows the stress concentration of the material in , 

 and  directions. 

LDPE, MD specimen size 95 230mm continuum and fracture material 

parameters 

In application there will be LDPE layer on both sides of BoPP layer. 

Therefore, the characteristic of LDPE is equally important especially when 

they laminate together. The young‘s modulus (5.1) and plasticity (5.6) 

calculated and shown in table 6.13. Finally, same technique has been used 

to predict the LDPE behavior numerically.  

The numerical FE calculation result of the continuum (no crack) material 

compared with the physical test result as shown in Figure 6.17. An 

interesting match obtained between the two results. 

Young‘s modulus (E) =126.1 Mpa, poisons ratio (v) = 0.3, thickness (t) 

=27  
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Plasticity values 

Table 6.13: Plasticity values of LDPE specimen dimension 95 230mm in 

MD. 

True Stress 

[MPA] 

Plastic Strain 

[-] 

5.332 0 

5.444 0.00134 

5.68 0.0022 

6 0.00427 

6.16 0.00569 

6.3 0.0065 

6.459 0.0079 

6.511 0.0083 

6.62 0.0093 

6.78 0.01107 

6.90 0.0124 

7.08 0.0147 

7.14 0.0148 

7.21 0.0164 

7.328 0.0184 

7.412 0.0193 

7.553 0.0227 

7.638 0.0246 

7.80 0.0278 

7.92 0.0313 

8.02 0.0330 

8.136 0.0365 

8.26 0.04 

8.35 0.0425 

8.73 0.0696 

 

Using the DOE, the fracture material parameters are calibrated and 

compared with the physical test result as shown in Figure 6.17. The 

modeling technique used is not capturing the softening behavior of the 

LDPE therefore the fracture material model is not applicable for the LDPE. 

Presented result obtained when the young‘s modulus 126.1 MPa, plasticity 

values (Table 6.13), damage initiation 0.9, and damage evolution 0.9mm 
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(Table 6.14 & 6.15). The force value (Figure 6.17) after 18mm 

displacement abruptly dropped due to dynamic event took place.  

As mentioned in section 5.3 the stress triaxiality and strain rate is fixed in 

this study. 

Damage Initiation: 

Table 6.14: Damage initiation for LDPE-MD-95 230mm. 

Fracture Strain Stress Triaxiality Strain Rate 

0.9 -5 0 

0.9 5 0 

Damage Evolution: 

Table 6.15: Damage evolution for LDPE-MD-95 230mm. 

Displacement at 

failure [mm] 

0.9 
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Figure 6.17: Response of LDPE-MD-95 230mm experimental and 

numerical result with crack 2a=5mm and without crack. 

The fractured material plot magnified and showed in Figure 6.18.  
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Figure 6.18: Response of LDPE-MD-95 230mm, 2a=5mm crack in a 

magnified scale. 

Property of Stress components of the continuum and fractured specimen 

showed in Figure 6.19 and Figure 6.20, respectively. 
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Figure 6.19: Stress components [MPa] for the LDPE-MD-95 230mm. 

 

Figure 6.20: Stress components [MPa] for the LDPE-MD-95 230mm-

2a=5mm crack. 
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LDPE-BoPP-LDPE without lamination and lamination in MD: 

BoPP both sides LDPE without lamination and with lamination (full 

adhesion) loaded in MD. Size of the specimens is 95x230mm and 5mm 

center crack 2a introduced in both cases.  

The fractured material for both cases (lamination and without lamination) 

calibrated numerically by using properties (young‘s modulus and plasticity) 

of the component material calculated in section 6.1 and 6.5 and values of 

damage initiation and damage evolution included in table 6.16 and table 

6.17 respectively. For BoPP both side LDPE without lamination, the crack 

first started to propagate in the stiff material BoPP and then LDPE. The 

modeling technique included in Appendix C3.  

Figure 6.21, shows comparison of the numerical calibration result with 

result of the physical test. Good match between the results obtained in the 

case BoPP both side laminated with LDPE. For BoPP without adhesion, a 

convincing match between the results obtained till 2.5 mm extension, peak 

force. After 2.5mm extension (peak force), the numerical result behaved 

dynamically this is because the BoPP material breaks first and it oscillate 

until LDPE breaks. Vibration could be one of the reasons. 

Table 6.16: Laminated LDPE-BoPP-LDPE damage initiation.   

 Fracture strain Stress triaxiality Strain rate 

BoPP 0.09 -5 0 

0.09 5 0 

LDPE 0.6 -5 0 

0.6 5 0 

Table 6.17: Laminated LDPE-BoPP-LDPE damage evolution. 

 Displacement at failure [mm] 

BoPP 0.07 

LDPE 0.1 

 

Figure 6.22 shows results of the physical test and numerical calculation of 

BoPP both sides laminated with LDPE in a magnified scale. 
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Figure 6.21: Force vs. displacement of BoPP both sides LDPE (size 

95x230mm, center crack 2a 5mm) laminated and without laminated 

numerical and physical test result. 
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Figure 6.22: BoPP both sides laminated with LDPE, specimen size 

95x230mm, center crack 2a 5mm of bonded numerical and physical test 

result.  
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Figure 6.23 shows the stress concentration of the BoPP layer individually in 

,  and  directions. 

 

 

Figure 6.23: Stress components [MPa] for layer BoPP in LDPE-BoPP-

LDPE-95 230mm-2a=5mm bonded. 

6.1 Summary of the numerical results 

 ABAQUS/Explicit has been used due to the material degradation and 

shell elements were used due to the small thickness. To compensate the 

change of cross sectional area true stress and its conjugate true strain 

has been used. Although XFEM give the mesh independent solutions, 

we can‘t use for the shell elements because there is a limitation in 

ABAQUS. 

 The modeling technique used for continuum material is giving quit 

good results in all cases, BoPP-MD&CD-95x230mm, BoPP-MD&CD-

25x20mm and LDPE-MD-95x230mm. Because of the simple geometry 

and less material complexity the solving time is very less in continuum 

case. 
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 Symmetry was used when modeling fracture material model. Using 

symmetry we can get rid of half high number of elements and time 

consumption. However, when extracting the force-displacement the 

force should be multiplied with two.  

 For the cases, BoPP-MD&CD-95x230mm-2a=5mm and LDPE-BoPP-

LDPE-MD-95x230mm-2a=5mm, chosen fracture material model 

showed very good prediction. But for the LDPE material the modeling 

technique couldn‘t capture the softening behavior. 

 To capture the LDPE fracture behavior the plasticity values were 

increased and various damage parameters were tested but these changes 

don‘t affect the maximum force. 

 For smaller specimen dimension BoPP-25x20mm-2a=5mm the fracture 

material model is not showing good result as BoPP-95x230mm-

2a=5mm (Figure 6.10&6.14). Edge effect or dimension could be the 

reason. 

 Figure 6.22 shows physical and numerical test results of laminated 

material. In this contact simulation master surface is BoPP and slave 

surface is LDPE. Each material meshed individually with very fine 

elements at crack regions and few elements at the other regions. For 

contact tie constraints was used.      

6.2 Fracture toughness BoPP and LDPE 

Critical stresses for different crack lengths (2-14 mm) were measured for 

BoPP in MD and CD direction and LDPE in MD direction (Appendix A). 

But for the LDPE the critical stresses for crack lengths 25, 35, and 45 mm 

have been taken from [1] previous work. These normalized critical 

stresses , verses normalized crack length are showed in Figure 6.24 to 

6.29.  

From Figures 6.24 to 6.29, analytically using LEFM (3.2), strip yield model 

(3.17) and experimental (3.21) results are included. The Kc values have 

been calculated using (3.19) and (3.20). The requirement for using (3.19) is 

that the non-linear (plastic zone) surrounding the crack tip is small 

compared to the crack length and remaining ligament to the traction-free 

edge ahead of the crack tip.      
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For material BoPP the analytical results using modified strip yield model 

[13] and LEFM was showing a close correlation with the measured 

experimental values, whereas for LDPE the LEFM fails to describe the 

experimental result for short crack lengths.  

Figure 6.24: Normalized stress Vs crack length (BoPP-MD). 

Figure 6.25: Normalized stress Vs crack length (BoPP-MD). 
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Figure 6.26: Normalized stress Vs crack length (BoPP-CD). 

Figure 6.27: Normalized stress Vs crack length (BoPP-CD). 
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Figure 6.28: Normalized stress Vs crack length (LDPE-MD). 

Figure 6.29: Normalized stress Vs crack length (LDPE-MD). 

Guided by the appearance of Figure 6.26 to 6.29, fracture toughness Kc has 

been obtained for the material BoPP-MD, BoPP- CD, and LDPE.  The 

fracture toughness for these materials are given in Table 6.18.  Using the 
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equation (3.9) the energy release rate for BoPP both directions and LDPE 

have been calculated (Table 6.19).  

Table 6.18: Calculated fracture toughness (Kc) values. 

Material KIc 

 [Mpa.m
1/2

] 

BoPP-MD 1.8-3.0 

BoPP-CD 3.0-4.8 

LDPE-MD 0.4-1.1 

 

Table 6.19: calculated energy release (G) values. 
 

Material G 

 [J/m
2
] 

BoPP-MD 3792.6 

BoPP-CD 5515.9 

LDPE-MD 10134.1 
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7 Conclusion and future work 

In this thesis, a finite element modeling strategy and also a physical test 

procedure was developed for determining different material properties 

governing the opening performance of a thin polymer packaging laminate. 

The experimental work made on Polypropylene (BoPP) and Low-density 

polyethylene (LDPE) and BoPP both sides laminate with LDPE of full 

adhesion and without adhesion. Resulted in calibrated material models 

intended to use in numerical studies. The numerical and experimental test 

made for continuum and fractured material in mode I tensile loading. The 

tests were conducted both in machine and cross direction of the test 

specimen. For BoPP, two different specimen size, 25x25mm and 

95x230mm, test conducted. 

 

Values of material properties, damage initiation and damage evolution was 

determined using the design of experiment (DOE) technique. 

 

Comparison of numerical and physical test results of BoPP (25x20mm and 

95x230mm) showed good result both for continuum and fractured material 

under cross and machine direction. This shows that the effect of finite size 

is less likely considerable. 

 

Good match obtained in comparison between numerical and physical test 

result of LDPE in continuum and fracture material. The same thing is true 

for BoPP both side fully laminated with LDPE that the comparison between 

the two results show a convincing result till the peak load. 

 

In the case of BoPP both side laminated with LDPE without adhesion the 

numerical and physical test results showed good match till peak force. 

However, the numerical result shows dynamic behavior along 

displacement. Vibration could be one of the reasons. 

 

Fracture toughness calculated using theory of linear elastic fracture 

mechanics (LEFM), Modified Strip yield model and experimental test 

(using global force) and all compared together and the possible value of the 

three component materials have been presented. 

 

For the future, one can continue to define the FE modeling strategy and also 

a test procedure for Mode II and Mode III. It is advisable to use Extended 
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Finite Element Model (XFEM) for numerical modeling in ABAQUS 

because of mesh independency. In order to take further studies, Dynamic 

Implicit and shell elements can be used to compare with this work. The 

study can be complete more with the opening simulations. The material 

model used in this study couldn‘t capture the blunting of LDPE, so 

capturing softening behavior for ductile polymers can be studied further. 
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9 Appendix   

9.1 Appendix A: Load-displacement data’s 

A1. Load-displacement data 
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9.2 Appendix B: KI solution for common test 

specimen 

B.1    Laminate 

The non-availability of the two-layered material for our specimen 

dimension has lead to      the manufacturing of laminate in BTH laboratory. 

A simple paper laminating machine was used to manufacture the laminated 

material. The manual studied and was observed that the machine operate at 

120 
o
C. The construction of the laminating machine mainly consists of two 

rollers, supply heat to the lamina while working. The machine takes 7 

minute to be ready for use. For convenience a red and green lighting 

controls attached on the machine showing the status of the machine 

―heating‖ and ―ready‖ respectively. Paper placed on both side of the lamina 

to protect the lamina from having direct contact with the roller. 

 

 



 88 

B.2      KI solution for common test specimen 

 
 

Table B1. KI solution for common test specimen 
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9.3 Appendix C: Modeling techniques in ABAQUS 

C1. Modeling tensile test in ABAQUS  

1. Part  

3D-deformable, shell [mm] 

2. Property 

Consistent units 

Mass - g, Length- mm, Time- ms, Force- N, Stress- MPa, Density- g/mm^3. 

Material Density, Elasticity, Plasticity 

**Sections (Shell- homogeneous)  thickness 

**Section Assignment  middle surface 

**Material orientation  global- axis 3 

3. Assembly 

Independent 

4. Step 

Dynamic explicit 

 Time period = reasonable time 

 Nlgeom-on 

 Bulk viscosity- (default) 

**Field Output  

Evenly spaced time intervals Number 20  

Select from list 

 Field output 

 Reaction forces  

 Displacement  

 Stress 

 Plastic strain 
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**History output 

 Domain- Reference point  

Intervals number 20  

5. Interaction 

Tools  Reference point 

Coupling        

 Select constraint control point  Reference point 

 Select a constraint region type  Surface 

 

Edit constraint- (default) 

6. Load  

**Boundary conditions  

Lock Reference point  

Step-initial- displacement/rotation (select all except U2) 

 

Lock Base 

Step-initial- Symmetry/Antisymmetry/Encastre (select Encastre) 

Move- Reference point 

Step-Dynamic explicit-displacement/rotation-Amplitude-create amplitude 

–smooth step 
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In edit amplitude step time should be equal to the Dynamic explicit step 

time. 

Click on U2 and enter the value of displacement. 

7. Mesh  

Seed- edge by number  

Mesh controls- structured Quadratic  

Element –Explicit-shell  

8. Job 

Double precision  

9. Visualization  

Reaction force and displacement  

C2. Modeling fracture in ABAQUS  

1. Part  

3D-deformable, shell [mm] 

Symmetry property has been used (modeled half geometry) to increase the 

computational efficiency. 

2. Property 

Consistent units 

Mass - g, Length- mm, Time- ms, Force- N, Stress- MPa, Density- g/mm^3. 

Material  Density, Elasticity, Plasticity, Ductile damage, Damage 

evolution 

 

**Sections (Shell- homogeneous)  thickness 
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**Section Assignment  middle surface 

**Material orientation  global- axis 3 

3. Assembly  

Independent 

4. Step  

Same steps should be followed as mentioned in modeling tensile test in 

ABAQUS  

To see the element deletion in post processing, the STATUS setting should 

be selected in field output request.  

   

5. Interaction 

Tools  Reference point 

Coupling        

 Select constraint control point Reference point 

 Select a constraint region type Surface 

 

Edit constraint- (default) 

Tools Partition Face sketch (draw the desired crack length) 

Special Crack Assign seam (here assign the drawn crack section as a 

seam)   

6. Load  

Same steps should be followed as mentioned in modeling tensile test in 

ABAQUS, except in boundary conditions we should assign the symmetry 

properties. 



 93 

Symmetry 

Step-initial- Symmetry/Antisymmetry/Encastre (select XSYMM) 

7. Mesh    

Tools Partition (draw two lines near the crack region)   

Seed          

 Edge by number (more seeds in the partition)  

 Edge by number Bias Single (at the non partition region)  

Mesh control  

 Mesh controls- structured Quadratic (for the partition region) 

 Mesh controls- Triangular (for the non partition region) 

Element type 

Element–Explicit-shell-Quad- Element deletion - Yes   

Element–Explicit-shell-Tri- Element deletion- No 

 

 



 94 

8. Job 

Double precision  

9. Visualization  

Reaction force and displacement  

C3. Modeling Lamination in ABAQUS  

1. Part 

Two parts should be created (BoPP, LDPE), using the same technique as 

mentioned in above models.  

2. Property  

Two material definitions should be assigned (BoPP, LDPE) 

Two sections should be assigned. 

3. Assembly    

Instance the LDPE twice and BoPP once. We should see three parts in 

assembly two LDPE and one BoPP. To avoid the confusion between two 

materials it is good to use good coloring convention, in ABAQUS for color 

commend is color code dialog.   

Use the command Translate instance to put the LDPE both sides of BoPP. 

Here it is very important to consider the thickness of both materials. 

Example: Thickness of BoPP is 18  and LDPE is 27 . Finally, the 

distance between two materials should be half of BoPP and half of LDPE; 

in this case the distance is 22.5 .       

4. Step  

Same as mentioned in above two modeling techniques. 

5. Interaction   

 Use the coupling command to couple the three layers to one reference 

point  

Use the command Tie constraint to laminate the three layers.  
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In Tie constraint select master surface as BoPP and slave surface as LDPE. 

In edit Tie constraint use all default settings. 

 

6. Load  

Same steps should be followed as mentioned in modeling tensile test in 

ABAQUS, except in boundary conditions we should assign the symmetry 

properties. 

7. Mesh 

Mesh should be done individually for three layers [Modeling fracture in 

ABAQUS -Mesh] 

8. Job 

Double precision  

9. Visualization  

Reaction force and displacement  

9.4 Appendix D: Fracture toughness plots 

D1. Plots of Fracture toughness BoPP_MD&CD_95 230mm 
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