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ABSTRACT
Packages are the means of preservation, distribu-
tion and convenience of use for food, medicine 
and other consumer products. Package opening is 
becoming complicated in many cases because of 
cutting cost in the design and production of ope-
ning techniques. The introduction of a new pac-
kage-opening technique, material or geometry for 
a better opening experience forces new design 
measurements that require a large number of pro-
totype developments and physical testing. In order 
to achieve more rapid and accurate design, the 
finite element method (FEM) Simulations are 
widely used in packaging industries to compliment 
and reduce the amount of physical testing.

The goal of this work is to develop the building 
blocks for complete package-opening simulation. 
The study focuses on testing and simulation of 
shear fracture and shear delamination of packaging 
materials. A modified shear test specimen was 
developed and optimized by finite element simula-
tion. The test method was validated for high-den-
sity polyethylene (HDPE) and polypropylene (PP). 
The developed method has been accepted by the 
international standards organization ASTM. Based 
on linear elastic fracture mechanics (LEFM), a geo-
metry correction factor of shear fracture tough-
ness for the proposed specimen was derived. The 
study concluded that, for ease of opening, HDPE is 
a more favorable material for screw caps than PP. 
When performing the experiment with the shear 
specimen to find the essential work of fracture, 
the ligament length should vary between twice 
the thickness and half the width of the specimen 
ligament.

Multi-layered thin laminate of low-density polyet-
hylene (LDPE) and aluminum (Al), also known as 
Al/LDPE laminate, is another key object addressed 
in this study. The continuum and fracture testing 
of individual layers provided the base information 
and input for numerical modeling. The propagation 
of an interfacial pre-crack in lamination in Al-LDPE 
laminate was simulated using several numerical 
techniques available in the commercial FEM solver 
ABAQUS, and it was concluded that using the 
combination of the VCCT technique to model the 
interfacial delamination and coupled elasto-plastic 
damage constitutive for Al and LDPE substrates 
can describe interfacial delamination and failure 
due to necking. It was also concluded that the 
delamination mode in a pre-crack tip is influenced 
by the ratio of fracture energy release rate (ERR) 
of Mode I and II. To address the challenge in quanti-
fying shear ERR of laminate with very thin substra-
tes, a convenient test technique is proposed. Additio-
nally, a scanning electron microscopic (SEM) study 
on fractured and delaminated surfaces, provided 
evidences that strengthened the conclusions of 
this work. 

The proposed test methods in this work will be 
crucial to measure the shear mechanical proper-
ties in bulk material and thin substrates. Laminates 
of Al and LDPE or similar material can be studied 
using the developed simulation technique, which 
can be effectively used for decision support in early 
package development. 
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Abstract 
Packages are the means of preservation, distribution and convenience of use for 
food, medicine and other consumer products. Package opening is becoming 
complicated in many cases because of cutting cost in the design and production of 
opening techniques. The introduction of a new package-opening technique, material 
or geometry for a better opening experience forces new design measurements that 
require a large number of prototype developments and physical testing. In order to 
achieve more rapid and accurate design, the finite element method (FEM) 
Simulations are widely used in packaging industries to compliment and reduce the 
amount of physical testing. 

The goal of this work is to develop the building blocks for complete package-
opening simulation. The study focuses on testing and simulation of shear fracture 
and shear delamination of packaging materials. A modified shear test specimen was 
developed and optimized by finite element simulation. The test method was 
validated for high-density polyethylene (HDPE) and polypropylene (PP). The 
developed method has been accepted by the international standards organization 
ASTM. Based on linear elastic fracture mechanics (LEFM), a geometry correction 
factor of shear fracture toughness for the proposed specimen was derived. The study 
concluded that, for ease of opening, HDPE is a more favorable material for screw 
caps than PP. When performing the experiment with the shear specimen to find the 
essential work of fracture, the ligament length should vary between twice the 
thickness and half the width of the specimen ligament. 

Multi-layered thin laminate of low-density polyethylene (LDPE) and aluminum (Al), 
also known as Al/LDPE laminate, is another key object addressed in this study. The 
continuum and fracture testing of individual layers provided the base information 
and input for numerical modeling. The propagation of an interfacial pre-crack in 
lamination in Al-LDPE laminate was simulated using several numerical techniques 
available in the commercial FEM solver ABAQUS, and it was concluded that using 
the combination of the VCCT technique to model the interfacial delamination and 
coupled elasto-plastic damage constitutive for Al and LDPE substrates can describe 
interfacial delamination and failure due to necking. It was also concluded that the 
delamination mode in a pre-crack tip is influenced by the ratio of fracture energy 
release rate (ERR) of Mode I and II. To address the challenge in quantifying shear 
ERR of laminate with very thin substrates, a convenient test technique is proposed. 
Additionally, a scanning electron microscopic (SEM) study on fractured and 
delaminated surfaces, provided evidences that strengthened the conclusions of this 
work.  

The proposed test methods in this work will be crucial to measure the shear 
mechanical properties in bulk material and thin substrates. Laminates of Al and 
LDPE or similar material can be studied using the developed simulation technique, 
which can be effectively used for decision support in early package development.  
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1 Introduction 
Packages are the means of preservation, distribution and convenience of use for 
food, medicine and other consumer products (Caner, C. et al. 2010; Rundh, B. et al. 
2016). Packaging-solution providers have their own competitive market in which 
they have to come up with new and better designs for packages to keep up with 
continuous changes in packaging trends, fashions, and product types to pack (Singh, 
P. et al. 2012; Rundh, B. et al. 2016). 

The closure on a package is designed to protect the product from spillage, pilferage, 
contamination and quantity loss (Yoxall A. et al. 2006; Duizer, L. M. et al. 2009). 
Studies find that the features of package influence a consumer’s choice of one brand 
over another (Caner, C. et al. 2010), and they tend to favor packages with easy 
opening features (Lee, D. S. et al. 2008). 

According to a survey conducted by consumer magazine, 99% of elderly people 
reported that package opening has become more difficult in the last 10 years (Yoxall 
et al. 2006). Another survey in United Kingdom by McConnell, V. (2004), polling 
2000 elderly people, has found that 91% respondents had to ask for help in package 
opening, and about 70% of them have sometimes injured themselves while trying to 
open packages. The food-packaging industries are aware of this issue and developing 
new designs and means to make more user friendly opening. 

Key performance factors related to packages are load from the content inside and 
transportation, long storage times, and customer handling. Also on the list is user-
friendliness when the user tries to open and use the package. The introduction of 
new packaging materials, geometries for better opening performance, and need for 
cost reduction forces new design standards, which require much prototype 
development and validation testing, mostly physical testing. The process is long, and 
the validation is costly. Finite element (FE) simulation is a natural alternative and 
supplement to this task. FE software is used by packaging industries for early 
decision making before investing too many resources on a package design that 
potentially could be faulty. The goal of this research is to develop and add to the 
simulation technique for development and validation of suitable package opening 
focused on shear fracture and failure. 

Important questions involving FE simulation of package opening concern the 
accurate estimation of the material parameters for constitutive models (Andrade-
Campos et al. 2007), choice or development of appropriate elements and choice of 
analysis technique. In addition, convergence criteria are reset, and simplification of 
geometry and orientation of material properties are assumed. With the growth of 
computing capabilities, more accurate and complex material models are now 
possible to implement, leading to the need for more complete identification 
procedures. The most widely used packaging materials in liquid food packaging 
industries are low-density polyethylene (LDPE), aluminum (Al), paper board, 
polypropylene (PP) and high-density polyethylene (HDPE). PP and HDPE is used 



Islam, M. S., 2016 Shear Fracture and Delamination in Packaging Materials 
 

2 
 

in screw cap sealing of packages, and the mode of fracture during opening is 
primarily shear.  

LDPE in a package is laminated with paper board and Al-foil. This aluminum and 
low-density polyethylene (Al/LDPE) laminate is a key constituent for liquid food 
packages and experiences fracture and failure in certain package-opening solutions. 

1.1 Aim and research questions 
The aim of the research is to develop and add to the simulation techniques for 
development and validation of suitable package opening. The scope can be very wide 
that contains i) testing method development for bulk materials and laminates 
properties characterization in normal and shear modes of fracture, ii) development 
and validation of simulation techniques that satisfactorily models the tests done, iii) 
combing different simulation techniques developed previously to simulate a full scale 
package opening and its verification by comparing with physical package opening. 
Successful completion of these three scopes can develop enough confidence to use 
a FEM simulation for new package opening development.  

This study focuses on the first two scopes as mentioned above and deals with the 
testing and simulation of shear fracture and shear delamination in packaging 
material. In the process, new and modified testing methods were proposed for 
characterization of shear material properties. In addition, the fracture and the 
delaminated surfaces were observed under SEM for studying mode and mechanism 
of fracture  

 

Figure 1: Classification of studies for package opening based on thickness scale of 
packaging materials (Tetra Evero Aseptic and AisaCan 2016). 
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As shown in Fig. 1, an opening solution can mean, among others, the breaking of 
the seal of the screw cap or the breaking of one or few layers of laminate to access 
the content inside. The screw cap joints have a material thickness of about 1 
millimeter, whereas the Al-foil in the package is less than 10 micrometers thick, and 
LDPE-film is less than 30 micrometers thick. Experimental testing methods and the 
finite element method (FEM) simulation techniques are different due to this large 
difference in thickness scale. Further, thin layers are laminated together. Based on 
these differences, the work presented can be divided as follows: 

1. Study I: Study of HDPE and PP. 

2. Study II: Study of LDPE-film, Al-foil and their laminates. 

Nevertheless, both of the studies are connected by a single aim, which is developing 
the building blocks for opening simulations of packages. 

The following research questions were formulated to guide the research activities. 

Q1. How can shear fracture in packaging material be experimentally tested and 
simulated (Study I)? 

Q2. How can shear delamination properties in thin packaging materials be measured 
(Study II)? 

Q3. How to numerically model thin substrates and interface and simulate the shear 
delamination in Al/LDPE laminate (Study II)? 

1.2 Reader’s guide 
The thesis contains nine chapters and four appended papers. The overall view of the 
research is presented in the chapters, whereas, the papers provide a detailed 
description of the research and results. Different papers focus on different aspects 
of the research questions and their particular contributions towards fulfilling the 
goals of the work. 

Chapter 2 presents a review of related works on packaging materials and package 
opening. 

Chapter 3 describes the research methodology. It provides the rationale of the study 
flow, starting with material testing and observation as a base and moving towards 
the reverse engineering and numerical models, followed by validation and 
verification of the results. 

Chapter 4 presents the constituent packaging materials and their important 
geometric and orientational properties. Some of the most common package-opening 
solutions, and the associated modes of fracture are also discussed. 

Chapter 5 presents the analytical and numerical background of fracture mechanics 
and standard test methods for material performance characterization. They are 
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relevant in order to understand the development of the testing and simulation 
methods. 

Chapter 6 contains a summary of the appended papers, along with their relation to 
the overall research and the contribution of the author of this thesis to each paper. 

Chapter 7 presents the main findings of the thesis. Appropriate testing methods and 
simulation techniques for shear fracture and delamination are suggested, 
contributions are highlighted, and the results are discussed.  

Chapter 8 contains the conclusions of the study and discussion of the contributions 
to the field of research. 

Chapter 9 presents direction for future research and is important for the extension 
of the findings presented in the thesis. 
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2 Review of Related Work 
Investigation into common material properties in packaging materials, such as 
elasticity, plasticity and Mode I fracture response, have been a popular topic of study 
and addressed by many authors (Jönsson J. et al. 2013; Andreasson, E. 2013). They 
are prominent in the research mainly because these properties are necessary for 
calculation and modeling response for most common loading cases on a package 
over its service life, including the opening. On the contrary, less research can be 
found on testing for shear continuum, shear fracture and shear delamination 
properties. Two of the most commonly used shear test procedures are Iosipescu and 
V Notched rail tests. However, these tests require additional fixtures or more 
complex experimental equipment (Arun et al. 2011; Banks-Sills 1983).  

A modified shear test specimen (MSTS) geometry has been developed by the author 
of this thesis (Islam, M. S. et al. 2013) to find a method to determine the shear 
fracture toughness KIIc. Previously, a similar shape of shear specimen was proposed 
by Banks-Sills et al. (1983) and modified by many authors, including Gao et al. 
(2011), to be used for polymer materials. The specimen can successfully be used for 
testing a prime packaging material, HDPE, in mm scale. HDPE has excellent 
ductility and large work hardening that develops stable necking when it undergoes 
plastic deformation (G'sell et al. 1979). This property makes its shear testing difficult 
by the mixing of normal loading prior to failure. Kwon et al. (2005; 2007) used a 
side-grooved double edge notched (DEN) specimen to guide Iosipescu test of 
HDPE toward pure shear. 

The theory of essential work of fracture (EWF) has recently been used to find the 
dissipated energy to create new fracture surfaces (Cotterell et al. 1977; Mai et al. 1986; 
Kinloch, A. J. et al. 1994; Karger-Kocsis et al. 1998). The specific work of fracture 
(SWF) is extrapolated to zero ligament length in order to get EWF. Based on the 
concept, the double edge notched tensile (DENT) test method is mostly used to 
determine Mode I fracture toughness when the necking in the fracture process zone 
is small (Broberg et al. 1968). Noticeably, the ligament length of the shear specimen 
must be within certain limits to accurately measure EWF. Cotterell et al. (1977) 
proposed a range of usable ligament length in relation to the shear specimen’s width 
and thickness to be between 5t (t is the thickness) and 3w (width) of the ligament. 
There is a debate on the range, and some authors have claimed the maximum 
ligament length to be 2w. However, in pure shear case the range differs depending 
on testing method. In standard Iosipescu tests, it was found that the minimum 
ligament length is same as the thickness (t) but no study of maximum limit was 
mentioned (Kwon et al. 2007). 

Study of thin film-like packaging material is a different field altogether. The physical 
testing becomes more challenging, and in the case of their laminates, it is necessary 
to study both individual layers and their interface. The adhesion level effects the 
overall behavior of laminates significantly. Measurement of adhesion properties in 
bi-material interface has been studied by many authors, including Chen et al. (2003). 
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Several recent studies have addressed the mechanical behavior and deformation of 
LDPE and Al, including Kao-Walter et al. (2004, 2011), Dabiri et al. (2012), 
Andreasson et al. (2013), Jönsson et al. (2013), and Nordlund et al. (2014).  

Paper board is a significantly anisotropic material that involves additional property 
identification tests. Its mechanical properties and FE simulations have been studied 
by many authors, such as Harrysson et al. (2008), Nygårds et al. (2009) and Borgqvist 
et al. (2014).  

For experimental determination of adhesive properties in thick laminates (few mm), 
methods like the double cantilever beam (DCB) and the end notch flexure (ENF) 
are used. ENF is a popular testing method for energy release rate (ERR) 
determination with respect to adhesive shear deformation at the crack tip of 
composites with a relatively thin adhesive layer and stiff substrates. These methods 
have been studied by many authors, for instance Alfredsson, K. S. (2004). However, 
some researchers, O'Brien, T. K. (1998) among them, have argued that the apparent 
shear ERR measured by conventional methods is inconsistent with the original 
definition of shear fracture. This claim is based on the observation that there is 
tensile failure of the adhesive fiber during shearing, which is not practically the 
sliding of two planes relative to each other. They prove to be inconvenient when the 
substrates are thin flexible films.  

Because of its conceptual and geometric simplicity, peel testing is widely adopted 
instead for measuring normal delamination properties (ERR, fracture toughness), as 
mentioned by Thouless et al. (2008). However, shear delamination cannot be 
effectively measured from peel tests. 

Tensile testing of thin flexible laminates with a pre-defined center crack of varying 
length is common practice in determining the relation between the mechanical 
properties of the laminate and the adhesion level, and similar study has been carried 
out by Kao-Walter et al. (2004). Close observation of the propagation path of the 
pre-crack in such testing of laminates showed noticeable delamination around this 
area, which should result in additional energy dissipation during the test. This 
observation indicates possibility to measure the delamination related properties in a 
different method. 

Simulation techniques for damage of Al/LDPE laminate were studied by 
Andreasson et al. (2014). Several simplifications of substrate and interface modeling 
were assumed. 
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3 Research Methodology 
Research plans were influenced by design research methodology (DRM) framework 
earlier in the study. It helped to keep control of the activities related to goals, 
exploring areas of relevance and contribution. DRM consists of four stages: research 
clarification (RC), Descriptive Study I, Prescriptive Study, and Descriptive Study II 
(Blessing, L. T. et al. 2009). Depending on the number of these stages covered and 
their maturity level, research can be of several types, according to DRM:  

• The researcher begins with the RC stage, where he reviews the relevant 
evidence to support the assumption that can guide the development of a 
realistic goal (Blessing, L. T. et al. 2009). 

• In Descriptive Study I, with a clearer goal and focus, the researcher reviews 
the literature for more influential factors and evidence to elaborate the initial 
description of the existing situation. The researcher tries to formulate a 
detailed description of the present condition to clarify his actions (Blessing, 
L. T. et al. 2009). 

• In the prescriptive study stage, the initial description of the desired solution 
is defined, achieved and evaluated (Blessing, L. T. et al. 2009). 

• In Descriptive Study II, the researcher investigates the impact and 
effectiveness of the developed solution (Blessing, L. T. et al. 2009). 

The one that covers review-based RC, comprehensive Descriptive Study I and an 
initial prescriptive study was found to be appropriate for this research.  

3.1 Area of relevance and contribution  
In the process, an areas of relevance and contribution (ARC) diagram is developed (see 
Fig. 2). The areas are divided into three categories based on their level of relevance 
to the research and requirements as outcomes. Some areas, like physical testing, finite 
element simulation, mechanics, and package opening techniques were essential for 
conducting the study of material properties and apply them to FEM simulation. 
Some useful areas were peel testing, study of normal mechanical properties of thick 
polymers sheets. 

Some areas were representing the area of outcome of the study that intend to answer 
the research questions and contributed by the developed supports namely, shear 
simulation and experimental techniques. They are termed as areas of contribution. 

The Prescriptive Study stage was focused in this research that covered the initial 
shear fracture and delamination simulation. For the purpose, inverse analysis 
between experimental and numerical models is adopted within a coordinated 
approach. Design of experiment was useful for numerical parameter determination 
for FE simulation. 
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Figure 2: The area of relevance and contribution (ARC) diagram. 

3.2 Inverse analysis 
The inverse analysis started from physical testing of packaging materials. The 
experimental response, geometry and boundary conditions are mimicked in the 
numerical simulation. Finally, numerical and experimental responses are compared 
and verified. Study of the recorded videos during testing and microscopic analysis 
post-test specimen provided important information on the mechanism of fracture, 
delamination and damage.  
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It is relatively straight forward to setup and perform the experiments; however, 
specimen preparation and processing the tested specimen for microscopic study 
takes care and time. Force displacement responses of the tests were measured, and 
geometric deformation and interfacial delamination of the specimen during the test 
were recorded. This information was used to calculate the essential numerical inputs 
like continuum material models and the ERR of delamination. The inverse analysis 
ends with verification by comparison of mechanical and geometric response from 
the test and simulation. Improvements in experimental techniques evolved over the 
study to increase accuracy, and simulation models were optimized to achieve time-
efficient, accurate, reliable and stable solutions. 

It is important that the simulation techniques can be widely utilized and reused so 
that when the material layers are changed or a new opening technique is proposed, 
it can be preliminarily simulated for important decision support. 

3.3 Design of experiment 
The design of experiment was used to determine the numerical parameters of 
continuum and fracture simulation. One control factor was changed at a time, and 
its sensitivity to response factors was measured. This method helped to optimize the 
control factors, which were mostly the material model parameters of the substrates 
and interface, for an accurate and realistic numerical simulation. Fig. 3 shows that 
shear fracture and delamination in packaging materials were studied with inputs from 
physical tests. Only simulation control factors were changed in ABAQUS, but no 
noise factor was considered. The output response factors of physical testing and 
simulation as force and displacement were compared. 

 

Figure 3: Design of experiment as applied in the study. 
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3.4 Research quality and validity 
All the research work presented in this thesis are peer reviewed. The modified shear 
test specimen and test method was accepted by international standards organization, 
‘ASTM International’. The quality of the research in terms of contribution to 
package opening experimentation and simulation can be measured based on the 
maturity level of several criteria of the study. Experimental techniques, continuum 
behavior of bulk material, fracture behavior, delamination behavior, simulation 
strategy (validated by experiment), microscopic study, decision support are some of 
these important criteria and discussed in chapter 6. As mentioned earlier, descriptive 
study II, i.e., investigation of the impact and effectiveness of the developed solution 
was not included in the scope of the research at this point. However, positive 
feedbacks during discussions with packaging industry’s simulation experts and good 
agreement between experimental and simulation results increase the confidence on 
the outcome of the study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

11 
 

4 Packaging Materials and Package Opening 
Packages are produced with different shapes, sizes and constituent materials 
depending on the product to store, the duration of storage and the demands of end 
users. Packages used to store liquid food products are mainly made of layers of three 
different constituent materials: paperboard, LDPE-film and Al-foils (Holmqvist, C. 
et al. 2013). Some packages have screw caps to facilitate sealing and opening and are 
made of HDPE or PP (Islam, M. S. et al. 2013; 2016). Each of the layers of a package 
has its own role. For example, the paperboard, which is considerably thicker than 
the other layers, bears the load when the package is filled, folded and gripped, while 
the Al-film isolates the liquid inside from light and diffusion (Holmqvist, C. et al. 
2013). The outer decor layer of LDPE protects the paper and print on it from 
moisture-related damage. It is important that the inside layer which is in contact with 
the product inside does not react or dissolve with it and contaminate the product 
during its expected lifetime. LDPE layers are used to serve this purpose.  

The layers are combined together in several steps. The Al-foil is produced by 
thinning Al-sheets by rolling them several times. Also, during the manufacturing 
process LDPE is extruded and rolled with other layers. This manufacturing process 
results in different mechanical properties in machine direction (MD) and cross 
direction (CD). The layers are very thin; the thickest one, that is, the paper board, is 
about half a millimeter thick. The thickness of Al-film is less than 10 microns, and 
the LDPE layer is below 30 microns (Islam. M. S. et al. 2016). This small-scale 
thickness makes testing and observation difficult with traditional mechanical testing 
methods. Every layer involves random surface roughness and thickness due to 
unavoidable manufacturing deviations which contribute to the deviation of 
measured mechanical properties.  

Opening of packages involves damage and fracture of some parts of one or several 
constituent materials. Few common types of opening are shown in the Fig. 4, and 
related fracture modes, as observed from the opening experiences of the author, are 
briefly described below. 

Depending on the users’ age group, on at-home or on-the-go use, on the cost of the 
package, on tamper evidence, and so forth, different opening solutions are 
appropriate. At the same time, damage to the materials and their mode of fracture 
also differ. For example, as shown in Fig. 4(a), the package has reusable one-step 
screw cap opening that is best for on-the-go consumption, which also has visible 
tamper evidence. 
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Figure 4: Different package openings (Tetra Brik Aseptic 2016). 

During opening, the screw cap goes through shear fracture. There is a protective 
layer inside that is cut during the twist of the cap and that gets damaged in mixed in-
plane (Mode II) and out-of-plane (Mode III) shear. The package in Fig. 4(b) is 
opened by flip cap with quick pull back enclosure. The pull tab under flip back 
protects the contents inside and acts as tamper evidence. This single-use pull tab is 
removed by Mode I delamination. Solution in Fig. 4(c) is a wide-opening single-use 
type seal and goes through a mix of Mode I and Mode III fracture during opening. 
The low-cost perforation opening solution in Fig. 4(d) also involves Mode I and III 
fracture. The strawhole opening solution presented in Fig. 4(e) is another example 
of similar mixed-mode fracture during opening. 
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5 Continuum and Fracture Mechanics Applied in 
Packaging Materials 

Fracture mechanics deals with the study of objects containing cracks. It tries to 
predict the stress state at crack tip, condition for propagation of the existing cracks, 
and the like. Depending on the location of the crack and the applied load, there exist 
three primary theoretical modes of fracture. They are Mode I, or normal mode, 
Mode II, known as in plane shear or sliding mode, and Mode III, known as out-of-
plane shear or twisting mode. The modes of fracture are depicted in Fig. 5. However, 
pure single-mode fracture is difficult to find in practical fracture setups (i.e. there is 
almost always a mixture, and one of the modes may be dominant).  

 
Figure 5: Modes of fracture. 

Modeling the material response in FEM software provides an approximation of 
reality, and different techniques from theoretical modeling can be adopted for 
numerical calculation in FE simulation. 

5.1 Analytical modeling  
Depending on the presence and size of the plastic zone, fracture mechanics can again 
be divided in linear elastic fracture mechanics (LEFM) and non-linear fracture 
mechanics (NLFM). These theories can equally be used to achieve analytical model 
for delamination. 

5.1.1 Linear elastic fracture mechanics (LEFM) 
When the material behavior can be assumed to be linear elastic, LEFM can adopted 
to study the crack tip and crack growth. Two approaches taken in LEFM are the 
global energy balance approach and local stress intensity factor approach. A plastic 
zone develops at the crack tip, and its size can be calculated. For LEFM to be used, 
the size of the plastic zone should be within small scale yielding limit (SSY) of the 
material (Anderson, T. L. et al. 2005). 

The Griffith criterion on energy balance approach states that a crack will propagate 
when there is enough energy to create new crack surfaces, and the energy dissipated 
during this process is called energy release rate (Griffith, A. A. 1921). 

For constant volume, the energy balance equation is written as follows: 
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𝜕𝜕𝑈𝑈𝑒𝑒
𝜕𝜕𝜕𝜕

=
𝜕𝜕𝑈𝑈𝑑𝑑
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝑈𝑈𝑠𝑠
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝑈𝑈𝑘𝑘
𝜕𝜕𝜕𝜕

 (5.1) 

 

𝐺𝐺 =
𝜕𝜕𝑈𝑈𝑒𝑒
𝜕𝜕𝜕𝜕

−
𝜕𝜕𝑈𝑈𝑠𝑠
𝜕𝜕𝜕𝜕

−
𝜕𝜕𝑈𝑈𝑘𝑘
𝜕𝜕𝜕𝜕

 (5.2) 

Here 𝐺𝐺 is ERR, 𝑈𝑈𝑒𝑒 is input energy, 𝑈𝑈𝑠𝑠 is stored energy, and 𝑈𝑈𝑘𝑘 is kinetic energy. For 
quasi-static tests, the contribution from kinetic energy can be neglected. A crack 
propagates when the ERR reaches a critical value and known as critical ERR 𝐺𝐺𝑐𝑐, 
which is a material property. 

From the Westergaard solution for stress function, Irwin has introduced a stress field 
parameter 𝐾𝐾 known as stress intensity factor, which is independent of material 
parameters and depends only on the body geometry and applied load. For linear 
elastic material, 𝐾𝐾 provides very good prediction of crack tip stress state 
(Westergaard, H. M. 1933; Lau, C. C. 1993). 

The expression for 𝐾𝐾 in first mode of fracture is  

𝐾𝐾𝐼𝐼 = 𝜎𝜎0.√𝜋𝜋𝜋𝜋𝑓𝑓(
𝜋𝜋
𝑤𝑤

,
ℎ
𝑤𝑤

) (5.3) 

Here 𝜎𝜎0 is remote stress perpendicular to the crack surface, 𝜋𝜋 is crack size, and 𝑓𝑓 is 
a dimensionless quantity called geometry correction factor that deepens on geometry 
and load orientation. Similar expressions are used for other modes of fracture. When 
𝐾𝐾 reaches a critical value, 𝐾𝐾𝑐𝑐, it is called fracture toughness and is a material property. 
However, plane stress conditions result in a larger value for 𝐺𝐺𝑐𝑐 and 𝐾𝐾𝑐𝑐, due to 
formation of relatively larger plastic region. For LEFM, 𝐺𝐺𝑐𝑐 and 𝐾𝐾𝑐𝑐 can be related: 
for instance, in a plane stress case,      

𝐸𝐸𝐺𝐺𝑖𝑖 = 𝐾𝐾𝑖𝑖2    (5.4) 

For calculation of shear failure, the quantity shear stress intensity factor, 𝐾𝐾𝐼𝐼𝐼𝐼, helps 
to predict the stress state near the crack or notch tip. LEFM predicts the equation,  

𝐾𝐾𝐼𝐼𝐼𝐼 = 𝜏𝜏𝑥𝑥𝑥𝑥(√𝜋𝜋𝜋𝜋)𝑔𝑔𝐼𝐼𝐼𝐼(
𝑎𝑎
𝑤𝑤

, ℎ
𝑤𝑤

)                                  (5.5) 
with 𝑔𝑔𝐼𝐼𝐼𝐼 being the shear geometry correction factor for modified shear test specimen. 
From the numerically measured shear stress intensity factor and shear stress at crack 
tip, the function 𝑔𝑔𝐼𝐼𝐼𝐼  can be developed. 

In the case of mixed-mode fracture, combined stress intensity factors can be 
calculated according to 
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𝐾𝐾𝑐𝑐 = �𝐾𝐾𝐼𝐼2 + 𝐾𝐾𝐼𝐼𝐼𝐼2 +
4

𝜅𝜅 + 1
𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼2   (5.6) 

𝜅𝜅 = �
3 − 4𝜐𝜐, plane strain
3 − 𝜐𝜐
1 + 𝜐𝜐

, plane stress
   (5.7) 

Size of the plastic zone at crack tip can be calculated using the following equations: 
for plane stress, 

𝑟𝑟𝑝𝑝 =
1
𝜋𝜋 �

𝐾𝐾𝐼𝐼
𝜎𝜎𝑥𝑥𝑠𝑠

�
2

 (5.8) 

and for plane strain, 

𝑟𝑟𝑝𝑝 =
1

3𝜋𝜋 �
𝐾𝐾𝐼𝐼
𝜎𝜎𝑥𝑥𝑠𝑠

�
2

 (5.9) 

Here, 𝑟𝑟𝑝𝑝 is the radius of plastic zone, and 𝜎𝜎𝑥𝑥𝑠𝑠 is the yield stress of the material 
(Nilsson, F. 1999). 

5.1.2 Non-linear fracture mechanics (NLFM) 
NLFM is required to be used when the size of the plastic zone is beyond the SSY 
limit. J-integral and crack tip opening displacement (CTOD) are used to describe the 
stress field in the vicinity of the crack tip. However, these two theories also can be 
effectively used for 𝐺𝐺𝑐𝑐 and 𝐾𝐾𝑐𝑐 determination in LEFM. As the name CTOD 
suggests, during application of load, the crack opens and crack faces are separated. 
This measurement of opening provides the measure of crack tip displacement and 
stress field. A similar concept of crack opening displacement (COD) is equally 
effective. It is necessary to calculate the effective crack length by adding the plastic 
zone diameter proposed by Irwin to the initial crack length. 

J-integral is a path-independent contour integral that is equal to the value of ERR 
for fracture surface creation and used for materials experiencing large plasticity. 
Crack tip stress in an object of non-linear material can be uniquely described by J-
integral (Nilsson, F. 1999; Anderson, T. L. 2005). 

5.1.3 Essential work of fracture (EWF) 
In order to determine the fracture toughness, the theory of EWF can be applied. 
This method has been mostly used in Mode I study of fracture. For example, for 
DENT test, the energy balance equation can be expressed as follows:  

                                         𝑤𝑤𝑓𝑓𝐼𝐼 = 𝑤𝑤𝑒𝑒𝐼𝐼 + 𝛽𝛽𝑝𝑝𝐼𝐼𝑤𝑤𝑝𝑝𝐼𝐼𝐿𝐿0          (5.10) 
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Here, 𝑤𝑤𝑓𝑓𝐼𝐼 is SWF, 𝑤𝑤𝑒𝑒𝐼𝐼 is specific EWF; 𝑤𝑤𝑝𝑝𝐼𝐼  is density of plastic work; 𝐿𝐿0 is ligament 
length; and 𝛽𝛽𝑝𝑝𝐼𝐼  is shape factor of the plastic deformation zone. The superscript I 
indicates Mode I fracture. 

For determination of the shear fracture toughness of HDPE, EWF was used earlier 
by Kwon and Jar et al. (2005, 2007), with a standard Iosipescu test, and they 
proposed an SWF expression as in Equation 5.11. There are two shape factors 𝛽𝛽, 
one depending on ligament length and another on thickness. Superscript II indicates 
shear deformation. 

 𝑤𝑤𝑓𝑓𝐼𝐼𝐼𝐼 = 𝑤𝑤𝑒𝑒𝐼𝐼𝐼𝐼 + 𝛽𝛽𝑝𝑝,𝐿𝐿
𝐼𝐼𝐼𝐼 𝑤𝑤𝑝𝑝,𝐿𝐿

𝐼𝐼𝐼𝐼 𝐿𝐿0 + 𝛽𝛽𝑝𝑝,𝑡𝑡
𝐼𝐼𝐼𝐼 𝑤𝑤𝑝𝑝,𝑡𝑡

𝐼𝐼𝐼𝐼 𝑡𝑡0 (5.11) 

Laminates are two or more layers of materials bonded with or without adhesive. An 
adhesive is a material that creates adhesion and joints other materials when applied 
to their surfaces (Kinloch, A. 2012). The intermolecular forces that act between 
substrates in intimate contact result in adhesion (Da Silva et al. 2011). Before 
adhesion, the material layers are called substrates, and in a laminate they are called 
adherends (Kinloch, A. 2012). The contact boundary between the adhesive and 
adherends is the interface, as shown in Fig. 6.  The strength of adhesive joints may 
differ over time due to surrounding and environment (Zhao, Y. P. et al. 2003).  

 

Figure 6: Basic constituents of a laminate. 

There are different theories of adhesion, the acting force that keeps adherends 
together. The theory of mechanical interlocking, diffusion theory, electronic theory, 
chemical bonding theory and weak bonding theory are most common (Comyn, J. 
1997). Adhesion can be quantified by fracture ERR. 

The energy of practical adhesion 𝐺𝐺 is given by the equation, 

 𝐺𝐺 = 𝐺𝐺0 + 𝜓𝜓 (5.12) 

Here, 𝐺𝐺0 is fundamental adhesion and 𝜓𝜓 is collection of energy dissipation due to 
visco-elastic or plastic deformations in adherends (Packham, D. E. 2011).  

As well, 𝐺𝐺0 is the sum of work of adhesion, 𝑊𝑊𝐴𝐴, and the work of cohesion, 𝑊𝑊𝐶𝐶 : 

 𝐺𝐺0 = 𝑊𝑊𝐴𝐴 + 𝑊𝑊𝐶𝐶 (5.13) 

Further, 
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 𝑊𝑊𝐴𝐴 = 𝛾𝛾1 + 𝛾𝛾2 − 𝛾𝛾12 (5.14) 

 𝑊𝑊𝐴𝐴 = 2𝛾𝛾12 (5.15) 

Here, 𝛾𝛾1 and 𝛾𝛾2 are surface energies of adhesion, and 𝛾𝛾12 is the interfacial energy 
(Packham, D. E. 2011). 

The practical ERR can be related to the fracture stress of delamination according to 

 
𝜎𝜎𝑓𝑓 = 𝐾𝐾 �

𝐸𝐸𝐺𝐺
𝑙𝑙
�
1
2
 

(5.16) 

Here, 𝐾𝐾 is a constant, 𝑙𝑙 is critical crack length, and 𝐸𝐸 is effective modulus (Packham, 
D. E. 2011). 

5.2 Numerical modeling 
During experimentation of packaging materials, the specimens go through large 
deformation, necking and failure due to damage. From the macroscopic perspective 
of material science, material necking, also known as strain localization, is the 
comprehensive results of stress concentration and material stiffness degradation. 
Concentration of stress results from various causes and defects, such as cracks, 
inclusions and voids. An elastic-plastic progressive damage constitutive model based 
on Hooke’s law, the J2 yield criterion, isotropic hardening, the associated flow-rule 
and the ductile damage model is formulated to demonstrate the material behavior. 
ABAQUS offers a general capability to model progressive damage and failure in 
engineering materials. It can be modeled in both bulk and interface materials. 

Testing of laminates involves interfacial delamination. Several numerical techniques 
are available for modeling the interface that can undergo delamination. The virtual 
crack closure technique (VCCT), traction separation based cohesive element and 
extended finite element (XFEM) are used for interface modeling.  

5.2.1 Modeling of necking in substrates  
In the ductile damage model, fracture strain, stress triaxiality 𝜂𝜂  and strain rate are 
required to define damage initiation. A sample of the parameters is listed in Table 1. 

The damage evolution law describes post-damage-initiation response. That is, it 
describes the rate of degradation of the material stiffness once the initiation criterion 
is satisfied. 
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Table 1: Parameters of ductile damage model in substrates. 

Al-foil (Aluminum foil) LDPE (Low-density polythene) 

Fracture 
Strain 

Stress 
Triaxiality 

Strain 
Rate 

Fracture 
Strain 

Stress 
Triaxiality 

Strain 
Rate 

0.036 -5 0 0.90 -5 0 

0.036 5 0 0.90 5 0 

 
The formulation is based on scalar damage approach: 

 

Figure 7: Schematic diagram of elastic-plastic material with progressive damage 
(ABAQUS 2016). 

In Equation 5.18, ε�𝐷𝐷
pl is equivalent plastic strain with damage, which is a function of 

stress triaxiality η, and ε�𝑝𝑝𝑝𝑝̇ , equivalent plastic strain rate.  

𝜎𝜎 = (1 − 𝐷𝐷)𝜎𝜎� (5.17) 

𝐷𝐷 = �
𝑑𝑑𝜀𝜀̅pl

𝜀𝜀�̅�𝐷
𝑝𝑝𝑝𝑝�𝜂𝜂，ε�𝑝𝑝𝑝𝑝̇ �

 (5.18) 

Here, σ is flow stress of damaged material and σ� is of undamaged material. The 
scalar damage variable 𝐷𝐷 (see Fig. 7) evolves from 0, meaning full load-carrying 
capacity, to 1, meaning no load-carrying capacity or zero material stiffness.  
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5.2.2 Modeling techniques of interfacial delamination 
Three interface modeling techniques were compared. The essential information 
about each can be found in the subsequent subsections. 

The virtual crack closure technique (VCCT) 
The VCCT, available in both ABAQUS/Standard and ABAQUS/Explicit, can be 
used to model the interface and delamination in laminates. The criterion uses the 
principles of LEFM and is suitable to brittle crack problem occurring along 
predefined surfaces. It is based on the assumption that the strain energy released 
when a crack is extended by a certain amount is the same as the energy required to 
close the crack by the same amount. For instance, Fig. 8 illustrates the similarity 
between crack extension from i to j and crack closure at j. 

 

Figure 8: Schematic representation of the VCCT for Mode I crack. 

As an instance, the calculation of strain energy released for Mode I fracture is 
demonstrated, as shown in Fig. 9. Nodes 2 and 5 will start to release when 

𝑓𝑓 =
𝐺𝐺𝐼𝐼
𝐺𝐺𝐼𝐼𝐶𝐶

=
1
2
�
𝛿𝛿1,6𝐹𝐹𝑣𝑣,2,5

𝑏𝑏𝑑𝑑
�

1
𝐺𝐺𝐼𝐼𝐶𝐶

≥ 1.0 (5.19) 

where 𝐺𝐺𝐼𝐼 and 𝐺𝐺𝐼𝐼𝐶𝐶 are ERR and the critical ERR of Mode I, 𝑏𝑏 is the width, 𝑑𝑑 is the 
length of the elements at the crack front, 𝐹𝐹𝑣𝑣,2,5 is the vertical force between nodes 2 
and 5, and 𝛿𝛿1,6 is the vertical displacement between nodes 1 and 6. Assuming that 
the crack closure is governed by linear elastic behavior, the energy to close the crack, 
or to open the crack, is calculated from the Equation 5.19. Similar arguments and 
equations can be written in 2- and 3-dimensions for Mode II and Mode III.  

http://bthw0079:2080/texis/search/hilight2.html/+/usb/pt04ch11s04aus69.html?CDB=v6.12#vct-chp-intro-energy
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Figure 9: Calculation illustration of strain energy released for Mode I crack based 
on the VCCT (ABAQUS 2016). 

In the general case involving Modes I, II, and III, the fracture criterion is defined as  

𝑓𝑓 =
𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑣𝑣
𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑣𝑣𝐶𝐶

≥ 1.0 (5.20) 

where 𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑣𝑣  is the equivalent strain ERR calculated at a node, and 𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑣𝑣𝐶𝐶  is the 
critical equivalent strain ERR calculated based on the user-specified mode-mix 
criterion and the bond strength of the interface. The crack-tip node will debond 
when the fracture criterion reaches the value of 1.0.  

ABAQUS provides three common mode-mix formulae to calculate 𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑣𝑣𝐶𝐶 : the BK 
law, the power law, and the Reeder law models.  

The power law model is described by the following formula:  

𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑣𝑣
𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑣𝑣𝐶𝐶

= �
𝐺𝐺𝐼𝐼
𝐺𝐺𝐼𝐼𝐶𝐶

�
𝑎𝑎𝑚𝑚

+ �
𝐺𝐺𝐼𝐼𝐼𝐼
𝐺𝐺𝐼𝐼𝐼𝐼𝐶𝐶

�
𝑎𝑎𝑛𝑛

+ �
𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼
𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶

�
𝑎𝑎𝑜𝑜

 (5.21) 

In order to activate the crack propagation capability, a small-sliding, slave-master 
contact surfaces in ABAQUS/Standard is used in the model. Moreover, an initial 
contact condition is used to identify which part of the slave surface is initially bonded 
and will debond once the VCCT fracture criterion is met. 

Cohesive element 
In ABAQUS, the cohesive zone can be modeled either as surface-based cohesive 
behavior or element-based cohesive behavior, the latter of which was used in the 
study.  

A cohesive element based on damage mechanics, provided by ABAQUS, was used 
to model the delamination in laminates directly in terms of a traction-separation law. 
The available model in ABAQUS assumes initially linear elastic response till 
interfacial strength, followed by damage initiation and evolution.  
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The elastic behavior is written in terms of an elastic constitutive matrix that relates 
the nominal stresses to the nominal strains across the interface. The default value of 
the original constitutive thickness is 1.0 if traction-separation response is specified, 
which ensures that the nominal strain is equal to the separation (i.e. relative 
displacements of the top and bottom faces). The nominal strains can be defined as 

𝜀𝜀𝑛𝑛 =
𝛿𝛿𝑛𝑛
𝑇𝑇0

, 𝜀𝜀𝑠𝑠 =
𝛿𝛿𝑠𝑠
𝑇𝑇0

, 𝜀𝜀𝑡𝑡 =
𝛿𝛿𝑡𝑡
𝑇𝑇0

 (5.22) 

where δn, δs and δt are components of relative displacement between the top and 
bottom surfaces of the cohesive element, and 𝑇𝑇0 is the original thickness of the 
cohesive element. 

The elastic behavior can then be written as 

𝐭𝐭 = �
𝑡𝑡𝑛𝑛
𝑡𝑡𝑠𝑠
𝑡𝑡𝑡𝑡
� = �

𝐾𝐾𝑛𝑛𝑛𝑛 𝐾𝐾𝑛𝑛𝑠𝑠 𝐾𝐾𝑛𝑛𝑡𝑡
𝐾𝐾𝑛𝑛𝑠𝑠 𝐾𝐾𝑠𝑠𝑠𝑠 𝐾𝐾𝑠𝑠𝑡𝑡
𝐾𝐾𝑛𝑛𝑡𝑡 𝐾𝐾𝑠𝑠𝑡𝑡 𝐾𝐾𝑡𝑡𝑡𝑡

� �
𝜀𝜀𝑛𝑛
𝜀𝜀𝑠𝑠
𝜀𝜀𝑡𝑡
� = 𝐊𝐊𝐊𝐊 (5.23) 

where 𝐭𝐭 is the nominal traction stress vector, consisting of three components, 𝑡𝑡n, 𝑡𝑡s, 

and 𝑡𝑡t, and 𝐊𝐊 is the elasticity matrix, �
𝐾𝐾𝑛𝑛𝑛𝑛 𝐾𝐾𝑛𝑛𝑠𝑠 𝐾𝐾𝑛𝑛𝑡𝑡
𝐾𝐾𝑛𝑛𝑠𝑠 𝐾𝐾𝑠𝑠𝑠𝑠 𝐾𝐾𝑠𝑠𝑡𝑡
𝐾𝐾𝑛𝑛𝑡𝑡 𝐾𝐾𝑠𝑠𝑡𝑡 𝐾𝐾𝑡𝑡𝑡𝑡

�. 

The initial response of the cohesive element is assumed to be linear, as discussed 
above. However, once a damage initiation criterion is met, material damage can 
occur according to a user-defined damage evolution law. Fig. 10 shows a typical 
traction-separation response with a failure mechanism.  

 

Figure 10: Typical traction-separation response. 

In Fig. 10, 𝑡𝑡𝑛𝑛0(𝑡𝑡𝑠𝑠0, 𝑡𝑡𝑡𝑡0) represents the peak value of the nominal stress when the 
deformation is either purely normal to the interface or purely in the first or the 
second shear direction, respectively. The initial and failure displacement are 
𝛿𝛿𝑛𝑛0(𝛿𝛿𝑠𝑠0,𝛿𝛿𝑡𝑡0) and 𝛿𝛿𝑛𝑛

𝑓𝑓�𝛿𝛿𝑠𝑠
𝑓𝑓 ,𝛿𝛿𝑡𝑡

𝑓𝑓�. The superscript, 0 or f, represents damage initiation or 
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failure moment. The triangle area is the corresponding fracture energy of Modes I, 
II and III, 𝐺𝐺𝐼𝐼𝐶𝐶(𝐺𝐺𝐼𝐼𝐼𝐼𝐶𝐶 ,𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶). 

There are six built-in traction-separation criteria in ABAQUS Quade, Maxe, Quads, 
Max, Maxpe, Maxps) to model the damage initiation of the interfacial material. In 
our 2-Dimensional model, the Quade criterion, quadratic nominal strain criterion, is 
used. In this criterion, damage is assumed to initiate when a quadratic interaction 
function involving the nominal strain ratios reaches a value of one. This criterion 
can be represented as 

�
〈𝜀𝜀𝑛𝑛〉
𝜀𝜀𝑛𝑛0

�
2

+ �
𝜀𝜀𝑠𝑠
𝜀𝜀𝑠𝑠0
�
2

+ �
𝜀𝜀𝑡𝑡
𝜀𝜀𝑡𝑡0
�
2

= 1 (5.24) 

 

 

Figure 11: Typical post-damage-initiation response based on linear damage 
evolution of cohesive zone model. 

The damage variable, 𝐷𝐷, depicts the damage to the cohesive element. It initially has 
a value of 0 and evolves from 0 to 1 upon further loading after damage initiation. 
Fig. 11 illustrates a typical damaged response for the cohesive zone model. 

Therefore, the stress components of the traction-separation model are effected by 
the damage according to the following equation: 

𝑡𝑡𝑛𝑛 = �
(1 − 𝐷𝐷)𝑡𝑡�̅�𝑛, 𝑡𝑡�̅�𝑛 ≥ 0

𝑡𝑡�̅�𝑛, otherwise  (5.25) 

𝑡𝑡𝑠𝑠 = (1 − 𝐷𝐷)𝑡𝑡�̅�𝑠 (5.26) 

𝑡𝑡𝑡𝑡 = (1 − 𝐷𝐷)𝑡𝑡�̅�𝑡 (5.27) 

where 𝑡𝑡�̅�𝑛, 𝑡𝑡�̅�𝑠 and 𝑡𝑡�̅�𝑡 are the stress components predicted by the elastic traction-
separation behavior for the current strains without damage.  
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There are two kinds of damage evolution law in ABAQUS, based on displacement 
and based on energy. In the used model, a linear damage evolution law based on 
simplified power law is used.  

The power law criterion states that failure under mixed-mode conditions is governed 
by a power law interaction of the energies required to cause failure in the individual 
(normal and two shear) modes. It is given by 

𝑓𝑓 = �
𝐺𝐺𝐼𝐼
𝐺𝐺𝐼𝐼𝐶𝐶

�
∝

+ �
𝐺𝐺𝐼𝐼𝐼𝐼
𝐺𝐺𝐼𝐼𝐼𝐼𝐶𝐶

�
∝

+ �
𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼
𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶

�
∝

= 1 (5.28) 

For linear softening, the damage variable, 𝐷𝐷, reduces to the expression below: 

𝐷𝐷 =
𝛿𝛿𝑚𝑚
𝑓𝑓 (𝛿𝛿𝑚𝑚𝑚𝑚𝑎𝑎𝑥𝑥 − 𝛿𝛿𝑚𝑚0 )

𝛿𝛿𝑚𝑚𝑚𝑚𝑎𝑎𝑥𝑥�𝛿𝛿𝑚𝑚
𝑓𝑓 − 𝛿𝛿𝑚𝑚0 �

 (5.29) 

𝛿𝛿𝑚𝑚
𝑓𝑓 =

2𝐺𝐺𝑐𝑐
𝑡𝑡𝑚𝑚0

 (5.30) 

𝐺𝐺𝑐𝑐 = 1 ��
𝑚𝑚1

𝐺𝐺𝐼𝐼𝐶𝐶
�
𝛼𝛼

+ �
𝑚𝑚2

𝐺𝐺𝐼𝐼𝐼𝐼𝐶𝐶
�
𝛼𝛼

+ �
𝑚𝑚3

𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶
�
𝛼𝛼
�
1 ∝⁄

�  (5.31) 

⎩
⎪⎪
⎨

⎪⎪
⎧𝑚𝑚1 =

𝐺𝐺𝐼𝐼
𝐺𝐺𝐼𝐼 + 𝐺𝐺𝐼𝐼𝐼𝐼 + 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼

𝑚𝑚2 =
𝐺𝐺𝐼𝐼𝐼𝐼

𝐺𝐺𝐼𝐼 + 𝐺𝐺𝐼𝐼𝐼𝐼 + 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼

𝑚𝑚3 =
𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼

𝐺𝐺𝐼𝐼 + 𝐺𝐺𝐼𝐼𝐼𝐼 + 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼

 (5.32) 

𝛿𝛿𝑚𝑚0 = �〈𝛿𝛿𝑛𝑛0〉2 + (𝛿𝛿𝑠𝑠0)2 + (𝛿𝛿𝑡𝑡0)2=�〈𝜀𝜀𝑛𝑛0〉2 + (𝜀𝜀𝑠𝑠0)2 + (𝜀𝜀𝑡𝑡0)2, for 𝑇𝑇0 = 0 (5.33) 

In the above expressions, δ𝑚𝑚
𝑓𝑓 , δ𝑚𝑚𝑚𝑚𝑎𝑎𝑥𝑥 and δ𝑚𝑚0  represent the attained effective 

displacement at complete failure, the maximum effective displacement during the 
loading history, the effective displacement at damage initiation. The mixed-mode 
fracture energy based on the simplified power law is 𝐺𝐺c. Here, 𝑡𝑡𝑚𝑚0  is the effective 
traction at damage initiation. The subscript, m, refers to the mixed-mode case.  

eXtended finite element method (XFEM) 
The XFEM is a numerical technique based on the generalized finite element method 
(GFEM) and the partition of unity method (PUM) by Camanho, P. P. et al. (2002) 
and Dolbow, J. O. H. N. et al. (1999). 

Associated with GFEM, it is necessary to align the discontinuity along the element 
edge, which requires a remeshing of the cracked domain for the propagation of the 
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crack. The method extends, or enriches, FE approximation space by incorporating 
special enriched functions with additional degrees of freedom into GFEM. For 
fracture analysis, the enrichment functions typically consist of the near-tip 
asymptotic functions that capture the singularity around the crack tip and a 
discontinuous function that represents the jump in displacement across the crack 
surfaces. The approximation for a displacement vector function u with the partition 
of unity enrichment is  

𝐮𝐮 = �𝑁𝑁𝐼𝐼

𝑁𝑁

𝐼𝐼=1

(𝑥𝑥) �𝐮𝐮𝐼𝐼 + 𝑯𝑯(𝑥𝑥)𝐚𝐚𝐼𝐼 + �𝑭𝑭∝(𝑥𝑥)𝐛𝐛𝐼𝐼∝
4

∝=1

� (5.34) 

where 𝑁𝑁𝐼𝐼(𝑥𝑥) are the usual nodal shape functions; the first term on the right-hand 
side of the above equation, 𝐮𝐮𝐼𝐼, is the usual nodal displacement vector associated with 
the continuous part of the FE solution; the second term is the product of the nodal 
enriched degree of freedom vector, 𝐚𝐚𝐼𝐼, and the associated discontinuous jump 
function 𝑯𝑯(𝑥𝑥) across the crack surfaces; and the third term is the product of the 
nodal enriched degree of freedom vector, 𝐛𝐛𝐼𝐼∝, and the associated elastic asymptotic 
crack-tip functions, 𝑭𝑭∝(𝑥𝑥). The first term on the right-hand side is applicable to all 
the nodes in the model; the second term is valid for nodes whose shape function 
support is cut by the crack interior; and the third term is used only for nodes whose 
shape function support is cut by the crack tip. Fig. 12 illustrates the discontinuous 
jump function across the crack surfaces, 𝑯𝑯(𝑥𝑥), which is given by 

𝑯𝑯(𝑥𝑥) = � 1 𝑖𝑖𝑓𝑓 (𝑥𝑥 − 𝑥𝑥∗) ∙ 𝐧𝐧 ≥ 0
−1 𝑜𝑜𝑡𝑡ℎ𝑒𝑒𝑟𝑟𝑤𝑤𝑖𝑖𝑒𝑒𝑒𝑒

 (5.35) 

where 𝑥𝑥 is a Gauss point, 𝑥𝑥∗ is the point on the crack closest to 𝑥𝑥, and 𝐧𝐧 is the unit 
outward normal to the crack at 𝑥𝑥∗.  

Fig.12 also illustrates the asymptotic crack tip functions in an isotropic elastic 
material, 𝑭𝑭∝(𝑥𝑥), which are given by 

𝑭𝑭∝(𝑥𝑥) = �√𝑟𝑟 sin
𝜃𝜃
2

,√𝑟𝑟 cos
𝜃𝜃
2

,√𝑟𝑟 sin𝜃𝜃 sin
𝜃𝜃
2

 ,√𝑟𝑟 sin𝜃𝜃 cos
𝜃𝜃
2�

 (5.36) 

 

Figure 12: Illustration of normal and tangential coordinates for a smooth crack 
(ABAQUS 2016). 

http://bthw0079:2080/v6.12/books/usb/pt04ch10s07at35.html#anl-aenrichment-crack
http://bthw0079:2080/v6.12/books/usb/pt04ch10s07at35.html#anl-aenrichment-crack
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where (𝑟𝑟,𝜃𝜃) is a polar coordinate system with its origin at the crack, tip and 𝜃𝜃 = 0 
is tangent to the crack at the tip. The use of these asymptotic crack-tip functions is 
not restricted to crack modeling in an isotropic elastic material. The same approach 
can be used to represent a crack along a bimaterial interface.  

Therefore, XFEM is able to naturally reproduce the challenging feature associated 
with the problem of the discontinuity, singularity, boundary layer, and so on. More 
precisely, it is useful to model the propagation of various discontinuities, strong 
(cracks) and weak (material interfaces), which are required to be handled in our study. 

5.3 Relevant standards experimental methods 
Depending on the property to be measured and type of material at hand and their 
orientation, different standard methods for physical testing of materials are available. 
More testing methods are being developed and many international associations for 
standardization are working on development and validation of the new standards. It 
is very common to find several testing methods appropriate of the same purpose. 
Some standards of testing that are relevant to the study are briefly mentioned here. 
Uniaxial tensile testing and shear testing was extensively performed. Limited amount 
of fixed arm peel testing was carried out for determination of normal delamination 
property. Double cantilever beam test and end-notch flexure test mentioned in this 
subchapter are not directly used as the laminates are very thin. 

5.3.1 Uniaxial tensile testing 
This is one of the simplest at the same time very useful testing methods. Specimens 
are clampers at two ends and stretched to find the force-displacement response. 
Both thick and thin materials with and without pre-crack are widely tested in this 
method. Laminates are also tested with and without pre-crack. 

5.3.2 Shear testing 
Commonly used shear testing methods are Iosipescu test and V-Notched Rail test. 
In Iosipescu, a notched specimen (see Fig. 13(a)) is loaded asymmetrically at four 
co-planer points to bend it and pure shear state is achieved along the imaginary 
narrow strip joining the notches (Dahl, K. B et al. 2009).  

In the case of V-Notched Rail test, the notched specimen is attached to a rail as in 
Fig. 13(b) and loaded in uniaxial tension. The advantage of V-Notched Rail test over 
the Iosipescu is that, it can be used for larger deformation of test specimens. But 
both tests require the user to be very careful to setup equipment and attach fixtures 
with the test specimens. The setup for using modified shear test specimen is shown 
in Fig. 13(c) and was used in this study. 

 

 

https://en.wikipedia.org/wiki/Mathematical_singularity
https://en.wikipedia.org/wiki/Boundary_layer
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Figure 13: Experimental setup of (a) Iosipescu shear test and (b) V-Notched rail 
shear test (shear tests 2016) and (c) Modified shear test specimen. 

A shear specimen geometry was proposed by Leslie Banks-Sills et al. (1983) that can 
be tested in tensile testing machine without additional attachments. 

5.3.3 Double cantilever beam (DCB) test 
Two thick rigid beams in adhesion can pull be pulled apart as in the Fig. 14 to 
measure the normal fracture energy release rate in the adhesive (Kanninen, M. F. 
1973). There is a pre-crack in the structure in order to ensure that the crack grows 
cohesively in the adhesive. The beams should be rigid enough to elastically bend and 
unbend during the test. 

 

Figure 14: Experimental setup of double cantilever beam (DCB) test (De Moura, M. 
F. S. F. 2008). 

5.3.4 End-notch flexure (ENF) test 
The end-notch flexure (ENF) geometry was introduced by  Barrett, J. D. (1977) in a 
study of the fracture toughness of wood in shear. The concept was later extended 
by Chai, H. (1988) to shear testing of adhesive joints.  

http://www.sciencedirect.com/science/article/pii/S0020768304001416#BIB4
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Figure 15: Experimental setup of end-notch flexure (ENF) test. 

As can be seen in Fig. 15, an ENF specimen consists of two adherends partially 
joined by an adhesive layer. The part of the specimen that is not bonded at the edge 
is considered as the pre-crack. Due to the antisymmetric loading, pure shear stress 
is developed at the crack tip and it is well suited for shear testing of adhesives. This 
method also needs the substrates to act as thick elastic beam. The specimen is used 
to determine the shear fracture energy of the adhesive. 

5.3.5 Delamination test methods for thin laminates 
There are many established experimental methods for determination of adhesion 
strength in thin laminates. Few of them are blade wedge test, peel test, bending test, 
scratch test, indentation test and laser blister test for example. Thesis methods are 
illustrated in the Fig. 16. 
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Figure 16: Some of the standard delamination test methods (Schreurs, P. J. G. 2011). 

Among them, peel tests are very easy to perform and more favorable for their simple 
test setup. Configuration of some standard peel tests are illustrated in Fig. 17. 

 

 

Figure 17: Configuration of various standard peel tests (Moore, D. R. 2008). 
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6 Summary of Appended Papers 
The papers in this thesis incrementally address several research questions on package 
opening and its numerical simulations. It includes the following: (i) the testing for 
material performance and characterization of single-layer and multi-layer packaging 
material of different thicknesses; (ii) a scanning electron microscopic study (SEM) 
of fracture and delamination surfaces; and (iii) inverse analysis of the information in 
(i) and (ii) to develop FE model. 

6.1 Paper A 
Islam, M. S., Khan, A., Kao-Walter, S., & Jian, L. (2013). A Study of Shear Stress 
Intensity Factor of PP and HDPE by a Modified Experimental Method together 
with FEM. International Journal of Mechanical, Aerospace, Industrial and Mechatronics 
Engineering, 7(11). 

Summary 

Shear fracture toughness needs to be determined in many application areas. One of 
these is within package industries for the manufacturing of bottles, jars, screw caps, 
and tamper evidence attachments where HDPE and PP are the most frequently used 
material. Paper A studies the linear elastic shear fracture properties of these two 
materials on the scale of millimeters. This study involves the practical application of 
opening the seal joints in PP and HDPE screw caps during package opening. 
Conventional shear testing is one of the complex material testing areas where 
available methods are few, often needing special arrangements, and most of the 
methods do not strictly satisfy the definition of pure shear. The geometry of a 
modified shear test specimen was proposed to measure the shear fracture toughness 
by uniaxial loading in a tensile testing machine. Using numerical means, an 
expression was developed for geometry correction factor for SIF calculation. The 
specimen has two notches facing each other, and the distance between the notch 
tips is called length of ligament. The fracture in the specimen occurred along the line 
connecting the notch tips. The SEM of the fracture surface for PP and HDPE 
suggested the fracture to be shear in nature and that the plastic region is small. The 
proposed specimen in future can be used to test similar material for shear fracture 
study. Furthermore, the HDPE was concluded to be a more favorable material for 
screw caps where ease of opening is concerned. 

Relation to the thesis 

The opening of a screw cap package involves shear damage and fracture of HDPE 
and PP. Measurement of shear fracture toughness and essential work of shear 
fracture are necessary to predict ease of opening in these kinds of packages. These 
parameters were also used for the FE simulation of a screw cap. This study is also 
important for opening-simulation of packages that undergo a mixed mode fracture. 
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The author’s contribution  

The author of this thesis initiated the development of the proposed shear specimen’s 
geometry, prepared the test setup and performed the experiments. The author also 
took the main responsibility for FE simulation, analysis of test and simulation data, 
and documentation of the paper.  

6.2 Paper B 
Islam, M. S., Kao-Walter, S., & Yang, G. (2016). Study of Ligament Length Effect 
on Mode Mix of a Modified In-Plane Shear Test Specimen. Materials Performance and 
Characterization, 5(3). 

Summary 

Paper B investigated the effect of ligament length in the shear test specimen 
presented in paper A. It was observed that during the use of this specimen, the mixity 
of Mode I with Mode II stress during loading can be avoided by adopting the 
ligament in a certain length range depending on the overall size of the specimen. 
When the ligament length is varied within the range, the work of the fracture for 
HDPE is stable, which allows one to calculate the essential work of shear fracture 
for the material. The effect of the specimen’s change of thickness was studied 
numerically. Finally, the EWF of HDPE was determined using this specimen and 
technique, and results were compared with the stress intensity factor calculated in 
paper A. 

Relation to the thesis 

This paper is a continuation of paper A and studies the geometric usability limit of 
the proposed modified shear test specimen. The results contribute to package-
opening simulation that experiences shear fracture of HDPE. When the material is 
very ductile and undergoes large deformation, shear testing for EWF determination 
using the proposed specimen should be performed within the suggested ligament 
length range. The paper also studies a case in which there are mixed fracture modes 
in HDPE. Screw caps with longer joints to the inner ring can start the opening in 
the shear mode of fracture but can have normal (Mode I) mix towards the end of 
opening.  

The author’s contribution  

The author initiated the research in the paper, performed the tests, developed the 
FE simulation and documented the study. The analysis of the test and simulation 
data was carried out together with the other authors of the paper.  
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6.3 Paper C 
Zhang, D., Islam, M. S., Andreasson, E., & Kao-Walter, S. (2016). Modeling and 
Study of Fracture and Delamination in a Packaging Laminate. International Conference 
on Energy and Mechanical Engineering, Wuhan, Hubei, China, November 19th-20th 2016. 
In press. 

Summary 

Paper C addresses shear delamination in thin packaging material laminates due to 
difference in compliance of different layers and necking. The study focuses some 
light on the unexpected difference in some behavior of packaging material layers 
with and without lamination. A simulation technique for studying delamination of 
this nature resulted from this study. Laminate consisting of Al/LDPE is focused on, 
and failure due to necking in substrates and interfacial delamination under loading 
are considered. The simulation results show deformation of the laminate agrees well 
with the theoretical results. It concludes that a combined constitutive model is 
proper to study the failure due to necking and interfacial delamination in the 
laminate. The influence of the fracture toughness ratio of Modes I and II on 
interfacial delamination mode in pre-crack tip was also studied. 

Relation to the thesis 

The Al/LDPE laminate is an essential constituent of liquid food packages. During 
the opening of packages, this laminate layer must undergo fracture and damage. For 
instance, during opening of straw hole packages, this laminate layer is the only one 
to be damaged to open and access the contents of the package. Some packages have 
a protective layer of this laminate that is cut simultaneously when the user opens a 
screw cap. During opening of perforated packages, this laminate layer, together with 
others including the paperboard, undergoes damage. This paper develops a 
simulation strategy for numerically modeling the Al and LDPE substrates and the 
interface for an accurate, fast and stable solution for a tensile test with a pre-crack in 
the interface. This study helps to understand the simulation of a laminate and its 
delamination in normal and shear mode of fracture and provides a strategy to be 
expanded to shear delamination simulation.  

The author’s contribution  

The author contributed to the development of the simulation strategy for substrates 
and the interface of the Al/LDPE laminate. The author was also involved in the 
numerical parametric study, in interpretation of the results and in structuring the 
paper.  
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6.4 Paper D 
Islam, M. S., Zhang, D., Mehmood, N., & Kao-Walter, S. (2016). Study of Shear 
Dominant Delamination in Thin Brittle-High Ductile Interface. European Conference 
on Fracture (21st), Catania, Italy, June 20th-24th 2016. 

Summary 

A unique technique to measure shear delamination energy between thin quasi-brittle 
Al and high-ductile LDPE was proposed in this paper. It followed from the 
observation that during the tensile testing of pre-cracked thin Al/LDPE laminate, 
the Al layer cracks early and slides over, locally stretching the LDPE (in the vicinity 
of the pre-crack). This mechanism results in significant local delamination around 
the crack propagation path. A combined SEM and FEM study indicated the nature 
of the delamination to be shear. Using the theory of work of fracture, the shear 
delamination energy can be separated and measured from the global response of the 
laminate.  

Relation to the thesis 

This study contributes to package opening involving fracture or damage to 
Al/LDPE laminate. A unique method for shear delamination ERR measurement 
was developed. Shear ERR is direct consequence of lamination bond strength and 
bond strength significantly influences the overall damage behavior during opening. 
Proposed testing and simulation techniques can be used to study the shear 
lamination strength and its influence in opening. 

The author’s contribution  

The author initiated the idea of shear delamination ERR measurement from tensile 
testing of laminates. The main responsibility for the development of the simulation 
strategy and documentation of the paper was the author’s. 

6.5 Maturity level of the papers 
The level of maturity of the appended papers in seven important study aspects of 
the research has been labeled as high, medium, low or absent by the authors. Paper 
A and B, as can be seen in Fig. 18, has a high maturity level in experimental technique 
and fracture behavior study but has medium to low maturity level in continuum 
behavior, simulation strategy and microscopic study. 

Papers C and D focus more on simulation strategy for substrates and interface, 
leading to some contribution in to decision support in the early design process. 
These two papers also contain mid- to high-level maturity ratings for of delamination 
mechanism study for simulation. 
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Figure 18: Maturity level of different research aspects of the four appended papers. 
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7 Shear Fracture and Shear Delamination in 
Packaging Materials 

As discussed earlier, opening of packages involves damage and fracture of some part 
of one and several constituent materials. Measurement of the mechanical properties 
of different packaging materials is the starting point of this study. Various test data 
were analyzed and tested specimens were studied under microscope. With the aim 
to develop simulation strategy for package opening, numerical models of packaging 
material tests were created and verified with experimental responses. This chapter 
presents the testing methods, as well as the numerical simulation strategy for the 
study of thin and thick packaging materials. The obtained results are also presented 
and discussed.  

7.1 Material testing 
Physical testing performed for material properties identification can be grouped as 
uniaxial tensile test, shear test and delamination test. Tested materials are HDPE and 
PP in thick polymer class, and Al-foil, LDPE-film and Al/LDPE laminate in thin 
packaging material class. The specimens for testing were prepared using techniques 
like water-jet cutting, computer numeric control (CNC) cutting and manual cutting 
using sharp blades. The MTS QTest universal testing machine with 100 N to 2 kN 
load cells was used, and grips were changed from mechanical wedge type to hydraulic 
press type as necessary. For most set of testing, at least five specimens were tested 
with repeatable response. Data acquisition rates were kept high for a better 
resolution of test data. Maximum test speed was 10 mm/min or below; hence all 
tests were considered to be quasi-static. Room temperature and humidity were 
recorded during all experimentations.  

7.2 Simulation of packaging materials 
The physical experiments on packaging materials performed in this study were 
numerically simulated in ABAQUS. For validation of a developed numerical 
strategy, the responses needed to be compared with physical ones. The most 
effective way to perform this task is to measure the force-displacement response 
together with global and local geometric deformation in standard testing methods 
and compare these responses in the simulations. Once validated, the simulation 
strategy can be effectively adopted for practical applications. To model the shear test 
specimen, Al and LDPE substrates of the laminate and the interface in ABAQUS, 
different finite element methods, material models, elements, solution types and 
analysis types were used. Sometimes several modelling techniques were available to 
use for same purpose in ABAQUS; in that case, the most accurate, efficient and 
stable ones were chosen. It was also important to imitate the experimental geometry 
and boundary conditions during the simulation. 
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7.3 Study of thick packaging materials  
HDPE and PP were tested for shear fracture toughness and EWF. The dimensions 
of a modified shear test specimen were proposed. The study was complemented by 
FEM and fractured-surface observation under electron microscope to determine the 
mode of fracture. 

7.3.1 Shear testing 
The geometry of the modified shear specimen in this study is shown in Fig. 19(a). 
After an optimization study of the effect of side grooves, notch distance, notch 
length, and notch angle by experiments, and complemented by numerical 
simulations, the geometry was proposed by the authors and modified further for this 
study. Specimens were prepared both by CNC machine cut and a high-precision 
water jet cut from commercial-grade HDPE pellets supplied by GE plastics. The 
HDPE had a density  

 

 

Figure 19: Shear test specimen geometry; (a) whole specimen, (b) effective test 
specimen. 

of 952 Kg/m3, a melting temperature of 130°C, Young’s modulus (22°C) of 1000 
MPa, yield stress (22°C) of 26 MPa, and melt mass flow rate (190°C/ 2.16 kg) of 6.5 
g/10 min, and it was manufactured by injection molding. The CNC cut provided a 
better surface finish over the water-jet cut. Different lengths of notches were cut in 
the specimens separately with the help of sharp blades. The effective test specimen 
that can be imagined as cross section containing the notch edges is referred to as 
zone of interest (ZOI) in later discussions. The rest of the specimen acts to hold the 
ZOI in proper orientation to load it in shear. Thickness of the specimen was 1 mm 
and notches with varying length a had an angle of 30 degrees. For the EWF study, 
w is the specimen’s width, and w-2a is the ligament length 𝐿𝐿0 (see Fig. 19(b)). 
Notches were cut to get samples of specimens with ligament lengths of 1, 2, 3, 4 and 
5 mm. An MTS QTest universal testing machine with a 2 kN load cell was used for 
uniaxial loading of specimens. The laboratory temperature was 22°C with 50% 
humidity. The specimens were vertically oriented, and two ends (5 mm) were fixed 
with hydraulic grips of 0.5 MPa, as can be seen in Fig. 20. The load was applied by 
lifting up the upper grip at a speed of 10mm/min to induce tension until the 

L0 
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specimen was separated by shear fracture along an imaginary line connecting the 
notch tips. The shear test response of HDPE largely depends on the strain rate; a 
general tendency is to increase of stress with increased strain rate (G'sell, C. et al. 
1983). However, in this study, this effect was not tested. 

 

Figure 20: Tensile testing of modified shear test specimen. 

7.3.2 Scanning electron microscopic (SEM) study of HDPE 
Microscopic study of the post-fracture MSTS fracture surfaces provided better 
understanding of the substrate fracture and delamination mode. Slices of the 
specimen can be examined only one at a time, and each was prepared using a 
sufficiently sharp cutting blade from the manufacturer Leica to avoid undesired 
influences. The SEM equipment used was a Hitachi-Tabletop Microscope, TM-
1000, operating at 15 keV.  

 

 

Figure 21:  SEM of polypropylene (PP) fracture surface (Islam, M. S. et al. 2013). 

Fig. 21 shows a magnified image of the fractured surface of a shear test specimen. A 
polished fracture surface along the ligament length indicates it to be a shear 
dominant fracture.  
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7.3.3 Shear test specimen simulation result and discussion 
The shear specimen, with exact geometry and dimensions, was modeled in 
ABAQUS. In the FEM simulation, the material parameters used were calculated 
from tensile and shear tests. An elastic-plastic progressive damage constitutive model 
was used. A key material property during shear failure, the shear strain at failure, was 
defined as 0.75. A quasi-static general solution method was used for shear stress 
intensity factor study, and a dynamic explicit solution method was used for analysis 
of EWF. Solid element C3D8R 8-node brick was chosen with optimized mesh size. 
The boundary conditions were the same as for physical testing. 

The first study involved modification of a shear specimen that can be used for shear 
testing in a simple tensile testing machine without any complicated attachments. 
HDPE and PP were tested and simulated to find shear stress domination during 
tensile loading. During the simulation, as the specimen loaded in tension, the shear 
and normal stress ratio in ZOI shows dominant of shear straining. This result is 
compared in Fig. 22 with the simulation of the standard Iosipescu shear test stress 
distribution at the same strain levels. It shows the advantage of MSTS over Iosipescu 
to find the shear properties of HDPE and PP. The microscopic study, as described 
earlier, also indicates the shear fracture to be dominant.  

A calculation of strain energy shows that the PP dissipates eight times higher than 
HDPE. But the ultimate shear strength is just two times higher. It happens as PP 
undergoes larger shear deformation before failure. This makes HDPE a more 
favorable material for packages that experience shear failures on opening. Shear 
fracture studies of discussed materials are necessary for other different designs of 
screw cap joints. LEFM was used to find the shear stress intensity factor and in the 
process, a relevant geometry correction factor was proposed as in Equation 7.1. 

 

Figure 22: Strain (%) vs ln(σ12/σ11) for MSTS and Iosipescu as calculated by finite 
element method (FEM). 
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𝑔𝑔𝐼𝐼𝐼𝐼 �
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𝜋𝜋
𝑤𝑤� + 2.607�  + 0.1429 sin �45.53 �

𝜋𝜋
𝑤𝑤� − 5.742�

+ 0.06811 sin �75.49 �
𝜋𝜋
𝑤𝑤� + 2.27� 

(7.1) 

For highly ductile material like HDPE, it is more appropriate to calculate EWF 
instead of fracture toughness. With this aim, the dimension of ZOI was varied to 
extrapolate the SWF to zero ligament length and zero thickness. As the ligament 
length was varied by changing the notch lengths, the shear and normal stress ratio 
varied, and it was observed that within specific range of ligament length, the SWF 
co-relates to produce smooth change with change in 𝐿𝐿0. 

Table 2: Variation in mode mix with change in ligament length as observed from 
numerical simulation (for thickness of 1 mm) 

L0 1 1.5 2 3 4 5 

Mode of failure 

σ22 (MPa) 

σ12 (MPa) 

I+II 

14 

19 

II 

8.6 

18 

II 

7 

18 

II 

3 

14.8 

II 

5 

19 

I+II 

11 

16 

 
Table 2 shows the changes of the mode of failure in a numerical simulation for 
HDPE. It had been defined by roughly comparing the tensile (𝜎𝜎22) and shear stress 
(𝜎𝜎12) components along the shear band connecting the notch tips in ZOI. It presents 
the trend of the effect of notch length on mode shift. The threshold 𝐿𝐿0 was found 
to be above 1 mm and below 4 mm when thickness was 1 mm. It was also 
experimentally checked that beyond the upper limit, the fracture shifts to Mode I. 
Modes of failure in Table 2 was labeled to be mixed unless shear stress is at least 
double of normal stress.  

The SWF from the experiment is shown in Fig. 23(a) and compared with that from 
numerical simulation in Fig. 23(b). When compared to Fig. 23(b), the stable range of 
ligament length usable for EWF determination is between 1 mm and 4 mm for a 1 
mm thick specimen (as this region shows a linear relation). Length above and below 
this range induces a mode mix, a finding also supported by the result presented in 
Table 2. Numerical simulation helped to get the SWF values for 0.5 mm thick 
specimens of the same range of L0, and the results are shown together in Fig. 23(b). 
A reason for having an unsuitable range of ligament length for EWF determination 
in the proposed shear specimen is mode shift. The observation suggests the usable 
range to be 2𝑡𝑡 < 𝐿𝐿0 < 𝑤𝑤/2. It is important to observe that this range was chosen 
because it is satisfied for both thickness.  

By extrapolation of ligament length, EWF for 1 mm thickness was 11 KJ/m2 and for 
0.5 mm thickness, 9.3 KJ/m2. Secondary extrapolation to zero ligament thickness 
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provided EWF without the influence of both the ligament length and the thickness, 
and was 7.6 KJ/m2. 

 

                    (a) Experimental                                  (b)  Experimental and Numerical 
Figure 23: Experimental specific work of fracture (SWF) at different ligament 

length.      

EWF in LEFM is equal to J integral, which is equivalent to ERR (𝐺𝐺𝐼𝐼𝐼𝐼). It is related 
to stress intensity factor according to Equation 7.2 

Fracture toughness predicted by this method based on the physical experiment is 6–
10 KJ/m2. This prediction is comparable with the prediction through EWF.  

It is noticeable that there is always some degree of mode mixture, and the mixing 
ratio varies along the evolution of loading. The mixed mode components, I/ II can 
be decoupled into individuals. For example, in an SE(B) specimen, the sum of the 
individual Mode I and Mode II stress intensity factors is comparable with that of 
combined Mode I and II. A similar approach was adopted to show by FEM 
simulation the evolution of mode mixity as the equivalent stress intensity factor 𝐾𝐾𝑒𝑒𝑒𝑒, 
calculated according to Equation 7.3 (see Fig. 24). 

 
𝐽𝐽 = 𝐺𝐺 =

𝐾𝐾𝐼𝐼𝐼𝐼𝑐𝑐2

𝐸𝐸
 

(7.2) 

 𝐾𝐾𝑒𝑒𝑒𝑒2 = 𝐾𝐾𝐼𝐼2 + 𝐾𝐾𝐼𝐼𝐼𝐼2  (7.3) 
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Figure 24: Evolution of stress intensity factor mixity against normalized equivalent 
stress intensity factor in a 1 mm thick shear test specimen with 3 mm ligament 

length. 

7.4 Study of thin packaging materials and their laminates 
Al-foil and LDPE film were tested with, and without pre-crack for bulk and fracture 
property determination. The interfacial shear property of these two layers were 
studied by using a newly developed testing method. The study was complemented 
by FEM simulation. Fractured and delaminated surfaces were observed under 
electron microscope to determine the mode of fracture. 

7.4.1 Tensile and delamination testing 
The materials used for this investigation were thin and flexible Al-foil and LDPE 
film provided by a packaging industry. Al-foil was manufactured by rolling the Al to 
9 μm (microns) of thickness. LDPE was extruded on to polyethylene terephthalate 
(PET) film at a very high speed that induced material orthotropy due to polymer 
chain orientation. When LDPE film was separated from PET, film thickness was 27 
μm. At a later stage, Al and LDPE were laminated with a 5 μm-thin layer of 
additional LDPE. The specimens cut from the laminate in machine direction were 
230 mm (excluding gripped length) in length, 95 mm wide and a total thickness was 
41 μm. A sharp blade was used to cut the specimens and the center pre-cracks. All 
tests were performed with an MTS QTest universal testing machine with a 100 N 
load cell. The laboratory temperature was 22°C, and humidity was 50%. A single test 
speed of 10 mm per minute was adopted, and the effect of strain rate was not 
studied.  

Laminate of Al/LDPE and the substrates were tested with predefined 45 mm center 
crack, as shown in Fig. 25(a).  
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Figure 25: Laminate test; (a) tensile test of aluminum and low-density polyethylene 
(Al/LDPE) laminate when Al pre-crack started to propagate; (b) stretching and 

delamination of LDPE near crack tip; (c) highlighted delamination area of one strip 
(out of four). 

The purpose of the pre-crack was to control the crack propagation path and induce 
stress concentration to ensure minimum plastic dissipation away from the vicinity of 
the crack propagation path. The effect can be seen in Fig. 25(b). After the failure, 
both separated parts were examined along propagated crack path, and the 
delamination was observed. To ease the measurement of the delaminated area, the 
whole delamination zone was highlighted using a bright color, as shown in Fig. 25(c). 

The magnified image of the delamination area and use of plot discretization software 
helped to find the area for all four delamination strips. It was also observed that the 
four strips were approximately similar to the strip shown in Fig. 25(c). 

During loading, the LDPE layer showed large local deformation and thinning near 
pre-crack due to stress concentration. Large stretching of LDPE can be attributed 
to its molecular structure. It has a stochastic distribution of a long polymer side 
chain, as studied by Schrauwen et al. (2004), and as a result, substantially large 
hardening through fine and coarse chain slips.  

7.4.2 Scanning electron microscopic (SEM) study of laminate 
For tensile test of an Al/LDPE sandwich without pre-crack, the start of necking in 
Al-foil and delamination after the failure of Al-foil as seen in the microscopic study 
is shown in Fig. 26.  
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Figure 26: Micrographs of necking and delamination in low-density polyethylene 
(LDPE) and Al-foil laminate (Mehmood, N. et al. 2014). 

Tensile testing of pre-cracked Al/LDPE laminate results in delamination around the 
vicinity of the crack propagation path and shown in the Fig. 27. The study of the 
delaminated surface suggested that the nature of the delamination was shear. 

 

Figure 27: SEM of shear delamination area in a pre-cracked aluminum and low-
density polyethylene (Al/LDPE) laminate. 

7.4.3 Result of laminate simulation and discussion  
A uniaxial tension of the packaging laminate with an interfacial pre-crack was 
simulated by the FEM model. A coupled elasto-plasticity damage and fracture 
constitutive model is combined to describe failure due to necking in substrates and 
interfacial delamination of a packaging laminate during loading. The proposed model 
is incorporated into the FEM code ABAQUS and employed to simulate a uniaxial 
tension in the laminate with an interfacial pre-crack. 

The deformation in simulation agrees well with theoretical results. Material 
behaviors, including elastic deformation, plastic flow, strain hardening, softening and 
interfacial delamination could be captured accurately by this model.  

First, the laminate was simulated with a perfect bonding between the Al and LDPE 
layers and compared with theoretical geometric deformation in the vicinity of the 

Necking 

Delamination 
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interfacial pre-crack. Fig. 28(a) shows the deformation results of the simulation 
without interfacial delamination. For comparison, the theoretical analysis results are 
also presented in Fig. 28(b). Slip-line theory was used that does not consider the 
progress in delamination (Andreasson et al. 2014) The simulation results are closely 
consistent with that of the theoretical analysis. That means the material behaviors, 
including elastic deformation, plastic flow, strain hardening, and softening could be 
captured accurately by the model.  

 
No Displacement Displacement is 0.004 mm Displacement is 0.005 mm 

   
(a) Simulation results 

   
(b) Theoretical results (Andreasson, E. et al. 2014) 

 
Figure 28: Deformation results of simulation and theoretical analysis. 

Fig. 29 shows the case when interfacial pre-crack that extends progressively along 
the interface during uniaxial tension. In ABAQUS, the fractured ERR 𝐺𝐺𝐼𝐼 and 𝐺𝐺𝐼𝐼𝐼𝐼 
could be computed by using the VCCT technique and used to get effective ERR 
ratio. That means the fracture criterion based on power law is satisfied; therefore, 
interfacial delamination initiates. The case without delamination at crack tip is also 
provided for the purpose of comparison. 

 

Figure 29: Interfacial delamination at interfacial pre-crack tip. 
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The interfacial delamination mode in pre-crack tip could be influenced by the ratio 
of fracture energy of Modes I and II and can be seen in Fig. 30. The Mode I of 
delamination is prominent when interfacial fracture toughness of Mode I and II is 
equal. Mode II turns to be important, with a relative decrease of its fracture 
toughness. 

                      
Figure 30: Influence curve of fracture toughness on interfacial delamination at crack tip. 

A unique technique to measure shear delamination energy between thin quasi-brittle 
Al and high-ductile LDPE was proposed in the last study of this thesis. It followed 
from the observation that during the tensile testing of pre-cracked thin Al/LDPE 
laminate, the Al layer cracks early and slides over locally stretching (in vicinity of pre-
crack) LDPE. This mechanism results in significant local delamination around the 
crack propagation path.  

 

Figure 31: Force -Displacement response of Aluminum (Al) and low-density 
polyethylene (LDPE) layers and their laminate. 
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Observation of the experiment shows that Al-foil in the laminate breaks near that 
sharp force peak (see Fig. 31). As the damaged top and bottom parts of Al separate, 
they leave a small strip of LDPE fixed by the adhesive to them. 

This small strip is approximated in this study as a very small LDPE specimen with 
pre-crack. This leads to high strain localization and hardening of this LDPE region 
at very small displacement. The hardening peak is close to the peak load-carrying 
capacity of the pre-cracked Al-foil in the displacement domain.  

This property explains the reason for the maximum force response of laminate being 
close to the summation of peak load-carrying capacity of individual substrates at an 
early stage of loading, as shown in Fig. 31.  

Given the cross-section and the maximum force response in the laminate, the stress 
induced away from the crack is well below the yield stress of both substrates; hence 
there is no dissipation of plastic energy for loading and unloading of these regions. 
Noticeably, single-layer LDPE elongates 30% above the one in the laminate. This 
can be attributed to the stored elastic energy of the soft LDPE film that is used to 
drive the pre-crack. As test speed is relatively low, it can be assumed that all the 
elastic energy was used to drive the crack. After test length measurements of single-
layer LDPE and laminate showed to be same, which indicates no plastic dissipation 
from the part of the LDPE-film away from the crack. It gives a base to consider the 
fracture energy of the pre-cracked LDPE film to be equal in a single-layer and in a 
laminate. The propagation of crack the in a single-layer pre-cracked Al-foil layer and 
in laminate with very compliant LDPE were observed to be the same from study of 
the vicinity of the propagated crack. An independent similar study on the same 
laminate by Andreasson et al. (2014) reported that Al-foil crack surface shows very 
small plastic deformation zone in the vicinity, which is confined in a region of 20–
30 μm, and the rest of the Al-foil experiences only elastic deformation. After the 
separation of substrates and laminate energy, the difference can be attributed to the 
delamination. An average calculation of the ERR was 216 J/m. 

 

Figure 32: Finite element method (FEM) simulation results; (a) simulated 
delamination zone; (b) shear response; (c) normal response of a cohesive element. 
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The study of ERR in a delaminated cohesive element near the pre-crack shows the 
shear and normal ERR components during cohesive damage process (see Fig. 32(b), 
32(c)). Quantitatively, shear ERR was 215.3 J/m and normal ERR of delamination 
was 0.012 J/m from simulation. This result indicates that the test setup provides 
excellent boundary conditions to facilitate shear delamination. The same conclusion 
can be derived from the SEM of the delaminated LDPE surface close to Al. The 
fine surface finish of LDPE in the SEM image indicated shear delamination. 
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8 Conclusions 
Shear fracture in packaging material is a relatively little-explored subject compared 
to normal fracture. Developed shear specimen geometry and geometry correction 
factor can be used to find the shear fracture toughness in PP and HDPE. If the 
ligament length and thickness in the specimen is varied within the proposed limit, 
the essential work of shear fracture can be determined for these materials. The 
specimen under discussion can be used in a tensile testing machine without extra 
attachments and fixtures as in the Iosipescu and V-Notched rail shear test.  
 
For package opening that experiences shear fracture (e.g. screw cap opening), the 
fracture toughness or EWF can provide mechanical information about ease of 
opening if a particular material is used to manufacture the screw caps. This 
information is also used in FEM simulation inputs. The study also concluded that 
HDPE is a more favorable material for screw caps when ease of opening is 
concerned.  
 
Thin Al and LDPE films are used as laminate in multi-layered packaging material. 
The propagation of an interfacial pre-crack in lamination in an Al/LDPE laminate 
was studied. Several FEM techniques available in the commercial FEM solver 
ABAQUS were employed to compare, and it was concluded that using the 
combination of the VCCT technique to model the interfacial delamination and 
coupled elasto-plastic damage constitutive for Al and LDPE substrates can describe 
interfacial delamination and failure due to necking. It was found that the 
delamination mode in a pre-crack tip is influenced by the ratio of fracture ERR of 
Mode I and II. This technique is an important addition towards complete package 
opening simulation that experiences crack propagation in this laminate.  
 
Another study in this thesis proposed a unique technique for measuring the shear 
delamination energy release rate in Al/LDPE laminate. This technique contributes 
to reducing the difficulty in quantifying shear ERR when substrates are very thin. 
The method was based on the observation that during the tensile testing of a pre-
cracked Al/LDPE laminate, significant shear delamination is observed around crack 
propagation path. The influence of bond strength on overall laminate behavior was 
due to strain localization in the delaminated area. 
     
The proposed test methods in this work will be crucial to measure the shear 
mechanical properties in continuum and laminates. Laminates of Al and LDPE or 
similar material can be studied using the developed simulation techniques. This in 
the long run will help in decision support of package opening development.  
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9 Future Work 
The research work up to this point in time concentrated on developing a shear test 
specimen that can be tested with sufficiently simple equipment and a shear 
delamination measurement technique, and their simulations. Development of a 
practical simulation toolbox for industrial application is still to be achieved.  

The mechanical properties of the packaging material had their own range of 
deviation for different samples. At the same time, geometrical and manufacturing 
properties for the same material differs by some margin unavoidably. A packaging 
material test data bank can be useful to develop a probabilistic data set for 
implementation in populistic modeling that accounts for all these uncertainties. 

The macroscopic response of the material from a standard force-displacement 
response cannot capture local strain concentration during the onset of damage. This 
local information is diluted in the global response. In future, use of additional 
experimental accessories for digital image correlation (DIC) and polarized light for 
recording of the test videos can further help to produce more accurate material 
modeling. For thin polymer testing, deep drawing using a spherical punch can be 
employed to capture large local straining. Peel testing performed with magnified 
video recording of root rotation can facilitate better delamination property 
determination. 

Simulation of laminates are limited to token peel or tensile tests, whereas even a 
simple practical package-opening simulation of laminates requires simplification of 
geometry and material model and acceptance of large solution divergence. The 
extremely slow computation of laminates when cohesive interface is used remains a 
challenge. In future, a cohesive formulation that helps these simulation issues 
regarding the convergence and run time of the solution can be developed. 

SEM adds much useful information about the material surface geometry, fractured 
or delaminated surfaces. It helps to understand the underlying mechanism for the 
deformation or fracture. Extended use of SEM post-test or even during test 
specimens could help the package openability research. 
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Abstract—Shear testing is one of the most complex testing areas 

where available methods and specimen geometries are different from 
each other. Therefore, a modified shear test specimen (MSTS) 
combining the simple uniaxial test with a zone of interest (ZOI) is 
tested which gives almost the pure shear. In this study, material 
parameters of polypropylene (PP) and high density polyethylene 
(HDPE) are first measured by tensile tests with a dogbone shaped 
specimen. These parameters are then used as an input for the finite 
element analysis. Secondly, a specially designed specimen (MSTS) is 
used to perform the shear stress tests in a tensile testing machine to 
get the results in terms of forces and extension, crack initiation etc. 
Scanning Electron Microscopy (SEM) is also performed on the shear 
fracture surface to find material behavior. These experiments are then 
simulated by finite element method and compared with the 
experimental results in order to confirm the simulation model. Shear 
stress state is inspected to find the usability of the proposed shear 
specimen. Finally, a geometry correction factor can be established for 
these two materials in this specific loading and geometry with notch 
using Linear Elastic Fracture Mechanics (LEFM). By these results, 
strain energy of shear failure and stress intensity factor (SIF) of shear 
of these two polymers are discussed in the special application of the 
screw cap opening of the medical or food packages with a temper 
evidence safety solution. 
 

Keywords—Shear test specimen, Stress intensity factor, Finite 
Element simulation, Scanning electron microscopy, Screw cap 
opening. 

I. INTRODUCTION 
N medical or food packaging, blister and bottle screw cap 
are widely used types of the packaging where opening of 

the package joints requires shear loading. Fig. 1 shows an 
example of a medical package with jointed screw cap. Two of 
the most used polymers in this field are Polypropylene (PP) 
and High-density polyethylene (HDPE). Both polymers are 
petroleum based thermoplastic. Investigation of shear fracture 
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properties of these and similar polymers are useful for 
efficient and user-friendly design of package opening and 
temper evidence safety solution. Traditionally Iosipescu and V 
Notched Rail tests are done to measure shear modulus, shear 
strength, poisson’s ratio and fracture properties. In Iosipescu, a 
notched specimen (Fig. 2 (a)) is loaded asymmetrically at four 
co-planer points to bend it and pure shear state is achieved 
along the imaginary narrow strip joining the notches [1]. 
 

 
Fig. 1 Screw cap sealed medical package that needs shear failure for 

opening 
 

Arun Krishnan and L. Roy Xu [2] show a similar loading 
and proposed formula for calculating shear stress intensity 
factor  

 
√                             (1)                           

 
Here, ‘P’ is the applied load, ‘W’ is width, ‘a’ is crack 

length, ‘t’ is the thickness of the short-beam shear specimen 
and ‘F’ is a dimensionless parameter. 
 

    
Fig. 2 Experimental setup of (a) Iosipescu shear test and (b) V-

Notched rail shear test 
 

In the case of V-Notched Rail test, the notched specimen is 
attached to a rail as in Fig. 2 (b) and loaded in uniaxial 
tension. The geometry is a hybrid where the test specimen and 
the rail of a V-Notched Rail Test join together with minor 
modification to give the new shape. The advantage of V-
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Notched Rail test over the Iosipescu is that, it can be used for 
larger deformation of test specimens. But both tests require the 
user to be very careful to setup equipments and attach fixtures 
with the test specimens. This paper investigates usability of a 
modified shear test specimen (see Figs. 3 (b) and 4 (a)) with 
no attachments and suggesting a simpler shear test method. 
Similar shape of shear specimen was proposed by Leslie 
Banks-Sills and M. Arcan [3] and modified by many authors 
including F. Gao et al. [4] The modified specimen in this work 
looks like a V-notched rail test setup, the fixture being a part 
of the specimen. 

To find whether the ZOI in specimen undergoes shear 
loading, sate of stress is required to be checked during uniaxial 
tensile loading. There are several ways to check the sate of 
loading of a specimen. By definition states stress triaxiality 
σm/ σ v= 0.33 for uniaxial tensile loading and σ m/ σ v= 0 for 
pure shear loading [5]. A quantitative comparison between 
normal (σ11) and shear stress (σ12) in the zone of interest can 
also conclude about the state of loading. [6]. When σ12/σ11 is 
larger than one, shear loading is larger and as this value 
increases, shear loading becomes more dominant. 

For calculation of shear failure the quantity stress intensity 
factor, KII helps to predict the stress state near crack/notch tip. 
Linear elastic fracture mechanics (LEFM) predicts equation,  

 
√                                      (2) 

 
gII being the shear geometry correction factor for MSTS.   

II. PHYSICAL EXPERIMENTS 
Materials used for the experiments are prepared in material 

testing laboratory of a packaging company. Shaping technique 
used for making PP and HDPE plates is injection molding 
from several points to achieve better isotropic properties. The 
dogbone tensile and modified shear test specimens as 
described above are then cut for the material plates by using 
water jet. Notches in shear specimen are cut by hand using 
sharp blades. 

All tests are performed on MTS Qtest 100 Tensile testing 
machine with a load cell of 2 kN at room temperature. High 
data acquisition rate and slow test speed is used to get more 
accurate data. Tensile and proposed modified shear test 
specimens for both HDPE and PP are referred as Sp1 and Sp2 
respectively are as in Fig. 3. 

 

 

 
Fig. 3 (a) Tensile dogbone specimen and (b) proposed shear 

specimen (without notch) 

Two ends of the specimen are fixed to hydraulic grip 
orienting vertically and then upper grip is elevated to induce 
tension. Co-relation between tensile force and displacement 
provides young’s modulus, poisons ratio, plasticity data.  

The geometry of the dog bone specimen used in tensile test 
has an effective length of 22.72mm, width of 6mm and 
thickness of 0.69mm according to ASTM E8 standard for flat 
test specimen. The shear specimen can be divided into two 
parts as a loading frame (Fig. 4 (a)) and effective test 
specimen (Fig. 4 (b)) that can be imagined as cross section 
containing the notches [4]. 

 

 

 
Fig. 4 (a) Loading frame (b) Effective test specimen 

 
Thickness of the specimen is 0.69 mm and notches are with 

an angle of 30 degree. Notch depth ‘a’ is arbitrary. 

A.  Uniaxial Tensile Test 
PP and HDPE are loaded in uniaxial tension to find the 

correlation data points between force and extension. Test 
speed is 10mm/min with data acquisition rate of 10 Hz.  

 

 
Fig. 5 Tensile testing of PP 

 
From these data points true stress and strain curve is plotted 

which provided information about the Young’s modulus, 
plastic stress, plastic strain, strain rate etc that later used in the 
numerical material model. Standard poisson’s ratio of 0.45 for 
PP and 0.42 for HDPE are used for later calculation. 

B.  Shear Test 
The geometry of the specimen is finalized after initial finite 

element calculation and trial and error of many FEM 
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IV. RESULT AND DISCUSSION 
Numerical and experimental results of force and elongation 

of PP and HDPE dogbone tensile specimen are as in Fig. 9. 
The results are in good agreement which allows us to use the 
numerical material model to compute stress distributions and 
stress intensity factor.  

 

 
Fig. 9 Comparison of experimental and numerical tensile results of 

PP and HDPE dogbone specimen 
 

 
Fig. 10 Co-relation between force and elongation of HDPE and PP 

(Numerical results plotted in dot) 
 

Numerical and experimental co-relations between force and 
elongation of the shear specimen are as in Fig. 10. 

A.  Observation of Stress Distribution 
Stress state is numerically investigated on the σ12 and σ11 

around the notches for 50% strain level. Maximum shear 
stress, σ12 has the magnitude of 13 MPa across the cross-
section of ZOI, where as the maximum normal stress, σ11 is 
around 1.5 MPa, which is nine times lower to indicate shear 
stress domination. This can be seen in the color coded contour 
for σ11 and σ12 of the specimen in Fig. 11. The distribution 
shows domination of σ12 over σ11. A quantitative relation 
between ln (σ12/ σ11) and shear strain (%) is in Fig. 12. In this 
case, stress values are computed from numerical simulation at 
the centre node of the ZOI. This also satisfies domination of 
shear stress. For a further comparison of stress distribution in 
MSTS, a numerical simulation of frequently used Iosipescu 
shear test is computed in Abaqus. The part experiencing shear 

load in the Iosipescu specimen is kept of the same dimension 
as in MSTS and equal level of strain is applied. 3D contour 
stress distribution of σ12 and σ11 for this simulation are shown 
in Fig. 13. A close resemblance between the results justifies 
the effectiveness of modified specimen for shear testing. 

 

 

 
Fig. 11 3D contour of stress distribution during modified specimen 
loading (a) Shear stress (b) Zoomed shear stress (c) Normal stress 

 

 

Fig. 12 Strain (%) vs ln(σ12/ σ11) for MSTS and Iosipescu 
 

σ12 has the magnitude of 14.04 MPa across the cross-section 
of ZOI, where as σ11 is around 1.66 MPa. This is not clearly 
conclusive but in most cases MSTS shows higher level of 
shear stress domination. 
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Fig. 13 3D contour of stress distribution during Iosipescu specimen 
loading (a) Shear stress (b) Zoomed shear stress (c) Normal stress 

B. Geometry Correction Factor 
Stress intensity factor is numerically evaluated and using 

(2), geometry correction factor ‘gII’ is calculated for different 
notch length ‘a’ of 30 degree notch angle and fixed ‘w’ (See 
Fig. 4 for ‘a’ and ‘w’) as in the Table I. KII (Shear stress 
intensity factor) is linearly proportional to shear stress τxy, so, 
values at arbitrary state of loading are selected for calculation. 

 
TABLE I 

GEOMETRY CORRECTION DATA 
a/w KII 

HDPE 
KII  
PP 

Txy 

HDPE 
Txy 

PP 
gII 

HDPE 
gII 

PP
0.0955 3.78 5.44 7.31 10.23 0.41 0.42 
0.1235 5.04 7.12 8.24 10.83 0.42 0.45 
0.1573 8.53 11.65 7.54 9.39 0.68 0.76 
0.1966 10.32 9.03 10.6 15.12 0.43 0.32 
0.2359 7.82 9.72 14.06 15.81 0.23 0.3 
0.2771 6.46 11.6 10.37 15.19 0.34 0.35 
0.2996 6.8 14.7 11.39 15.53 0.3 0.42 
0.3183 8.03 13.78 11.28 17.78 0.33 0.33 
0.3389 9.63 15.11 10.64 16.24 0.39 0.39 

 

 
Fig. 14 Relation between (a/w) and geometry correction factor of 

MSTS 
 

Using the least squared root fitting method the results can 
be co-related with a sum of sine function as in (3). 

 
1.291 sin 1.033 2.607   0.1429 sin 45.53 5.742

0.06811 sin 75.49 2.27                               (3) 
  

Shear stress intensity factor range for HDPE is 3.78-10.32 
and for PP is 5.44-15.11. 

V. CONCLUSION 
The aim of the work is to modify a shear specimen that can 

be used for shear testing in simple tensile testing machine 
without any complicated attachment. Two different polymers 
are tested and simulated to find shear stress domination during 
tensile loading. From the stress distribution of σ11 and σ12 the 
MSTS specimen geometry justifies its use for shear testing. 
The comparison of different components of stress tensor of 
modified specimen with standard Iosipescu shear test stress 
distribution at same strain level shows the advantage of MSTS 
to find shear properties. Shear test results in Fig. 10 shows the 
strain energy (area under curve) for PP and HDPE shear 
failure. A calculation of strain energy by integration of curve 
equation obtained by fitting test data, shows that the value for 
PP is eight times higher than HDPE. But the ultimate shear 
strength is just two times higher. It happens as PP undergoes 
larger shear deformation before failure. This makes HDPE a 
more favorable material for packages those experience shear 
failure for opening. Shear fracture studies of discussed 
materials are necessary for other different designs of screw 
cap joints. The SEM study shows PP and HDPE fracture is 
partially brittle so established geometry correction factor for 
LEFM study can be used to find shear stress intensity factor. 
Finally, KII range for HDPE is 3.78-10.32 and for PP is 5.44-
15.11. Energy release rate is proportional to the stress intensity 
factor squared and expresses the required energy to create new 
fracture surface. So, PP screw cap is much harder to break and 
separate the joints. 
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ABSTRACT

Shear fracture toughness is an important material behavior that needs to be

determined and considered in many industrial fields. At the same time, shear

testing is one of the complex material testing areas where available methods

are few, often need special arrangements, and most of the methods do not

strictly satisfy the definition of pure shear. In this study, a modified shear test

specimen was proposed to measure the shear fracture toughness by uniaxial

loading in a tensile testing machine. High density polyethylene (HDPE) was

used as test material for the experiments. The specimen was created in order

to suit the most common used tensile test machine. The specimen was then

optimized by using finite element analysis (FEA) to find the geometry and the

size of the pre-notch to avoid the mixed mode loading and minimize effects of

normal stresses. For the specimen in discussion, an upper and lower limit of

usable ligament length can be found. A method for determining the fracture

toughness was discussed according to the essential work of fracture. Finally,

an example of a special application of the proposed specimen was presented

where the variation of shear strength of controlled delamination material

(CDM) was measured.
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Introduction

Shear fracture toughness needs to be determined in many application areas. One of

these is within package industries for manufacturing of bottle, jar, screw caps, and

tamper evident attachments where HDPE is one of the frequently used materials.

For a rapid yet reliable package development process with (FEA), knowledge of

detailed and accurate material property is crucial [1]. Investigation for any material

properties such as elasticity, plasticity, and mode I fracture response have been stud-

ied by many authors and are mostly found by tensile test of standard dogbone or

rectangular specimen with or without a pre crack. On the contrary, fewer works can

be found in testing for determination of shear continuum and fracture properties.

Two of the most commonly used shear test procedures are Iosipescu and V Notched

rail tests. However, these tests require additional fixtures [2–4]. This paper aimed to use

a modified shear test specimen earlier developed by authors of this article [1] to find a

method to determine the shear fracture toughness KIIC. Previously, a similar shape of

shear specimen was proposed by Banks-Sills et al. [5] and modified by many authors,

including Gao et al. [6] to be used for polymer material. The HDPE studied here has

excellent ductility and large work hardening that develops stable necking when it under-

goes plastic deformation [7]. This makes the shear testing difficult by mixing of normal

loading prior to failure. Kwon and Jar [8,9] used side-grooved double edge notched

(DEN) specimen to guide the Iosipescu test of HDPE toward pure shear.

The theory of essential work of fracture (EWF) has been applied in this work.

EWF has recently been used to find the energy consumed to create new fracture

surfaces [10–13]. Based on the EWF concept, the double edge notched tensile

(DENT) test method is mostly used to determine mode I fracture toughness when

necking in the fracture process zone is small [14]. The specific work of fracture

(SWF) is extrapolated to zero ligament length in order to get the KIC value. A range

of usable ligament length in relation to the specimen width and thickness was found

to be between 5t (t is the thickness) and 3w (width) [10]. There is a debate on the

range and some authors have claimed the maximum ligament length to be 2w [15].

However, in pure shear case, the range differs depending on testing method. In

standard Iosipescu tests, it was found that the minimum ligament length is the same

as the thickness (t), but no study of maximum limit was mentioned [8].

This study aimed to investigate the process to propose the shear fracture tough-

ness determination method for a modified shear test specimen by taking HDPE as

an example. Based on shear testing specimens proposed by earlier authors [5,6], a

further modification of specimen geometry was done by means of intensive trial and

error optimization of different shape parameters in numerical analysis. Specimen

shape that has highest shear to tensile stress ratio with minimum unwanted mixed

mode loading or twisting was chosen. This modified shear test specimen was then

used successfully together with EWF theory for shear fracture toughness determina-

tion. A suitable ligament length range was proposed. The approach used was a com-

bination of physical experiment and numerical simulation.

Experimental Method

The geometry of the modified shear specimen in this study is shown in Fig. 1. After

an optimization study of the effect side grooves, notch distance, notch length, notch
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angle by experiment, and complemented by numerical simulation, the geometry was

proposed by the authors previously and modified further for this study [1]. Speci-

mens were prepared both by CNC machine and high precision water jet from com-

mercial Grade HDPE pellets supplied by GE plastics. The HDPE had a density of

952 Kg/m3, melting temperature 404K, Youngs modulus (296K) 1000MPa, yield

stress (296K) 26MPa, melt mass flow rate (463K/ 2.16 kg) 6.5 g/10min and was

manufactured by injection molding. CNC cut provided a better surface finish over

the water jet cut. Different lengths of notches were cut in the specimens separately

with the help of a sharp knife. The effective test specimen that can be imagined as

cross section containing the notch edges [4] is referred to as zone of interest (ZOI)

in later discussions. The remaining part of the specimen acts to hold the ZOI in

proper orientation to load it in shear. Thickness of the specimen was 1mm and

notches with length a were within an angle of 30�. For EWF study, w is the specimen

width and w-2a is the ligament length L0 Fig. 1b. Notches were cut to get samples of

specimens with ligament lengths of 1, 2, 3, 4, and 5mm.

An MTS QTest universal testing machine with 2 kN load cell was used for uni-

axial loading of specimens. The laboratory temperature was 296K with 50 % humid-

ity. The specimens were vertically oriented and two ends (5mm) were fixed with

hydraulic grips of 0.5MPa. The load was applied by lifting up the upper grip at a

speed of 10mm/min to induce tension. The shear test response of HDPE largely

depends on the strain rate; a general tendency is to increase the stress with increases

strain rate [16]. However, in this study, this effect was not tested. Finally, a mini-

mum three repeatable force-displacement curves were obtained for each ligament

length.

Finite Element Simulation and Essential Work

of Fracture

The aim of the complementary simulation was both to check the usability of pro-

posed specimen and reduce the number of tests required to perform the regression

and extrapolation on SWF. The shear specimen with the exact geometry and dimen-

sion was constructed in commercial finite element analysis software Abaqus 6.13

[17]. In the FEM simulation, the material parameters were used from previous

related publications [1,18] that could replicate the experimental shear load

FIG. 1 Shear test specimen geometry. (a) Whole specimen and (b) effective test specimen.
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displacement curve for this specimen. An elastic-plastic progressive damage consti-

tutive model was used. A key material property during shear failure, i.e., shear strain

at failure was chosen as 0.75. Abaqus was explicitly used for analysis that enables

propagation of crack along notches. Solid element C3D8R 8 node brick was chosen

with optimized mesh size. Boundary conditions were same as physical testing.

In order to determine the fracture toughness, the theory of EWF has been

applied. As described before, the method has been mostly used in the mode I study

of fracture. For example, for DENT test, the energy balance equation can be

expressed as:

wI
f ¼ wI

e þ bI
pw

I
pL0 (1)

where:

wI
f ¼ SWF,

wI
e¼ specific essential work of fracture,

wI
p¼ density of plastic work,

L0¼ ligament length, and

bI
p¼ the shape factor of the plastic deformation zone. The superscript I indicates

mode I fracture.

For determination of shear fracture toughness of HDPE, use of EWF

was adopted earlier by Kwon and Jar [8,9] with a standard Iosipescu test. They pro-

posed an SWF expression as in Eq 2. There are two shape factors, b, one depending

on ligament length and another on thickness. Superscript II indicates shear

deformation.

wII
f ¼ wII

e þ bII
p;Lw

II
p;LL0 þ bII

p;tw
II
p;t t0 (2)

As it is pointed out by Shafiqul et al. [1], the proposed shear specimen has a similar

loading case compared to a standard Iosipescu test. Therefore, the same approach

was adopted on this modified shear test specimen. Extrapolation of SWF (wf) to zero

ligament length gave an estimation of EWF. A second extrapolation was performed

on EWF to zero thickness. It was a two-point extrapolation using specimen thickness

0.5 and 1mm. The first extrapolation eliminated specific energy consumption by lig-

ament rotation and second excluded plastic deformation energy [8].

For EWF determination, numerical load-displacement was calculated for liga-

ment length L0 of 0.3, 1, 2, 3, 4, and 5mm and thickness t of 1 and 0.5mm. In the

post-processing of the test result and video, visual deformation and mode change

was observed as well as relevant stress, and area under stress-displacement curve,

i.e., SWF was calculated. Experimental SWF values for ligament length 1, 2, 3, 4, and

5mm and thickness 1mm was validated for finite element usability check.

Result and Discussion

Specimen deformation started with a pure shear loading in the ZOI, but failure

depended on notch length.

When there was no notch or the notch was very small compared to the width

“w,” initial shear loading (mode II) shifted to a tensile loading (mode I) on the liga-

ment and the specimen failed at overall large strain with significant necking.
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With the increase of notch length, this shift of mode started to reduce till a value

of “a/w” when dominantly mode II loading and failure can be claimed. A set of

deformations during one of the tests is shown in Fig. 2, Since the key observation

was to find this threshold range value of the ligament “w-2a,” a series of simulation

and experiments were performed with varying notch length “a” with fixed width “w”

as well as varying thickness. Fig. 3 shows the force and displacement curves for dif-

ferent notch length from the experiment. It was found that the notch length has a

significant effect on mode change; generally, a larger notch encourages greater shear

stress than normal stress at the onset of failure. Without notches or with very small

notches, the specimen is initially also loaded in shear at small strain, but as the strain

increases, ZOI rotates its orientation to go through a mixed mode I and II fracture.

Eventually, before failure, mode I dominates.

FIG. 2 Deformation at different applied displacement in an ongoing tensile test of shear specimen with 0.5 mm notch.

FIG. 3

Force versus displacement

response for experiment on

different notch length.
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Sharp mode change was visible for the zero notch length as a wave in the force

displacement response shown in Fig. 3. The mode mix during loading was then

examined by numerical simulation.

Fig. 4 shows the partial view of the shift from mode II to the mixed mode of I

and II in numerical simulation as the notch length is reduced to zero.

Table 1 shows the changes of the mode of failure in numerical simulation. It had

been defined by roughly comparing the tensile (r22) and shear stress (r21) compo-

nents along the shear band connecting the notch tips. It can be found that the notch

length had a significant influence to the fracture mode which confirmed the experi-

ment results. It presents the trend of the effect of notch length on mode shift. The

threshold “L0” was found to be above 1mm and below 4mm when thickness was

1mm.

SWF from experiment is shown in Fig. 5a and compared with that from numeri-

cal simulation in Fig. 5b. A practice in mode I fracture is to consider the linear range

of value to extrapolate SWF for EWF determination [15]. When compared to Fig.

5b, the stable range of ligament length usable for EWF determination is between 1

and 4mm for 1mm thick specimen (as this region shows a linear relation). Above

and below this range induces mode mix which is also supported by the result pre-

sented in Table 1. Numerical simulation helped to get the SWF values for 0.5mm

thick specimens of the same range of L0 as 1mm thick specimen and the results are

shown together in Fig. 5b. A probable reason for having an unsuitable range of liga-

ment length for EWF determination in the proposed shear specimen is mode shift.

The observation suggests the usable range to be 2t < L0 < w=2. It is important to

observe that this range was chosen because it is satisfied for both thickness.

FIG. 4 Partial views of mode shift in FEM. To left 1 mm notch (no shift), to right without notch (shift).

TABLE 1

Numerical failure behaviour at different ligament length (t¼ 1 mm).

L0 1 1.5 2 3 4 5

Mode of Failure Iþ II II II II II Iþ II

r22 (MPa) 14 8.6 7 3 5 11

r12 (MPa) 19 18 18 14.8 19 16
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By extrapolation of ligament length, EWF for 1mm thickness was 11 KJ/m2 and

for 0.5mm thickness, 9.3 KJ/m2. Secondary extrapolation to zero ligament thickness

provided essential work of fracture without influence of ligament length and also

thickness, which was 7.6 KJ/m2.

A linear elastic fracture mechanics (LEFM) study of HDPE done on the modi-

fied shear specimen by Shafiqul et al. [1] proposed a geometry correction factor for

stress intensity factor determination as Eq 3:

gII
a
w

� �
¼ 1:291 sin 1:033

a
w

� �
þ 2:607

� �
þ 0:1429 sin 45:53

a
w

� �
� 5:742

� �

þ 0:06811 sin 75:49
a
w

� �
þ 2:27

� �
(3)

Essential work of fracture in LEFM is equal to the J integral, which is equivalent to

energy release rate (GII). It is related to stress intensity factor according to Eq 4.

J ¼ G ¼ K2
IIc

E
(4)

K2
eq ¼ K2

I þ K2
II (5)

Fracture toughness was predicted by this method based on physical experiment is

between 6 and 10 KJ/m2 [1]. This is comparable with the prediction through EWF.

It is noticeable that there are always some degree of mode mixture and the mix-

ing ratio varies along the evolution of loading. The mixed mode components, I/ II,

can be decoupled into individuals [19]. For example, in a SE(B) specimen, the sum

of the individual mode I and II stress intensity factors is comparable with combined

mode I/ II [20]. A similar approach was adopted to show by FEM simulation, the

evolution of mode mixity as the equivalent stress intensity factor Keq calculated

according to Eq 5 increases to equivalent fracture toughness.

Fig. 6 shows an increased mode mixity as the stress intensity factor reaches the

critical value. When the ligament length is increased or decreased from this

FIG. 5 Experimental specific work of fracture at different ligament length. (a) experimental and (b) experimental and numerical.
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FIG. 6

Evolution of stress intensity

factor mixity against

normalized equivalent stress

intensity factor for 1-mm-thick

specimen with 3 mm ligament.

FIG. 7 Examination of shear strength reduction in CDM. (a) The specimen and (b) force-displacement response.
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optimum value for this given geometry, mixity becomes more prominent following

the trend of stress mixity shown in Table 1.

A PRACTICAL APPLICATION OF THE SHEAR SPECIMEN

The proposed modified shear specimen was used for finding the ultimate shear

strength of a special epoxy adhesive known as controlled delamination material

(CDM). An aluminium (Al) specimen was divided into two symmetric halves along

ZOI and later joined together by CDM. With the application of dc volt to the con-

ductive substrates, the CDM joint weakens. This phenomenon was tested and the

ultimate shear strength reduction was observed.

Fig. 7a shows the partitioned specimen which was glued by CDM. Fig. 7b shows

force-displacement response of tensile shear test on the glued specimen before and

after electrifying (applying dc voltage). An alternative to measure this shear strength

can be according to ASTM B769-11 [21].

Conclusions and Future Works

In this study, a method to measure the shear fracture toughness was introduced to-

gether with the shape of a suitable specimen. The proposed specimen shape has a li-

mitation of mode shift from mode II to a mixed mode Iþ II, as shown by

simulations and experiments. A means of avoiding this by introduction of sharp

notches within certain length limits was discussed. The essential work of fracture

can be determined with stable ligament length in a range from 1 to 4mm for 1mm

thickness of proposed specimen geometry, which roughly matches the shift range

from mode II to mixed mode Iþ II from numerical observations. It was also found

that suitable ligament for EWF determination together with proposed specimen was

2t < L0 < w=2. Fracture toughness was obtained by double extrapolation of the spe-

cific essential work of fracture within the ligament length range. A more complete

study of the thickness effect can be carried out to support the ligament range finding.

The fracture toughness values were comparable with that obtained by a linear frac-

ture mechanics study of HDPE. Finally, this specimen was used to find the shear ad-

hesion strength of the CDM joint in Al interface as a practical application.
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In this work, a packaging laminate consisting of LDPE (Low Density Polyethylene), Al-foil (Aluminum foil) is focused, and failure
due to necking in substrates and interfacial delamination under loading are considered. A coupled elasto-plasticity damage and fracture
constitutive model is combined. The proposed constitutive model is incorporated into the FEM code ABAQUS and utilized to simulate
a uniaxial tension in the laminate with an interfacial pre-crack. The simulation results show deformation of the laminate agrees well
with theoretical results. The new combined constitutive model is proper to study the failure due to necking and interfacial delamination
in the laminate. And the interfacial delamination mode in pre-crack tip could be influenced by fracture toughness ratio of mode I, II.

Keywords: Packaging Laminate; Fracture, Delamination; Constitutive Model; FEM; Uniaxial Tension.

Introduction

Liquid food packaging becomes an important part in our daily life because it aids liquid food distribution, allows
consumers to have more choice in the foods available and reduces wastes. Liquid food packages are often made of
composites in order to meet a variety of functional requirements. In this work, a laminate consisting of LDPE (Low
Density Polyethylene), Al-foil (Aluminum foil) is studied. In this laminate, each layer contributes with certain
properties to the complete material structure. The LDPE layer is used to avoid the direct contact of liquid food to the
Al-foil; the Al-foil is beneficial to prevent oxygen and light from reaching the food product from the outside; both
the LDPE and Al-foil layers are bonded together. During production, the laminate goes through different processes
such as printing, coating, creasing, laminating, perforation etc. To become a liquid food package, it also needs to be
formed, folded, filled, etc. Before reaching the consumer, it has to tolerate loading during transport and distribution.
In this work, the laminate has been loaded to extreme loading way beyond normal loading conditions to provoke
defects such as failure due to necking in substrates, and interfacial delamination, as shown in Fig.1.

Necking

Delamination

Fig.1 Micrographs of necking and delamination in LDPE, Al-foil packaging laminates[1]
When necking and delamination appears, mechanical toughness of laminate is changed significantly. It is

necessary to study and understand the influence of different mechanisms of those defects on property of packaging
material. It poses a challenge to researcher. Therefore, the intention in this work is to develop the corresponding
theoretical model to analyze failure due to necking in LDPE and Al-foil layers, and delamination in LDPE/Al-foil
interface. The proposed model is then used to study of failure due to necking and interfacial delamination in the
packaging laminate with an interfacial pre-crack under unaxial loading.

1. Theoretical and Numerical Modeling

As shown in Fig.1, the failure due to necking in LDPE/Al-foil packaging laminate under loading mainly refers to
both aspects, necking in LDPE and Al-foil, and interfacial delamination. In order to simulate necking and
delamination of the laminate, a theoretical model should be created to capture accurately the materials responds



2

during loading at first. After that, the developed model will be incorporated into the commercial finite element
packages ABAQUS to fulfill its application.

In engineering, necking is a mode of tensile deformation where relatively large amounts of strain localize in a
small region of the specimen or structure [2]. Because the local strains in the neck are large, necking is often closely
associated with yielding, a form of plastic deformation associated with ductile materials, often metals or polymers
[3]. In another words, material necking, i.e. strain localization, is the comprehensive results of stress concentration
and material degradation i.e. softening. Softening refers to the degradation of material stiffness. Therefore, all these
deformation mechanisms, such as elastic deformation, plastic flow, strain hardening, and softening should be
considered. The corresponding theories should also be employed in constitutive model to describe material behavior
correctly during deformation.

Interfacial delamination is one of the most common failure modes for composite structures because the remote
loadings applied to composite components are typically resolved into interfacial tension and shear stresses at
discontinuities that create interfacial delamination [4-6]. As described above, interfacial delamination does occur in
packaging material studied here. Therefore, it becomes another important physical mechanism to influence
mechanical toughness. To characterize the onset and propagation of interfacial delamination, damage mechanics or
fracture mechanics could be utilized.

1.1 Elasto-Plasticity Damage Mechanics

Material necking is due to the stress concentration and material damage of stiffness. Stress concentration could be
caused by various defects, such as cracks, inclusions, and so on. Softening refers to the degradation of material
stiffness. In this work, an elasto-plasticity damage constitutive model is suggested to demonstrate the failure due to
necking of substrates, LDPE and Al-foil.

In the constitutive model, linear elastic model based on Hooke’s Law is used to describe material elastic
behavior. The von Mises yield criterion, isotropic hardening, and associated flow-rule, to reveal material plastic flow.
The elasto-plasticity constitutive model is related to equation (1) to (6).

ε:Dσ  ep (1)

plelep DDD  (2)

plel εεε   (3)

elelel )( ε:Dεε:Dσ pl  (4)

0)()(),( 0   qff σσ (5)

nε
σ
σε plpl

),(  





 f (6)

Here, σ and ε are total stress rate and strain rate, epD , elD , plD are material elasto-plasticity, elastic and plastic
stiffness, respectively, and elε and plε are elastic rate and plastic (inelastic) strain rate.

Equation (5) is von Mises yield criterion with isotropic hardening, and   S:S23q is the von Mises equivalent
stress, S is the deviatoric stress, 0 is the yield stress,  represents one or more hardening parameters. Equation (6)
is associated flow-rule since von Mises yield function )(σf is used to be as flow potential, and q23Sn  represents the
direction of the plastic flow, plε is equivalent plastic strain rate.

Damage mechanics is concerned with damage of materials that is suitable for making engineering predictions
about the initiation, propagation, and fracture of continuum materials or interfacial delamination of composites
without resorting to a microscopic description that would be too complex for practical engineering analysis [7]. In
this work, damage mechanics will be employed to describe damage both in LDPE, Al-foil layers. A damage criterion
is composed by damage initiation and damage evolution. Most of the work on damage mechanics uses state variable
to represent the effects of damage on material stiffness [8]. By using a damage state variable, the flow stress after
damage could be reevaluated by equation (7).

https://en.wikipedia.org/wiki/Deformation_%28engineering%29
https://en.wikipedia.org/wiki/Deformation_%28mechanics%29
https://en.wikipedia.org/wiki/Yield_%28engineering%29
https://en.wikipedia.org/wiki/Ductile
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σσ )1( D (7)
where σ , σ are flow stress of damaged and undamaged substrates respectively, D is a scalar damage state

variable, representing the overall damage of materials. When 1D , material point has completely failed, namely
fracture occurs.

1.2 Fracture Mechanics

In this work, fracture mechanics will be used to depict interfacial delamination. The energy criterion and the stress
intensity approach are the two most common approaches to the fracture analysis. Here, the energy criterion which
was proposed by Griffith will be adopted [9] and a 2D fracture mode-mix criterion based on power law [10] is used.

1)()(
IIc

II

Ic

I  anam
G
G

G
G

f (8)

where f is effective energy release rate ratio. Once equation (8) satisfies, interfacial delamination occurs.
In equation (8), IG , IIG and IcG , IIcG are strain energy release rate and fracture toughness of mode I, II, am , an

are relevant parameters respectively. In this work, am , an , are 1.

1.3 Numerical Modeling

As described above, the failure of laminate under loading mainly refers to two aspects, failure due to necking in
substrates, and interfacial delamination induced by the mixed-mode cracking of mode I, II. By means of related
theories including continuum mechanics, damage mechanics, or fracture mechanics, a coupled elasto-plasticity
damage and fracture constitutive model, governed by equation (1) to (8), is therefore formulated and could be used to
capture correctly the two kinds of material behavior.

In this work, ABAQUS is employed to handle the constitutive model. In ABAQUS, all the behaviors described
by equation (1) to (7), i.e. elastic behavior, plastic flow and softening due to damage, can be utilized in the
fundamental function module of ABAQUS [11]. VCCT (Virtual Crack Closure Technique) available in ABAQUS, is
used to model the interfacial delamination.

2. Simulation of a Uniaxial Tension

Since the theoretical model of LDPE/Al-foil packaging laminate under loading is combined and the constitutive
model can be realized by fundamental function and VCCT technique in ABAQUS. Then, the combined model is
used to simulate a uniaxial tension in the laminate with an interfacial pre-crack to validate the model and study the
fracture in LDPE, Al-foil layers and interfacial delamination.

2.1 Information and Parameters

Here, a uniaxial tension in the laminate with an interfacial pre-crack is carried out by ABAQUS. The laminate is
composed of a two layer composite build up by LDPE and Al-foil. Fig.2 illustrates the basic information. The
interfacial pre-crack is regarded as imperfect bonding and is assumed in the center with a total length of 0.005 mm,
shown by the thick blue line at the middle of interface. Therefore, stress concentration and necking will arise around
it in the uniaxial tension simulation. Two simulation results under different amount of displacements, 0.004 and
0.005 mm, are used to compare with theoretical case[12].

To model elasto-plastic behavior of laminate described in ABAQUS, the Young’s modulus of LDPE and Al-foil
are 34201, 136.63 MPa respectively and Poisons ratio of both material is the same value, 0.3. The plasticity values
are shown in Fig. 3.
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Fixed
End

Uniaxial
Tension

0.050 mm

Al-foil0.005 mm

LDPE0.020mm
Pre-crack, 0.005mm

Fig.2 2D model of the packaging laminate Fig.3 Plasticity value of LDPE and Al-foil

In this work, the ductile damage model in ABAQUS is adopted to depict damage mechanism, The fracture strain,
stress triaxiality and strain rate in the model, are required to define damage initiation. Moreover, a linear damage
evolution law based on energy is also used to define the post-damage material behavior. All the related parameters
are listed in Table 1.

Table 1 Parameters of ductile damage model in substrates

Material Fracture Strain Stress Triaxiality Strain Rate Fracture Energy (N/mm)

Al-foil 0.036 -5 0 10.036 5 0

LDPE 0.90 -5 0 0.010.90 5 0

VCCT technique in ABAQUS is used to model interfacial delamination. For VCCT technique, power law
expressed by equation (8) is adopted to work as the interface debonding criterion. The fracture toughness, IcG , IIcG
and am , an should be specified to define the fracture criterion. In this work, a set of normalized parameters of

IIcIc /GG are used to validate the model and analyze the delamination mode of pre-crack tip.
Fig.4 displays the FEM model based on VCCT. In this model, the interfacial pre-crack can be realized by initial

debonding part of Slave-Master Contact Pair, shown as a white line. In order to activate the crack propagation
capability, a small-sliding, slave-master contact surfaces in ABAQUS/Standard is used. Moreover, an initial contact
condition is used to identify which part of the slave surface is initially bonded and will debond once the fracture
criterion is met. In the model, the four-node quadrilateral plane strain elements, type CPE4, are used in both
substrates, and matching elements along the interface.

LDPE

Al-foil

Pre-crack

Fig.4 FEM model based on VCCT technique

3. Simulation Results and Analysis

In this work, a uniaxial tension of the packaging laminate with an interfacial pre-crack is simulated by the FEM
model. A displacement boundary condition on the right side of the specimen is applied when the clamp is moved in
tension. Meanwhile, all DOF (Degree of Freedom) of the left side are constrained, i.e. encastred in ABAQUS, as a
fixed end. The material model is elasto-plasticity associated with damage consisting of von Mises yield criterion,
isotropic hardening and associated flow-rule for both materials. The property of interface is defined respectively
according to the principle described above.

Fig.5 (a) shows the deformation results of simulation without interfacial delamination. For the comparison, the
theoretical analysis results, in which interfacial delamination is not considered, are also presented by using slip-line
theory from [12], in Fig.5 (b). Simulation results are closely consistent with that of theoretical analysis. That means
material behaviors, including elastic deformation, plastic flow, strain hardening, softening could be captured
accurately by the model.
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No Displacement Displacement is 0.004 mm Displacement is 0.005 mm

(a) Simulation results

(b) Theoretical results[12]

Fig.5 Deformation results of simulation and theoretical analysis

Fig.6 shows interfacial pre-crack extends progressively along the interface during uniaxial tension. In ABAQUS,
the fracture energy release rate IG , IIG could be computed by using VCCT technique and used to get effective
energy release rate ratio f by equation (8). For instance, the IG , IIG in interfacial pre-crack tip are 0.00031554,
0.00011331 by calculation, and then         08433.10005.0/00011331.00005.0/00031554.0// 1

IICII
1

ICI  GGGGf .
That means the fracture criterion based on power law is satisfied, therefore interfacial delamination initiates, as
shown in Fig.6. The case without delamination at crack tip is also provided for the purpose of comparison.

without delamination

with delamination

magnify

Fig.6 Interfacial delamination at interfacial pre-crack tip
Fig.7 shows the influence mechanism of fracture toughness on interfacial delamination in pre-crack tip. The

mode I of delamination is prominent, i.e.   1/ICI fGG , when interfacial fracture toughness of mode I, II is equal,
1IICIC GG . The   fGG /ICI is decreasing progressively from 1 to around 0.6 with the increasing of IICIC GG . It

means the mode II turns to be important with increasing of fracture toughness ratio, IICIC GG .

Fig.7 Influence curve of fracture toughness on interfacial delamination in crack tip

4. Conclusion

In this work, a coupled elasto-plasticity damage and fracture constitutive model is combined to describe failure due
to necking in substrates and interfacial delamination of a packaging laminate during loading. The proposed model is
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incorporated into the FEM code ABAQUS and employed to simulate a uniaxial tension in the laminate with an
interfacial pre-crack. The study results are concluded as follows:

(1) The new combined constitutive model is proper to study the failure due to necking in substrates and
interfacial delamination in the laminate. The deformation in simulation agrees well with theoretical results. Material
behaviors, including elastic deformation, plastic flow, strain hardening, softening and interfacial delamination could
be captured accurately by this model.

(2) The interfacial delamination mode in pre-crack tip could be influenced by the ratio of fracture energy of
mode I, II. The mode I of delamination is prominent when interfacial fracture toughness of mode I, II is equal. The
mode II turns to be important with relative decreasing of its fracture toughness.
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Abstract 

Thin laminates of Aluminum (Al) foil and Low Density Polyethylene (LDPE) film are essential constituents of food packages 

where these two substrates are bonded together with a thin layer of LDPE acting as adhesive. Noticeably, Al is a low 

ductile/quasi brittle material, whereas LDPE is highly ductile. The mechanism of delamination and strength of bond between the 

interfaces dictates the continuum and damage behavior of this composite. However, measuring the shear delamination properties 

is challenging as conventional test methods have limitations when the substrates are very thin and flexible. This study explains a 

tentative method that uses uniaxial tensile testing on the pre-cracked specimen of this composite to find energy dissipation due to 

shear delamination and successfully uses it in Finite Element Simulation in Abaqus. The delamination was observed in a narrow 

strip-like region close to fracture surfaces and measured with special visualization aid. A similar response was found in FEM 

simulation. Scanning Electron Microscopic (SEM) study of delaminated interface confirms the delamination to be shear in 

nature. In a cohesive zone modeling in Abaqus, the measured shear delamination energy was used as input parameter along with 

an arbitrary bi-linear cohesive law for validation of the experimental measurement. 
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1. Introduction 

The adhesion level in composite effects the overall behavior of laminates significantly. Measurement of adhesion 

property in bi-material interface has been studied by many authors including Chen et al. (2003). For experimental 

determination of adhesive properties, methods like Double Cantilever Beam (DCB) or End Notch Flexure (ENF) are 

used. ENF is a popular testing method for Energy Release Rate (ERR) determination with respect to adhesive shear 

deformation at crack tip of composites with relatively thin adhesive layer and stiff substrates and was adopted by 

many authors for instance Alfredsson (2004). These methods prove to be inconvenient when the substrates are thin 

flexible films. Because of the simplicity of concept and geometry, peel testing (Fig. 3 (b)) is adopted instead for this 

purpose as mentioned by Thouless et al. (2008). However, some researchers, O'Brien (1998) among them, argued 

that the apparent shear energy release rate measured by conventional methods is inconsistent with the original 

definition of shear fracture. This claim was based on the observation that there is tensile failure of the adhesive fiber 

during shearing, which is not practically sliding of two planes relative to each other.  

Tensile testing of thin flexible laminates with pre-defined center crack of varying length is common practice for 

determination of relation between mechanical property of the laminate and adhesion level and similar study was 

done by Kao-Walter et al. (2004). Close observation of the propagation path of the pre-crack showed noticeable 

delamination around this area which should result in additional energy dissipation during the test. The key idea in 

this study was to claim that this additional dissipation due to delamination can be separated as the difference of work 

of fracture in a pre-cracked laminate and single layer substrates. Further study of the delaminated surface with the 

help of Scanning Electron Microscope (SEM) showed the delamination to be of shear in nature. This article 

addressed this observation to find an alternative method for separating the delamination energy using work of 

fracture. Several attributes and assumptions of such a method were described here and finite element simulation was 

used as validation tool.  

2. Test method 

Materials used for this investigation were thin and flexible Aluminum (Al) foil and Low Density Polyethylene 

(LDPE) film provided by a packaging industry. Al foil was manufactured by rolling till 9 μm (microns) of thickness. 

LDPE was extruded on to Polyethylene Terephthalate (PET) film in very high speed that induced material 

orthotropy due to polymer chain orientation. When LDPE film was separated from PET, film thickness was 27 μm. 

At a later stage, Al and LDPE were laminated with a 5 μm thin layer of additional LDPE. The specimens cut from 

the laminate were 230 mm in length, 95 mm wide and total thickness was 41 μm. Sharp blade was used to cut the  

 

 

Fig. 1. Laminate test, (a) Tensile test of LDPE-Al laminate when Al pre-crack started to propagate; (b) Stretching and delamination of LDPE near 

crack tip; (c) Highlighted delamination area of one strip (out of four). 
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 Fig. 2. Laminate  combined Al, LDPE response.                            Fig. 3. (a) SEM of delamination area; (b) Stretch LDPE in 0° peel. 

specimens and the center pre-cracks. All tests were performed with a MTS QTest universal testing machine with a 

100 N load cell. Laboratory temperature was 295 K and humidity was 50%. Single test speed of 10 mm per minute 

was adopted and effect of strain rate was not studied. Laminate of LDPE-Al and the substrates were tested with 

predefined 45 mm center crack. The purpose of the crack was to control the crack propagation path and induce stress 

concentration to ensure minimum plastic dissipation away from the vicinity of the crack propagation path. After the 

failure, both separated parts were examined along propagated crack path and delamination was observed. To ease 

the measurement of delaminated area, the whole delamination zone was highlighted using bright color shown in Fig. 

1 (c). Magnified image of the delamination area and use of plot discretization software helped to find the area for all 

four delamination strips. It was also observed that the four strips similar to Fig. 1 (c) were approximately similar. 

During loading, LDPE layer showed large local deformation and thinning near pre-crack due to stress concentration. 

Large stretching of LDPE can be attributed to its molecular structure. It has stochastic distribution of long polymer 

side chain studied by Schrauwen et al. (2004) and as a result, substantially large hardening through fine and coarse 

chain slips. Microscopic study of the post-fracture substrate provided better understanding of the substrate fracture 

and delamination mode. A slice of the specimen can be examined at a time and it was prepared using a sufficiently 

sharp cutting blade from manufacturer Leica to avoid undesired influences. The SEM equipment used was a 

Hitachi-Tabletop Microscope, TM-1000 operating at 15 keV. Fig. 3 (a) shows the SEM image which was further 

discussed later. 

3. Finite element analysis 

Finite element simulation of the subjected composite was used to check the delamination mode and the boundary 

conditions to support the assumptions made. As mentioned earlier, the experimental and SEM study showed the 

sliding of LDPE layer over the Al foil near crack tip once the crack in the Al layer is fully propagated. LDPE layer 

slides locally over the stiffer Al foil because of its large straining that results from necking. Necking is closely 

associated with material plasticity and the compressive result of stress concentration and softening i.e. material 

stiffness degradation. For a meaningful validation of the nature of delamination in finite element solver, it was 

necessary to model the material that reflects the above characteristics. Although the Al layer is very stiff compared 

to LDPE, from the experimental observation, the Al foil is found to have little plastic dissipation where delaminated. 

To capture this dissipation, it was necessary to use a detailed material model of Al, similar to LDPE. For this 

purpose, tensile test data from pre-cracked and continuum substrates’ specimens of similar dimension as previous 

were post processed. The interface was modeled as cohesive zone and its normal ERR was measured by a 90-degree 

angle peel test. Shear ERR was defined according to experimental procedure proposed in this article. Abaqus 6.14-2 
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(ABAQUS 2016) static general solver was used with acceptable mesh density. Finite strain shell element S4R was 

used to model substrate and cohesive element COH3D8 for cohesive zone modeling. Only one fourth of the 

specimen was sufficient to simulate taking the advantage of geometric symmetry. Boundary conditions were applied 

to replicate physical test which included prescribed displacement. 

4. Discussion 

It was assumed that the behavior of the substrates is similar during the test whether they are in a laminate or 

single layer. For validation of the separation of the shear delamination energy method, this assumption was further 

studied. A noticeable difference in experimental force-displacement response was the sharp peak of composite force 

response in early loading compared to the summation of single layer Al and LDPE force response at that 

deformation (Fig. 2). Observation of the experiment shows that Al foil in the laminate breaks near that sharp force 

peak. As cracked top and bottom part (Fig. 1 (b)) of Al separates, it leaves small strip of LDPE fixed by the adhesive 

to it. This small strip is approximated in this study as a very small LDPE specimen with pre-crack. This leads to 

high strain localization and hardening of this LDPE region due to polymer chain slip at very small displacement. 

The hardening peak is close to the peak load carrying capacity of the pre-cracked Al foil in the displacement 

domain. Which explains the reason for the maximum force response of laminate being close to the summation of 

peak load carrying capacity of individual substrates at an early stage of loading. Given the cross section and the 

maximum force response in the laminate, the stress induced away from the crack is well below the yield stress of 

both substrates hence there is no dissipation of plastic energy for loading and unloading of these regions. 

Noticeably, single layer LDPE elongates 30% above the one in laminate (Fig. 2) this can be contributed to the stored 

elastic energy of the soft film that is used to drive the pre crack. As test speed is relatively low, it can be assumed 

that the all the elastic energy was used to drive the crack. After test measurement of single layer LDPE and laminate 

showed same length which indicates no plastic dissipation from continuum domain of single layer LDPE. It gives a 

base to consider the fracture energy of the pre-cracked LDPE film to be equal in a single layer and in a laminate. 

Propagation of crack in a single layer pre-cracked Al layer and in laminate with very compliant LDPE observed to 

be same from study of the vicinity of propagated crack. An independent similar study on the same laminate by 

Andreasson et al. (2014) reported that Al foil crack surface shows very small plastic deformation zone in the vicinity 

which is confined in a region of 20-30 μm and rest of the specimen experiences only elastic deformation. After the 

separation of substrates and laminate energy the difference can attributed to the additional mechanism that occurs in 

a laminate test which is delamination. An average calculation of the energy release rate was 216 J/m. 

 

 

Fig. 4. FEM simulation results (a) Simulated delamination zone (b) Shear response and (c) Normal response of a cohesive element. 

 

    While this shear ERR was used the force displacement responses from experiment and simulation can be 

approximated beyond the peak responses with delamination (Fig. 5). Study of the delaminated cohesive element 
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Fig. 5. Comparison of experimental force-displacement response with FEM simulation. 

 

shows (Fig. 4 (b), (c)) the stress state of the shear and normal component during cohesive damage process. The 

interfacial strength in the cohesive definition was chosen to be 10 MPa in all direction. The stress and displacement 

responses were studied in a delaminated cohesive element that shows delamination occurred due to shear with 

negligible normal effect. Quantitatively, shear ERR is 215.3 J/m and normal ERR of delamination was 0.012 J/m 

from simulation. This means the test setup provides excellent boundary conditions to facilitate shear delamination. 

Same conclusion can be achieved form the Scanning Electron Microscopic study (Fig. 3 (a)) of the delaminated 

LDPE surface close to Al. The fine surface finish of LDPE in the SEM image indicated shear delamination. 

5. Conclusion 

The additional fracture energy dissipation in the pre-crack laminate compared to its substrates can be concluded 

to arise from interfacial delamination. The delaminated area can be measured and energy release rate can be 

calculated for a laminate. Nature of the delamination is also shown by FEM simulation and SEM to be shear. 

Assumptions were made that the substrates behave same and dissipates same energy whether as a single layer or in a 

laminate. Although additional source of the energy difference may present, this method provides a mean to get a 

rough estimate of interfacial shear delamination energy release rate and was supported by the FEM analysis.   
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ABSTRACT
Packages are the means of preservation, distribu-
tion and convenience of use for food, medicine 
and other consumer products. Package opening is 
becoming complicated in many cases because of 
cutting cost in the design and production of ope-
ning techniques. The introduction of a new pac-
kage-opening technique, material or geometry for 
a better opening experience forces new design 
measurements that require a large number of pro-
totype developments and physical testing. In order 
to achieve more rapid and accurate design, the 
finite element method (FEM) Simulations are 
widely used in packaging industries to compliment 
and reduce the amount of physical testing.

The goal of this work is to develop the building 
blocks for complete package-opening simulation. 
The study focuses on testing and simulation of 
shear fracture and shear delamination of packaging 
materials. A modified shear test specimen was 
developed and optimized by finite element simula-
tion. The test method was validated for high-den-
sity polyethylene (HDPE) and polypropylene (PP). 
The developed method has been accepted by the 
international standards organization ASTM. Based 
on linear elastic fracture mechanics (LEFM), a geo-
metry correction factor of shear fracture tough-
ness for the proposed specimen was derived. The 
study concluded that, for ease of opening, HDPE is 
a more favorable material for screw caps than PP. 
When performing the experiment with the shear 
specimen to find the essential work of fracture, 
the ligament length should vary between twice 
the thickness and half the width of the specimen 
ligament.

Multi-layered thin laminate of low-density polyet-
hylene (LDPE) and aluminum (Al), also known as 
Al/LDPE laminate, is another key object addressed 
in this study. The continuum and fracture testing 
of individual layers provided the base information 
and input for numerical modeling. The propagation 
of an interfacial pre-crack in lamination in Al-LDPE 
laminate was simulated using several numerical 
techniques available in the commercial FEM solver 
ABAQUS, and it was concluded that using the 
combination of the VCCT technique to model the 
interfacial delamination and coupled elasto-plastic 
damage constitutive for Al and LDPE substrates 
can describe interfacial delamination and failure 
due to necking. It was also concluded that the 
delamination mode in a pre-crack tip is influenced 
by the ratio of fracture energy release rate (ERR) 
of Mode I and II. To address the challenge in quanti-
fying shear ERR of laminate with very thin substra-
tes, a convenient test technique is proposed. Additio-
nally, a scanning electron microscopic (SEM) study 
on fractured and delaminated surfaces, provided 
evidences that strengthened the conclusions of 
this work. 

The proposed test methods in this work will be 
crucial to measure the shear mechanical proper-
ties in bulk material and thin substrates. Laminates 
of Al and LDPE or similar material can be studied 
using the developed simulation technique, which 
can be effectively used for decision support in early 
package development. 
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