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Abstract
With increasing climate change the automotive industry is facing increasing demands regarding
emissions and environmental impact. To lower emissions and environmental impact the automotive
industry strives to increase the efficiency of vehicles by for example reducing the weight. This can be
achieved by the implementation of lightweight products made of composite materials where different
materials must be joined. A key technology when producing lightweight products is adhesive joining.
In an effort to expand the implementations of structural adhesives Volvo Buses wants to increase their
knowledge about adhesive joining techniques. This thesis is done in collaboration with Volvo Buses
and aims to increase the knowledge about numerical simulations of adhesively bonded joints. A
numerical model of an adhesively bonded T-joint is presented where the adhesive layer is modelled
using the Cohesive Zone Model. The experimental extraction of cohesive laws for adhesives is
discussed and implemented as bi-linear traction-separation laws. Experiments of the T-joint for two
different load cases are performed and compared to the results of the numerical simulations. The
experimental results shows a similar force-displacement response as for the results of the numerical
simulations. Although there were deviations in the maximum applied load and for one load case there
were deviations in the behavior after the main load drop. The deviations between numerical and
experimental results are believed to be due to inaccurate material properties for the adhesive, the use
of insufficient bi-linear cohesive laws, the occurrence of a combination of adhesive and cohesive
fractures during the experiments and dissimilar effective bonding surface areas in the numerical model
and the physical specimens.
Keywords: Adhesive, Cohesive zone modelling, Finite Element Method, Mixed-mode, T-joint,
Fracture, Experiment, Cohesive Laws, Bi-material Interface
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1. Introduction
One of our generation’s greatest challenges is to reduce the environmental impact caused by human
activities such as emissions of greenhouse gases and pollutions. To make a global difference
agreements such as the Paris agreement and the Kyoto protocol has been established where several
nations combine their forces to make a change. In the automotive industry a common goal to reduce
the environmental impact is to increase the efficiency of vehicles.
To increase the efficiency of vehicles one objective is to reduce the weight. This will lead to less fuel
consumption and an increased driving range as well as increased loading capacity. To obtain this
different methods can be used, for example the implementation of lightweight products made of
composite materials. The use of such products implies that different materials must be joined. This
will result in an increased usage of screw joints, rivet joints and welding joints. To optimize such
products the use of adhesives can be applied instead. Some advantages when using adhesives are
according to Collins, Busby and Staab (2010):
•
•
•
•
•

The minimizing of stress concentrations due to holes made for screws and rivets.
Optimizing material usage in the joint since the stress distribution is being applied to the entire
area of the joint´s facing surfaces instead of a small area of the bolt, rivet or weld.
Improved fatigue resistance due to the viscoelastic properties and the flexibility of the
adhesive.
The avoidance of galvanic corrosion due to contact between different metals since the
adhesive may work as an electrical insulate.
Better appearance, aerodynamic characteristics and easier finish because the use of adhesives
may result in an unbroken smother surface due to the lack of protruding screw and rivet heads.

Another advantage is the limitation of crack propagation between different materials which may occur
in welds.
To decrease the need of destructive testing the use of numerical simulations can be implemented in the
design process. Numerical simulations used in a design process minimizes the cost of the destructive
testing as well as the environmental impact from the testing materials. The numerical simulations also
enable an easier way to optimize the material usage in a structure which may lead to a reduced weight
and a decreased environmental impact from the product. The use of an adhesive in numerical
simulations requires that material data for the adhesive can be obtained and implemented so that the
numerical simulations model the reality in a reliable way.
When numerical simulations of adhesives are to be performed the Cohesive Zone Model (CZM) can
be implemented. Grigory Barenblatt was one of the pioneers in the development of cohesive theory of
fracture. In his work from 1962 he presents the theory of equilibrium cracks where he studied the
equilibrium of solids in the presence of cracks (Barenblatt 1962). James R. Rice have also contributed
to the cohesive theory of fracture, cf. Rice (1968) where he investigates mathematical methods in the
area of fracture mechanics. Bäcklund (1981) investigated the cohesive forces in composites and
showed that the fictitious crack model (FCM) gives a good correlation with experimental results.
Achenbach et al. (1979) extended Barenblatts theory of equilibrium cracks by introducing a plastic
zone near the crack tip. Stigh (1987) showed that Finite Element (FE) modelling of an adhesive layer
is assumed to be easier than the approach made by Achenbach. Now many commercial FE-softwares
1
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use cohesive elements for cohesive zone modelling. Several studies including the pure mode behavior
of adhesive layers have been performed, cf. Biel (2005) and Alfredsson and Stigh (1997), but in most
practical applications a mixed-mode behavior needs to be considered. There are several constitutive
laws that can describe a mixed-mode fracture behavior, cf. Tvergaard and Hutchinson (1992) or
Benzeggagh and Kenane (1996). May and Voß (2012) and May et al. (2015) showed that FEmodelling with cohesive elements gives a good agreement to experimental results for mixed-mode
behavior.
To obtain a good agreement between numerical simulations and the reality it is necessary to have a
good knowledge about material properties and simulation methods. This thesis addresses these
subjects for adhesively bonded joints.

1.1 Overview
An adhesively bonded T-joint is going to be modelled in the FE- software ABAQUS 6.14-2 and
validated with experiments. In section 2 the problem statement, limitations and the aim of the thesis
are presented together with theories necessary to model and utilize adhesively bonded joints. Section 2
also presents a theory about plastic anisotropy. In section 3 the modelling and the experimental
method are described which include material properties, manufacturing procedures and analytical
approximations. Experimental and numerical results are presented in section 4 followed by discussion
and conclusions in sections 5 and 6. The thesis ends with suggestions for future work presented in
section 7. The time plan for the thesis, some data from the results and drawings can be found in the
appendices.
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2. Background
This bachelor degree project is done at the University of Skövde in collaboration with the department
of virtual verification and analysis at Volvo Buses in Gothenburg to increase the knowledge about the
implementation of adhesives in numerical simulations.

2.1 Problem Statement
In an effort to expand the implementations of structural adhesives Volvo Buses wants to increase their
knowledge about adhesive joining techniques. This includes knowledge about methods to model
adhesive layers and obtaining material data for adhesives which can be used in numerical simulations.
In a first step of a possible future research collaboration between Volvo Buses and the University of
Skövde this bachelor degree project is established. Since there are many factors and questions that
need to be answered when adhesive layers should be modelled this project aims to investigate
modelling techniques for a specific geometry subjected to specific load cases. The considered
geometry is an adhesively bonded T-joint which is a commonly used geometry for validation of
material models of adhesively bonded joints. The question that should be investigated is:
How to simulate an adhesively bonded T-joint subjected to a quasi-static load with good accuracy
with respect to experimental results?

2.2 Aim of the project
The aim of this project is to develop a method that describes how the implementation of adhesives in
numerical simulations can be done. The project will also describe and discuss different methods to
obtain material data for adhesives needed in numerical simulations.
The goals for this project are to:
•
•
•

•

Discuss different methods for obtaining material data of adhesives which can be used in a
simulation process.
Develop a simulation model in ABAQUS 6.14-2 for an adhesively bonded T-joint subjected
to a quasi-static load.
Verify the simulation model for a T-joint consisting of profiles with rectangular cross section
made of Aluminium 6005-T6 and flanges made of Steel EN 10130 bonded with the adhesive
Dow Betamate 2098 by performing experiments.
Obtain a maximum error between the simulations and the experiments of 5 % of the
maximum applied load. The non-linear region is evaluated in a subjective manner.

2.3 Limitations
The time for this project is limited to 20 weeks and includes 30 academic credits, therefore some
limitations have been established. The limitations are:
•
•

•

Perform the simulations in ABAQUS because this is the FE-software that can be supplied by
the University of Skövde.
One adhesive will be considered (Dow Betamate 2098) because this is an adhesive that allows
for curing in room temperature, the traction-separation relations are known and it has similar
properties to an adhesive that can be used when manufacturing buses.
Two different loading cases will be considered for the T-joint because of the limited time
during the experiments.
3
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The experiments will not include any crash loading velocities because of the safety aspect and
limitations of the experimental equipment.
There will be no consideration of the aging process or the temperature dependency of the
adhesive.

2.4 Volvo Buses
Volvo Buses was founded in 1927 and the first bus, which was built on a truck chassis, left the factory
a year later. The first real bus chassis was built in 1934 and in 1965 the chassis B58 was introduced
which was the first chassis that was sold in a greater number. 1977 new factories were opened in
Borås, Sweden and Curitiba, Brazil. In 1981 the company purchased Säffle Karossfabrik AB and for
the first time produced over 4000 buses in a year. 1996 a new factory for manufacturing of city and
intercity buses opened in Wroclaw, Poland. In 2010 the series production of the Volvo 7700 Hybrid
buses was started which had up to 35 % lower fuel consumption. Volvo buses continued on improving
the fuel consumption with the launch of the Volvo 7900 Hybrid model which offered up to 37 % lower
fuel consumption. During 2015 the ElectriCity Project in Gothenburg, Sweden implemented 10 all
electrically powered or partially electrified city buses, manufactured by Volvo buses, on route 55.
(Volvo Buses, 2018)
Volvo Buses are constantly improving the safety of their products and one of their visions is that no
accidents will occur when using their products. Other visions are to become world leading in
sustainable transport solutions and to guarantee a high quality product. (Volvo Buses, 2018)

2.5 Fractures of adhesives
Three common fractures when using adhesives are a) cohesive fracture, b) adhesive fracture and c)
adherend fracture which can be seen in figure 2.1 where 𝐹𝐹 is the applied load.

Figure 2.1. a) Cohesive fracture b) Adhesive fracture c) Adherend fracture (Freely interpreted from Rswarbrick (2008)).

Cohesive fracture is obtained when crack propagation occur in the adhesive layer. The fracture
surfaces of the adherends will be covered with adhesive after a cohesive fracture. Adhesive fracture
occurs when the crack propagates in the interface between the adhesive layer and the adherend. After
an adhesive fracture only one of the adherends will be covered with adhesive. A reason for adhesive
fracture to occur is because of insufficient adhesion which can be caused by insufficient surface
treatment of the adherends or incorrect application of the adhesive. Adherend fracture occurs when the
crack propagates in the adherend which can be caused by impurities or defects in the adherend.

4
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2.6 Adhesion and surface treatment
Adhesion can be described as the attraction between dissimilar molecules in contrary to cohesion
which is the attraction between similar molecules (Chang & Goldsby 2013). To achieve good adhesion
the adhesive needs to wet the adherend surface, this can only be achieved if the adhesive has a lower
surface tension compared to the adherend, see figure 2.2. When the adhesive has wet the adherend
surface the adhesive must harden and form a cohesively strong solid. The adhesion can arise from
chemical bonds and/or mechanical interlocking (Comyn 1997). Examples of chemical bonds are
covalent, ionic and hydrogen bonds. Mechanical interlocking means that the adhesive enters the
irregularities of the adherend before hardening. If the surface of the adherend is contaminated with for
example oxides, oil or grease this will lead to a weak boundary layer caused by weak cohesion forces,
it is therefore necessary to incorporate some kind of surface treatment on the adherend (Comyn 1997).
There are several ways to treat the surface of the adherend, such as cleaning with solvents to remove
oil, grease and dirt, abrasive methods to change the surface roughness and remove oxides or chemical
methods to improve the corrosion resistance and change the surface roughness.

Figure 2.2. Wetting of the adherend surface where a) shows poor wetting and b) shows good wetting.

Aluminium surfaces are normally covered with an oxide layer and adsorbed contaminations which
forms a weak boundary layer. To remove the weak boundary layer etching is a suitable method. Leena
et al. (2016) shows that etching and degreasing of aluminium adherends give a stronger bond between
the adhesive and the adherends compared with only degreasing the adherends. Instead of removing the
weak boundary layer it can be reinforced by anodising which gives a more stable boundary layer, cf.
Bjørgum et al. (2003). Anodising is a method where the surface of the aluminium is oxidised by
placing it in an electrolytic solution and letting a current pass through the solution and the surface.
This will increase the thickness of the oxide layer. Oliver and Mason (1980) showed that surface
roughness influence the wetting of a liquid on an aluminium surface. This means that abrasive
methods can be used to increase the wetting of the adhesive on the adherend. Abrasive methods also
increase the ability for mechanical interlocking.

2.7 Mechanics and constitutive relations for adhesives
For thin adhesive layers, positioned between two adherends, two general loading directions are
considered, these are commonly called mode I and mode II. In mode I the adhesive layer is subjected
to peel stress (σ) and in mode II the adhesive layer is subjected to shear stress (τ). Figure 2.3 shows an
adhesive layer subjected to both mode I and mode II loading where t is the original thickness of the
adhesive layer, w is the displacement in mode I and v is the displacement in mode II. These
displacements can be considered as separations of the adherend surfaces. Henceforward these
displacements are denoted separations.
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Figure 2.3. Mode I and mode II (Freely interpreted from Stigh, Biel & Svensson 2016, p. 236).

2.7.1 Cohesive zone modelling
An adhesive layer can be considered as a layer where a crack can propagate. A common way to model
crack propagation is to implement the cohesive zone model (CZM). When using the CZM to model a
fracture process the crack tip is assumed to extend into a narrow band with vanishing thickness, cf.
figure 2.4. This narrow band is meant to represent the fracture process zone and is denoted the
cohesive zone. On the upper and lower surfaces of the cohesive zone, i.e. the cohesive surfaces, the
cohesive traction, 𝑇𝑇, is acting which holds the cohesive surfaces together. The cohesive traction is
assumed to decrease with the increasing separation, 𝛿𝛿𝑚𝑚 , and when the traction has decreased to zero
new crack surfaces have been created. The cohesive traction and the separation are related by a
cohesive constitutive relation or a so called cohesive law. The cohesive law is a mathematical
description of the CZM according to
𝑇𝑇(𝛿𝛿𝑚𝑚 ) = 𝑇𝑇0 𝑓𝑓 �

𝛿𝛿𝑚𝑚
0
𝛿𝛿𝑚𝑚

�

(1)

0
where 𝑇𝑇0 is the peek cohesive traction, 𝛿𝛿𝑚𝑚
is the corresponding separation and 𝑓𝑓 is a dimensionless
function describing the shape of the cohesive law (Jin & Sun 2006). It is worth noticing that equation
1 is only valid for CZM:s where an initial stiffness is assumed, i.e. no rigid-softening behaviour.

Figure 2.4. Cohesive zone model (Freely interpreted from Stigh et al. 2010, p. 150).
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2.7.2 Mode I loading
A common method for describing the constitutive behaviour of adhesive layers loaded in mode I is to
use a bi-linear traction-separation law, cf. Camanho and Dávila (2002) or May et al. (2015). Figure 2.5
shows the bi-linear traction-separation curve where the peel stress is plotted against the separation
where 𝜎𝜎0 is the mode I damage initiation stress, 𝑤𝑤0 is the separation at damage initiation and 𝑤𝑤𝑐𝑐 is the
separation at complete cohesive failure. The area enclosed by the traction-separation curve
corresponds to the critical energy release rate, or as referred to here, the fracture energy, 𝐽𝐽𝐼𝐼𝐼𝐼 , and is
given by
𝑤𝑤

𝐽𝐽𝐼𝐼𝐼𝐼 = ∫0 𝑐𝑐 𝜎𝜎(𝑤𝑤)𝑑𝑑𝑑𝑑 .

(2)

The separation at damage initiation is given by

𝑤𝑤0 =

𝜎𝜎0

(3)

𝐾𝐾𝐼𝐼

where 𝐾𝐾𝐼𝐼 is the mode I stiffness of the adhesive layer. Assuming only strains in the normal direction of
the adhesive layer the mode I stiffness can be evaluated as
𝐾𝐾𝐼𝐼 =

1−𝜈𝜈

𝐸𝐸

1−𝜈𝜈−2𝜈𝜈2 𝑡𝑡

=

𝐸𝐸�
𝑡𝑡

(4)

where 𝐸𝐸 is the Young’s modulus of the adhesive layer and 𝜈𝜈 is the corresponding Poisson’s ratio. The
separation at complete cohesive failure can be evaluated by using the definition of a triangular area
according to
𝑤𝑤𝑐𝑐 =

2𝐽𝐽𝐼𝐼𝐼𝐼
𝜎𝜎0

.

(5)

Figure 2.5. Traction-separation curve for mode I.

2.7.3 Mode II loading
Camanho and Dávila (2002) showed that the constitutive behaviour for adhesive layers loaded in
mode II can be described by a bi-linear traction-separation law. Figure 2.6 shows the bi-linear tractionseparation curve where the shear stress is plotted against the separation and where 𝜏𝜏0 is the mode II
damage initiation stress, 𝑣𝑣0 is the separation at damage initiation and 𝑣𝑣𝑐𝑐 is the separation at complete
cohesive failure. The area enclosed by the traction-separation curve corresponds to the critical energy
release rate, or as referred to here, the fracture energy, 𝐽𝐽𝐼𝐼𝐼𝐼𝐼𝐼 , and is given by
7
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𝑣𝑣

𝐽𝐽𝐼𝐼𝐼𝐼𝐼𝐼 = ∫0 𝑐𝑐 𝜏𝜏(𝑣𝑣)𝑑𝑑𝑑𝑑.

(6)

The separation at damage initiation is given by

𝑣𝑣0 =

𝜏𝜏0

(7)

𝐾𝐾𝐼𝐼𝐼𝐼

where 𝐾𝐾𝐼𝐼𝐼𝐼 is the mode II stiffness of the adhesive layer which can be evaluated by the ratio between
the shear modulus, 𝐺𝐺, and the thickness of the adhesive layer, which yields
𝐾𝐾𝐼𝐼𝐼𝐼 =

𝐺𝐺
𝑡𝑡

=

𝐸𝐸

2(1+𝜈𝜈)𝑡𝑡

.

(8)

The separation at complete cohesive failure can be evaluated by using the definition of a triangular
area according to
𝑣𝑣𝑐𝑐 =

2𝐽𝐽𝐼𝐼𝐼𝐼𝐼𝐼
𝜏𝜏0

.

(9)

Figure 2.6. Traction-separation curve for mode II.

2.7.4 Mixed-mode loading
In most practical cases the adhesive layer in an adhesively bonded joint is not subjected to only pure
mode I or pure mode II loading, in fact it is subjected to a mix of both mode I and mode II loading, i.e.
a mixed-mode loading. To model the mixed-mode constitutive behaviour the cohesive laws for mode I
and mode II needs to be combined. Figure 2.7 shows an illustration of a mixed-mode behaviour for a
constant mode mix and monotonically increasing separations where 𝑇𝑇 is the resultant of 𝜎𝜎 and 𝜏𝜏. A
number of different material models have been developed to describe the mixed-mode behaviour,
common for many of them is that the damage process can be divided into damage initiation and
damage propagation.
A commonly used damage initiation criterion is the quadratic failure criterion. The quadratic failure
criterion according to Camanho and Dávila (2002) is given by
�

〈𝜎𝜎〉 2
𝜎𝜎0

𝜏𝜏 2

� +� � =1
𝜏𝜏0

where 〈0〉 is the Macaulay bracket which is an operator defined such as
8
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0, 𝑥𝑥 < 0
〈𝑥𝑥〉 = �
.
𝑥𝑥, 𝑥𝑥 ≥ 0

(11)

The total mixed-mode separation, 𝛿𝛿𝑚𝑚 , is defined as the norm of the resultant of the mode I and mode
II separations according to
𝛿𝛿𝑚𝑚 = �𝑣𝑣 2 + 〈𝑤𝑤〉2 .

(12)

0
According to Camanho and Dávila (2002) the mixed-mode separation at damage initiation, 𝛿𝛿𝑚𝑚
, is
given by
0
𝛿𝛿𝑚𝑚

where 𝛼𝛼 is the mode mix ratio given by

=�

𝑤𝑤0 𝑣𝑣0 �

1+𝛼𝛼 2

𝑣𝑣02 +(𝛼𝛼𝑤𝑤0 )2

𝑣𝑣0 ,

, 𝑤𝑤 > 0

(13)

𝑤𝑤 ≤ 0

𝑣𝑣

𝛼𝛼 = .
𝑤𝑤

(14)

𝑇𝑇

Figure 2.7. Illustration of mixed-mode behavior (Freely interpreted from Camanho and Dávila, 2002, p. 16).

There are several ways to model the damage propagation. Two examples are to use the power law
criterion or the Benzeggagh and Kenane (BK) criterion to obtain the mixed-mode fracture energy,
which is an important parameter when modelling the damage propagation. Camanho and Dávila
(2002) shows that the BK criterion is well suited to predict failure in mixed-mode loading. The power
law criterion shows less accuracy compared to the BK criterion in predicting the mixed mode fracture
energy according to Camanho and Dávila (2002). May et al. (2015) shows that when modelling
adhesively bonded joints the BK criterion gives a good agreement to experimental results. Contrary,
Domingus et al. (2015) shows that the use of the power law criterion gives a good agreement on the
estimated max load compared to experimental results. The advantage of the power law criterion is that
only two parameters have to be determined, compared to the BK criterion that needs three parameters.
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According to Benzeggagh and Kenane (1996) the BK criterion uses the mode I and mode II fracture
energies and the experimentally determined parameter 𝜂𝜂 to express the mixed mode fracture energy,
𝐽𝐽𝑐𝑐 , which is given by
𝐽𝐽𝑐𝑐 = 𝐽𝐽𝐼𝐼𝐼𝐼 + (𝐽𝐽𝐼𝐼𝐼𝐼𝐼𝐼 − 𝐽𝐽𝐼𝐼𝐼𝐼 ) �

𝐽𝐽𝐼𝐼𝐼𝐼

𝜂𝜂

𝐽𝐽𝐼𝐼 +𝐽𝐽𝐼𝐼𝐼𝐼

�

𝛼𝛼 2

𝜂𝜂

(15)

where 𝐽𝐽𝐼𝐼 and 𝐽𝐽𝐼𝐼𝐼𝐼 are the energy release rates in mode I and mode II, respectively. When using the BK
𝑐𝑐
criterion the mixed-mode separation at complete cohesive failure, 𝛿𝛿𝑚𝑚
, is given by
𝑐𝑐
𝛿𝛿𝑚𝑚

=�

2

0
𝐾𝐾𝑚𝑚 𝛿𝛿𝑚𝑚

�𝐽𝐽𝐼𝐼𝐼𝐼 + (𝐽𝐽𝐼𝐼𝐼𝐼𝐼𝐼 − 𝐽𝐽𝐼𝐼𝐼𝐼 ) �
𝑣𝑣𝑐𝑐 ,

1+𝛼𝛼 2

� � , 𝑤𝑤 > 0

where 𝐾𝐾𝑚𝑚 is the mixed-mode stiffness (Camanho & Dávila 2002).

𝑤𝑤 ≤ 0

(16)

2.7.5 Length of the cohesive zone

Referring to figure 2.4 𝑙𝑙𝑐𝑐𝑐𝑐 is the length of the cohesive zone defined as the distance between the crack
tip and the point where the maximum cohesive traction is attained. To estimate the length of the
cohesive zone a variety of analytical models have been proposed, cf. Turon et al. (2007) for an
overview. Stigh et al. (2010) provides estimations for the length of the cohesive zone for slender
beam-like specimens loaded in mode I and mode II according to
𝐸𝐸 ℎ3

4

𝐼𝐼
𝑙𝑙𝑐𝑐𝑐𝑐
= �𝑤𝑤𝑐𝑐 � 𝑎𝑎
12𝐽𝐽
𝐼𝐼𝐼𝐼
𝑙𝑙𝑐𝑐𝑐𝑐
= 𝑣𝑣𝑐𝑐 �

𝐼𝐼𝐼𝐼

𝐸𝐸𝑎𝑎 ℎ

12𝐽𝐽𝐼𝐼𝐼𝐼𝐼𝐼

(17)

(18)

where ℎ and 𝐸𝐸𝑎𝑎 is the height and the Young’s modulus for the adherends, respectively. Stigh et al.
(2010) assumes linearly elastic and identical adherends. To estimate the length of the cohesive zone
for a bi-material interface Sills and Thouless (2013) uses a characteristic modulus of a bi-material
system
𝐸𝐸�𝑎𝑎 =

2𝐸𝐸�1 𝐸𝐸�2
𝐸𝐸�1 +𝐸𝐸�2

(19)

where the subscripts 1 and 2 denote the two different materials and 𝐸𝐸�𝑖𝑖 = 𝐸𝐸𝑖𝑖 /(1 − 𝜈𝜈𝑖𝑖 2 ) for plane strain
and 𝐸𝐸�𝑖𝑖 = 𝐸𝐸𝑖𝑖 for plane stress. Substituting 𝐸𝐸𝑎𝑎 = 𝐸𝐸�𝑎𝑎 in equations 17 and 18 gives estimations of the

length of the cohesive zone for mode I and mode II loading, respectively.

When FE-modelling of a fracture process, using the CZM, is performed the number of elements in the
cohesive zone is given by
𝑁𝑁𝑒𝑒𝑒𝑒 =

𝑙𝑙𝑐𝑐𝑐𝑐
𝑙𝑙𝑒𝑒

.

(20)

Here, 𝑙𝑙𝑒𝑒 is the element size in the direction of crack propagation. To obtain an accurate representation
of the fracture process in a FE-simulation the cohesive zone needs to be discretized by an appropriate
number of elements. The minimum number of elements in the cohesive zone is discussed by several
authors. Turon et al. (2007) suggests that 3 elements in the cohesive zone are sufficient to represent
the fracture process in mode I. On the other hand Moës and Belytschko (2002) recommend that at least
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10 elements span the cohesive zone. For various mode ratios Harper and Hallett (2008) provides a
conservative approach that recommends a minimum of 3 elements in the cohesive zone.
According to Sills and Thouless (2013) the length of the cohesive zone can be used as an indication of
whether the damage initiation stress or the fracture energy has the major influence on the fracture
process. If 𝑙𝑙𝑐𝑐𝑐𝑐 is much smaller than some characteristic length of the specimen the fracture energy
controls the fracture process. In the case where 𝑙𝑙𝑐𝑐𝑐𝑐 is much greater than the characteristic length the
damage initiation stress will control the fracture process.

2.8 Cohesive elements in ABAQUS
When modelling a traction-separation behavior with cohesive elements in ABAQUS the response of
the cohesive element can be divided into three phases. One linear elastic phase, also referred to the
hardening phase, a point where degradation of the cohesive element will initiate and a damage
propagation phase, also referred to the softening phase. The uncoupled elastic behavior in the
hardening phase is described by
𝜎𝜎𝑧𝑧
𝐸𝐸�
𝜏𝜏
� 𝑧𝑧𝑧𝑧 � = � 0
𝜏𝜏𝑦𝑦𝑦𝑦
0

0 𝜀𝜀𝑧𝑧
0 � �𝛾𝛾𝑧𝑧𝑧𝑧 �
𝐺𝐺 𝛾𝛾𝑦𝑦𝑦𝑦

0
𝐺𝐺
0

(21)

where 𝜎𝜎𝑧𝑧 is the normal stress, 𝜏𝜏𝑖𝑖𝑖𝑖 is the shear stress, 𝜀𝜀𝑧𝑧 is the normal strain and 𝛾𝛾𝑖𝑖𝑖𝑖 is the shear strain.
The normal and shear strains are given by
𝜀𝜀𝑧𝑧 =

𝑤𝑤
𝑡𝑡

, 𝛾𝛾𝑧𝑧𝑧𝑧 =

𝑣𝑣𝑥𝑥
𝑡𝑡

, 𝛾𝛾𝑦𝑦𝑦𝑦 =

𝑣𝑣𝑦𝑦
𝑡𝑡

(22)

where 𝑣𝑣𝑥𝑥 and 𝑣𝑣𝑦𝑦 are the separations in 𝑥𝑥 and 𝑦𝑦 directions. The shear tractions and separations are
related to the mode II traction and separation respectively as
2

𝜏𝜏 = �(𝜏𝜏𝑧𝑧𝑧𝑧 )2 + �𝜏𝜏𝑦𝑦𝑦𝑦 � , 𝑣𝑣 = �(𝑣𝑣𝑥𝑥 )2 + (𝑣𝑣𝑦𝑦 )2 .

(23)

ABAQUS offers different damage initiation criterions, cf. equation 10. When this criterion is fulfilled
the degradation of the cohesive element will initiate. To describe the degradation of the cohesive
element in the softening phase the damage variable 𝐷𝐷 is used which for a linear degradation is given as
𝐷𝐷 =

𝑐𝑐 �𝛿𝛿 𝑚𝑚𝑚𝑚𝑚𝑚 −𝛿𝛿 0 �
𝛿𝛿𝑚𝑚
𝑚𝑚
𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚 �𝛿𝛿 𝑐𝑐 −𝛿𝛿 0 �
𝛿𝛿𝑚𝑚
𝑚𝑚
𝑚𝑚

0
𝑚𝑚𝑚𝑚𝑚𝑚
𝑐𝑐
, 𝛿𝛿𝑚𝑚
≤ 𝛿𝛿𝑚𝑚
≤ 𝛿𝛿𝑚𝑚

(24)

𝑚𝑚𝑚𝑚𝑚𝑚
where 𝛿𝛿𝑚𝑚
is the maximum mixed-mode separation that has been reached during the loading history
(Dassault Systèmes Simulia Corp 2014). The normal and shear stresses can during the degradation of
the cohesive element be described as

𝜎𝜎𝑧𝑧 = �

(1 − 𝐷𝐷)𝜎𝜎�𝑧𝑧 ,
𝜎𝜎�𝑧𝑧 ,

𝜎𝜎�𝑧𝑧 ≥ 0
𝜎𝜎�𝑧𝑧 < 0

𝜏𝜏𝑧𝑧𝑧𝑧 = (1 − 𝐷𝐷)𝜏𝜏̅𝑧𝑧𝑧𝑧

𝜏𝜏𝑦𝑦𝑦𝑦 = (1 − 𝐷𝐷)𝜏𝜏̅𝑦𝑦𝑦𝑦

(25)
(26)
(27)

where 𝜎𝜎�𝑧𝑧 and 𝜏𝜏̅𝑖𝑖𝑖𝑖 are the normal and shear stresses without damage (Dassault Systèmes Simulia Corp
𝑚𝑚𝑚𝑚𝑚𝑚
𝑐𝑐
2014). When 𝛿𝛿𝑚𝑚
≥ 𝛿𝛿𝑚𝑚
the cohesive element has lost its load carrying capacity.
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2.9 Methods for obtaining material data for adhesives
In order to determine the parameters for the traction-separation laws, i.e. the cohesive laws for the
adhesive, different experimental methods and specimens have been developed. A commonly used
specimen for measuring the cohesive laws for mode I loading is the Double Cantilever Beam (DCB)
specimen, cf. Biel (2005). The DCB specimen measure the cohesive laws in pure mode I (peel)
loading. To measure the cohesive laws for mode II loading the End Notch Flexure (ENF) specimen is
commonly used, cf. Alfredsson et al. (2015). The ENF specimen measure the cohesive laws for almost
pure mode II (shear) loading. These two specimens are frequently used and are originated from the
studies of fracture mechanics. To obtain the cohesive laws for mixed modes a Mixed-mode double
Cantilever Beam (MCB) specimen, cf. Högberg, Sørensen and Stigh (2007), or a Mixed-Mode
Bending (MMB) specimen, cf. Benzeggagh and Kenane (1996), can be used. Benzeggagh and Kenane
(1996) shows that the MMB specimen can be used to obtain the experimentally determined parameter
𝜂𝜂 used for the BK criterion, given by equation 15.

2.9.1 Double Cantilever Beam (DCB) specimen

The DCB specimen consists of two adherends with the height, ℎ, the width, 𝑏𝑏, and the length, 𝑙𝑙, which
are partially joined together with an adhesive layer to obtain an initial crack length, 𝑎𝑎0 . The adhesive
layer has the thickness, 𝑡𝑡, and the same width as the adherends. Figure 2.8 shows the DCB specimen
when a load, 𝐹𝐹, is applied at the end of the adherends creating a separation, ∆, and an angle of rotation
of the loading point, 𝜃𝜃. This results in a crack length, 𝑎𝑎, in the adhesive layer. The separation of the
adhesive layer at the initial crack tip is denoted 𝑤𝑤.

Figure 2.8. Loading of the DCB specimen (Freely interpreted from Biel 2005, p. 3).

If the concept of the two dimensional J-integral, introduced by Rice (1968), is applied the energy
release rate, 𝐽𝐽, can be expressed as
𝐽𝐽 = ∫Г �𝑊𝑊𝑊𝑊𝑊𝑊 − 𝑻𝑻
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𝜕𝜕𝜕𝜕

𝑑𝑑𝑑𝑑�

(28)
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where Г is any integration path surrounding the crack tip, 𝑊𝑊 is the strain energy density, 𝑻𝑻 is the
traction vector, 𝒖𝒖 is the displacement vector and 𝑠𝑠 is the arc length. Paris and Paris (1988) assumes
that the applied loads are distributed over a small horizontal increment 𝑑𝑑𝑑𝑑 and shows that the energy
release rate for a DCB specimen can be evaluated as
2𝐹𝐹𝐹𝐹

𝐽𝐽𝐼𝐼 =

𝑏𝑏

.

(29)

By measuring the applied load, the angle of rotation of the loading point and the separation of the
adhesive layer during an experiment of the DCB specimen the 𝐽𝐽𝐼𝐼 − 𝑤𝑤 relation can be extracted.
Differentiating equation 29 with respect to the separation of the adhesive layer gives the tractionseparation relation as (Olsson & Stigh 1989)
𝜎𝜎(𝑤𝑤) =

2.9.2 End Notch Flexure (ENF) specimen

𝑑𝑑𝐽𝐽𝐼𝐼
𝑑𝑑𝑑𝑑

=

2 𝑑𝑑

𝑏𝑏 𝑑𝑑𝑑𝑑

(𝐹𝐹𝐹𝐹).

(30)

The ENF specimen consists of two adherends with the height, ℎ, the width, 𝑏𝑏, and the length, 𝑙𝑙, which
are partially joined together with an adhesive layer of thickness, 𝑡𝑡, to obtain an initial crack length, 𝑎𝑎0 .
Figure 2.9 shows the ENF specimen when a load, 𝐹𝐹, is applied at a distance, 𝛽𝛽𝛽𝛽, from the right support
which will deflect the specimen and create a shear deformation, 𝑣𝑣, at the initial crack tip. The resulting
crack length after some crack propagation is denoted 𝑎𝑎.

Figure 2.9. Loading of the ENF specimen (Freely interpreted from Marzi, Biel & Stigh 2011, p. 846).

Alfredsson (2004) presents a method where the cohesive law for an adhesive layer loaded in mode II
can be obtained by the use of an ENF specimen by measuring the applied load, 𝐹𝐹, and the shear
separation, 𝑣𝑣, at the initial crack tip. If this method should apply the adherends must deform
elastically, the zone of inelastic behavior of the adhesive layer must lie between the initial crack tip
1

and the loading point and the load should be applied centrally between the supports, i.e. 𝛽𝛽 = . The
1

2

specimen also needs to be stable which means that 𝑎𝑎0 > 0.34 𝑙𝑙 for 𝛽𝛽 = , cf. Chai and Mall (1988).
2

According to Marzi et al. (2011) the width of the adhesive layer for an ENF specimen is allowed to
differ from the width of the adherends. If the aforementioned requirements are met the energy release
rate, according to Marzi et al. (2011), is given by
𝐽𝐽𝐼𝐼𝐼𝐼 =

𝐹𝐹

�

9 𝐹𝐹𝑎𝑎02

𝑏𝑏𝑎𝑎𝑎𝑎ℎ ℎ 16 𝐸𝐸𝐸𝐸ℎ2
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3

+ 𝑣𝑣�
8

(31)
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where 𝑏𝑏𝑎𝑎𝑑𝑑ℎ is the out-of-plane width of the adhesive layer. The cohesive law for mode II loading can
be obtained by differentiating equation 31 with respect to the shear separation according to
𝜏𝜏(𝑣𝑣) =

2.10 Plastic anisotropy

𝑑𝑑𝐽𝐽𝐼𝐼𝐼𝐼
𝑑𝑑𝑑𝑑

.

(32)

Extruded products, such as profiles of different metal alloys, will almost always exhibit some sort of
anisotropy. A common anisotropy for these products are plastic anisotropy, which means that the
product exhibits different yield stresses in different directions, cf. (Chen et al. 2009). Hill (1948)
showed that this behaviour can be expressed with the quadratic yield criterion for anisotropic metals
where he introduced the plastic potential, 𝑓𝑓�𝜎𝜎𝑖𝑖𝑖𝑖 �, according to
2

2

2
2
2
+ 2𝑀𝑀𝜏𝜏𝑧𝑧𝑧𝑧
+ 2𝑁𝑁𝜏𝜏𝑦𝑦𝑦𝑦
= 1 (33)
2𝑓𝑓�𝜎𝜎𝑖𝑖𝑖𝑖 � ≡ 𝐹𝐹�𝜎𝜎𝑦𝑦 − 𝜎𝜎𝑧𝑧 � + 𝐺𝐺(𝜎𝜎𝑧𝑧 − 𝜎𝜎𝑥𝑥 )2 + 𝐻𝐻�𝜎𝜎𝑥𝑥 − 𝜎𝜎𝑦𝑦 � + 2𝐿𝐿𝜏𝜏𝑦𝑦𝑦𝑦

where 𝜎𝜎𝑖𝑖𝑖𝑖 is the stress tensor and the constants 𝐹𝐹, 𝐺𝐺, 𝐻𝐻, 𝐿𝐿, 𝑀𝑀 and 𝑁𝑁 are given by
2𝐹𝐹 =

1

2
�𝜎𝜎𝑦𝑦 �
𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

1
2
)
𝑧𝑧 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

2𝐺𝐺 = (𝜎𝜎

1
2
)
𝑥𝑥 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

2𝐻𝐻 = (𝜎𝜎

1
2
)
𝑥𝑥 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

+ (𝜎𝜎
+

2𝐿𝐿 =

𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

2𝑁𝑁 =

1

2
�𝜎𝜎𝑦𝑦 �
𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

2
�𝜏𝜏𝑦𝑦𝑦𝑦 �
𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

1
2
)
𝑥𝑥 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 ⎫

− (𝜎𝜎

−

1

1

2
�𝜎𝜎𝑦𝑦 �
𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

1
2
)
𝑧𝑧 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

− (𝜎𝜎

1
2
)
𝑧𝑧𝑧𝑧 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

2𝑀𝑀 = (𝜏𝜏
where (𝜎𝜎𝑖𝑖 )𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 and �𝜏𝜏𝑖𝑖𝑖𝑖 �

1
2
)
𝑧𝑧 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

+ (𝜎𝜎

1

�𝜏𝜏𝑦𝑦𝑦𝑦 �

2
𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

⎪
⎪
⎪
⎪
⎪
⎬
⎪
⎪
⎪
⎪
⎪
⎭

are the yield stresses in the corresponding directions. This yield

criterion is an extension of the commonly used von Mises criterion.
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3. Method
Numerical simulations of adhesively bonded T-joints are performed and verified with experiments.
The T-joints are made of profiles with rectangular cross section of the material aluminium 6005-T6
and flanges made of steel EN 10130 which are bonded together with the adhesive Dow Betamate
2098. The experiments and the numerical simulations are performed for two different load cases.
These are denoted the rear load case and the side load case, cf. figure 3.1 where 𝐹𝐹𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 and 𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 are
the corresponding applied loads. The numerical simulations are performed in the commercial FEsoftware ABAQUS 6.14-2. In section 3.1 the material properties for the adhesive Dow Betamate 2098,
steel EN10130 DC01 and aluminium 6005-T6 are presented. The experimental procedure is described
in section 3.2 and the simulation procedure is described in section 3.4. To evaluate if the results from
the numerical simulations and the experiments are reasonable rough analytical approximations are
performed in section 3.3.

Figure 3.1. Load cases for the experiments and the numerical simulations.

3.1 Material properties
In this section the material properties of the adhesive Dow Betamate 2098, aluminium 6005-T6 and
steel EN10130 DC01 is presented.

3.1.1 Dow Betamate 2098
Dow Betamate 2098 is a crash resistant two component structural adhesive which is developed for the
repair of vehicles and for use in a body shop (Dow Europe GmbH 2011). The two components consist
of epoxy resin and polymeric amines.
Andersson (2015) has determined the traction-separation relations for the adhesive Dow Betamate
2098. The traction-separation relation for mode I loading was experimentally determined by the use of
a DCB-specimen and for mode II loading the ENF-specimen was used. Figure 3.2 shows the tractionseparation relations for mode I (left) and mode II (right) loading respectively where a bi-linear model
for mode I and mode II are plotted together with the experimental results. All experiments were
performed using an adhesive layer thickness of 0.2 mm. The experimental results for the ENFspecimens are valid to 𝑣𝑣 = 400 𝜇𝜇m (Andersson 2015).

15

University of Skövde

Department of Engineering Science

Figure 3.2. Traction-separation relation and the bi-linear model for mode I (left) and mode II (right). Experimental data
taken from Andersson (2015).

For the bi-linear model the Poisson’s ratio is calculated by taking the ratio between equation 4 and 8
and solving for 𝜈𝜈 according to
𝜈𝜈 =

𝐾𝐾𝐼𝐼
−2
𝐾𝐾𝐼𝐼𝐼𝐼
𝐾𝐾𝐼𝐼
2 −2
𝐾𝐾𝐼𝐼𝐼𝐼

(35)

where 𝐾𝐾𝐼𝐼 and 𝐾𝐾𝐼𝐼𝐼𝐼 is calculated as the initial stiffness from the experimental data. The Young´s
modulus is then calculated from either equation 4 or 8. The damage initiation stress for mode I and
mode II (𝜎𝜎0 and 𝜏𝜏0 ) are approximated by taking the mean values of the maximum stresses from the
experimental results. The separation at complete cohesive failure in mode I and mode II (𝑤𝑤𝑐𝑐 and 𝑣𝑣𝑐𝑐 )
are calculated from equation 5 and 9, respectively, where the fracture energy in mode I and mode II
(𝐽𝐽𝐼𝐼𝐼𝐼 and 𝐽𝐽𝐼𝐼𝐼𝐼𝐼𝐼 ) is given by Andersson (2015). The parameters for the bi-linear models are shown in table
3-1. Table 3-1 also shows the density of the adhesive, 𝜌𝜌, given by Dow Europe GmbH (2011).
Table 3-1. Material parameters and general material properties of the adhesive Dow Betamate 2098 for an adhesive layer
thickness of 0.2 mm.

General material
properties

Bi-linear model
Mode I

Mode II

𝜎𝜎0 = 40 MPa

𝜏𝜏0 =24 MPa

𝑤𝑤0 = 3 𝜇𝜇m

𝑣𝑣0 =14 𝜇𝜇m

𝐽𝐽𝐼𝐼𝐼𝐼 = 1100 J/m2
𝑤𝑤𝑐𝑐 = 55 𝜇𝜇m

𝐾𝐾𝐼𝐼 = 12.5 MPa/ 𝜇𝜇m

𝐸𝐸 = 981 MPa
𝜈𝜈 = 0.42
𝜌𝜌 = 1120 kg/m3

𝐽𝐽𝐼𝐼𝐼𝐼𝐼𝐼 =7900 J/m2
𝑣𝑣𝑐𝑐 = 664 𝜇𝜇m

𝐾𝐾𝐼𝐼𝐼𝐼 = 1.7 MPa/ 𝜇𝜇m

3.1.2 Aluminium 6005-T6

The aluminium 6005-T6 is extruded to its square cross-section and T6 tempered. The tensile yield
strength is 250 MPa, the ultimate tensile strength is 300 MPa, the elongation at break is 11 %, the
Young´s modulus is 68 GPa, the Poisson´s ratio is 0.33 and the density is 2700 kg/m3 (Makeitfrom
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2018). Composition by weight: 97.5-99 % Al, 0.6-0.9 % Si, 0.4-0.6 % Mg, 0-0.35 % Fe, 0-0.1 % Mn,
0-0.1 % Cr, 0-0.1 % Ti, 0-0.1 % Zn, 0-0.1 % Cu and 0-0.15 % residuals (Makeitfrom 2018).

3.1.3 Steel EN 10130 DC01
The steel EN 10130 DC01 is a steel sheet suitable for stamping, bending and folding. The tensile yield
strength is 260 MPa, the ultimate tensile strength is between 280 MPa and 380 MPa and the elongation
at break is 29 % (Tibnor 2009). Composition by weight: 0.05 % C, 0.20 % Mn, 0.01 % P, 0.01 % S,
0.003 % N, 0.04 % Al (Tibnor 2009).
The Young’s modulus, Poisson’s ratio and the density is taken from Alfredsson (2014) as 206 GPa,
0.3 and 7800 kg/m3 respectively, considering an ordinary steel.

3.2 Experimental procedure
In this section the preparation of T-joint specimens and the experimental procedure is presented.

3.2.1 T-joint specimen preparation
A T-joint is a commonly used geometry for validation of material models of adhesively bonded joints
(May & Hesebeck 2015). Figure 3.3 shows the dimensions of the T-joint used in the experiments
where all measurements are given in mm. A total of 10 T-joints are manufactured, 5 for each load
case, denoted S1, S2,…, S5 and R1, R2,…, R5, corresponding to the side load case and the rear load
case, respectively.

Top part

Rear flange
Bonding surface

Side flange

Bonding surface

Base part

Bonding surface

Figure 3.3. Geometry of the T-joint.

To manufacture the T-joints the aluminium profiles (Aluminium 6005-T6), with cross section
dimensions 40x40x2 mm, are cut into one base part with a length of 365 mm and one top part with a
length of 230 mm. To bond the top part to the base part two different types of flanges are used,
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referred to as rear flange and side flange, cf. figure 3.3. Both types of flanges are cut from steel plates
of thickness 2 mm (Steel EN 10130) and the side flanges are bent to their shape. The base part, the top
part and the flanges are manufactured at Volvo Buses. Drawings for the individual parts of the T-joint
can be found in appendix B. To ensure that a cohesive failure will occur before failure of the
aluminium or the steel an effective bonding surface area between the base part and the flanges are
used and the surfaces are pre-treated. The effective bonding surface area are calculated with FEsimulations. Figure 3.4 shows the dimensions of the effective bonding surface, where 𝑏𝑏𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 16 mm,
𝑏𝑏𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 10 mm, 𝑙𝑙𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 10 mm and 𝑙𝑙𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 12 mm. The surfaces between the top part and the flanges
are completely covered with adhesive.

Figure 3.4. Effective bonding surface.

The bonding surfaces are pre-treated by:
1. Abrading with emery paper of grade P120 to create a roughed surface.
2. Applying heptane to remove nonpolar contaminations such as grease and oil which is left on
the surface to evaporate.
3. Applying acetone to remove polar contaminations which is left on the surface to evaporate.
Figure 3.5 shows the surfaces after pre-treatment.
Steel wire

Roughed surfaces

PTFE-film
Figure 3.5. Aluminium profiles after surface pretreatment with steel wire and PTFE-film fixated.
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The assembling procedure for the T-joint is done by first bonding the top part to the base part with the
side flanges. Thereafter the rear flange is bonded to the top and base part. The assembling procedure is
done by:
1. Fixating a PTFE-film and a steel wire with the thickness of 0.2 mm to the bonding surfaces of
the aluminium profiles to ensure the thickness of the adhesive layer and the effective bonding
surface area, cf. figure 3.5.
2. Applying a small amount of adhesive with a scrape to the bonding surfaces effected when
mounting the side flanges. This is done to ensure that the adhesive enters the irregularities of
the adherend.
3. Applying the amount of adhesive needed to obtain a solid adhesive layer between the
adherends.
4. Mounting the side flanges to the top part and the base part using clamps, cf. figure 3.6.
5. Allowing the T-joint to harden in room temperature with a curing time of 6 days.
6. Repeating steps 2, 3 and 4 for the rear flange.
7. Allowing the T-joint to harden in room temperature with a curing time of 8 days.

Figure 3.6. Top part and base part mounted together with side flanges using clamps.

3.2.2 Experimental setup
The experiments are performed in a servo-hydraulic tensile testing machine with a high stiffness load
frame of the type Instron 8802. The testing machine uses a Linear Variable Differential Transformer
(LVDT) to measure the displacement of the hydraulic piston. A hydraulic wedge grip clamps the steel
indenter which is used to apply the load to the T-joints, cf. figure 3.7 and 3.8. Between the hydraulic
piston and the wedge grips a load cell of the type Dynacell is attached with a capacity of ±100 kN.
External LVDTs of the type TESA TT60 with a maximum range of ±5 mm is used for external
measuring.
Figure 3.7 shows the setup for the rear load case where both ends of the bottom part are clamped 20
mm from each end. The steel indenter is applying the load with a loading rate of 0.01 mm/s to the top
19

University of Skövde

Department of Engineering Science

part at a distance of 190 mm from the bottom part. An external LVDT is used to measure the sideway
displacement of the top part at the loading point. To ensure that no displacement of the clamping
occurs, an external LVDT is used to measure the displacement near the clamping.
Figure 3.8 shows the setup for the side load case. The upper end of the bottom part is clamped 40 mm
from the end. The lower end of the bottom part is clamped 20 mm from the end and is in contact with
the worktable. The steel indenter is applying the load with a loading rate of 0.01 mm/s to the top part
at a distance of 190 mm from the bottom part. An external LVDT is used to measure the sideway
displacement at the loading point of the top part. To ensure that no displacement of the clamps on the
upper end of the bottom part occurs an external LVDT is used to measure the displacement of the steel
plate used for clamping.
For both load cases two metal cubes are placed inside the bottom part, one at each end, to prevent any
deformations due to clamping forces. Drawings of the steel indenter and the steel cubes can be found
in appendix B.

Steel indenter
LVDT

LVDT

Clamp

Steel cube

Figure 3.7. Experimental setup for the rear load case.
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LVDT

Steel cube
Steel indenter

LVDT

Clamp
Figure 3.8. Experimental setup for the side load case.

3.3 Analytical approximations
Figure 3.9 shows the free body diagram of the top part during the rear load case where 𝑅𝑅𝑖𝑖 is the
reaction force at point B. To simplify the calculations only the shear stress in the rear flange is
considered. In reality there will be a mixed mode in the adhesive layers, therefore it is important to
notice that this is a rough approximation. Referring to figure 3.9 moment equilibrium counter
clockwise around point B yields
⃖�: 2𝜏𝜏0 𝑏𝑏𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑙𝑙𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑏𝑏 − 𝐹𝐹𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝛽𝛽𝛽𝛽 = 0.
𝐵𝐵

Solving equation 36 for 𝐹𝐹𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 yields

𝐹𝐹𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =

2𝜏𝜏0 𝑏𝑏𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑙𝑙𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑏𝑏
𝛽𝛽𝑙𝑙

.

With 𝑙𝑙 = 230 mm, 𝑏𝑏 = 40 mm and 𝛽𝛽 = 0.83 equation 37 gives the applied load 𝐹𝐹𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 1200 N.

Figure 3.9. Free body diagram of the top part during the rear load case.
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Figure 3.10 shows the free body diagram of the top part during the side load case where 𝑅𝑅𝑖𝑖 is the
reaction force at point A. To simplify the calculations only the peel stress in one flange is considered
and the mode I damage initiation stress is assumed to act on an area corresponding to the length of the
cohesive zone and the width of the effective bonding surface. It is important to notice that this is a
rough approximation and that in reality there will be a mixed-mode in the adhesive layer. Referring to
figure 3.10 moment equilibrium counter clockwise around point A yields

Solving equation 38 for 𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 yields

𝐼𝐼
𝐴𝐴⃖: 2𝜎𝜎0 𝑏𝑏𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑙𝑙𝑐𝑐𝑐𝑐
𝑧𝑧 − 𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝛽𝛽𝛽𝛽 = 0.

𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =

𝐼𝐼 𝑧𝑧
2𝜎𝜎0 𝑏𝑏𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑙𝑙𝑐𝑐𝑐𝑐

𝛽𝛽𝛽𝛽

(38)

.

(39)

𝐼𝐼
Evaluating equation 39 for 𝑧𝑧 = 𝑏𝑏 and 𝑧𝑧 = 𝑏𝑏 + 𝑙𝑙𝑐𝑐𝑐𝑐
gives

𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 |𝑧𝑧=𝑏𝑏 =

𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 |𝑧𝑧=𝑏𝑏+𝑙𝑙𝑐𝑐𝑐𝑐
𝐼𝐼 =

𝐼𝐼 𝑏𝑏
2𝜎𝜎0 𝑏𝑏𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑙𝑙𝑐𝑐𝑐𝑐

(40)

𝛽𝛽𝛽𝛽

𝐼𝐼 (𝑏𝑏+𝑙𝑙 𝐼𝐼 )
2𝜎𝜎0 𝑏𝑏𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑙𝑙𝑐𝑐𝑐𝑐
𝑐𝑐𝑐𝑐

𝛽𝛽𝛽𝛽

.

(41)

𝐼𝐼
With 𝑙𝑙 = 230 mm, 𝑏𝑏 = 40 mm, 𝛽𝛽 = 0.83 and 𝑙𝑙𝑐𝑐𝑐𝑐
calculated with equation 17, assuming plane strain
𝐼𝐼
conditions, and material data given in section 3.1 to 𝑙𝑙𝑐𝑐𝑐𝑐
= 3.8 mm equation 40 and 41 gives the applied
load 𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 |𝑧𝑧=𝑏𝑏 ≈ 1000 N and 𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 |𝑧𝑧=𝑏𝑏+𝑙𝑙𝑐𝑐𝑐𝑐 ≈ 1100 N, respectively.

Figure 3.10. Free body diagram of the top part during the side load case.

3.4 Simulation procedure
The software used for the simulations of the adhesively bonded T-joints is ABAQUS 6.14-2. The top
part and the bottom part are meshed with 4-node shell elements with reduced integration, type S4R
and 3-node triangular shell elements, type S3. The side flanges and the rear flange are meshed with the
element type S4R. All shell surfaces are offset from the middle surfaces to correspond to the correct
surfaces of the T-joint, i.e. the surfaces of the top and bottom parts shown in figure 3.11 represents the
top surfaces. The adhesive layer is meshed with 8-node three-dimensional cohesive elements, type
COH3D8. Figure 3.11 shows the mesh of the T-joint where the top part, base part, side flange and rear
flange are meshed with 4560, 7120, 600 and 620 elements, respectively and a total of 1680 cohesive
elements. The element size for the shell elements is 4 mm and the element size for the cohesive
elements is 2 mm. In the region where the shell elements connect to the cohesive elements the size of
the shell elements are reduced to 2 mm. The cohesive elements are sharing nodes with the side and
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rear flanges and are connected to the top and base part by using tied constraints. To model the contact
between the top part and the base part a surface to surface contact interaction is implemented.
The steel is modelled using an isotropic linear elastic-plastic material model. The aluminium is
modelled using both an isotropic and anisotropic linear elastic-plastic material model. The anisotropic
behaviour is modelled using a plastic anisotropy model according to equation 33. The adhesive is
modelled using a bi-linear material model for mode I and mode II. An uncoupled elastic behavior
according to equation 21 is used to describe the behavior in the hardening phase. To describe the
damage initiation a quadratic failure criterion is used, according to equation 10. The softening phase is
modelled using the BK criterion to evaluate the mixed-mode fracture energy according to equation 15.
Since 𝜂𝜂, used in the BK criterion, is an experimental parameter and no experiments to obtain 𝜂𝜂 are
performed for the used adhesive it is chosen arbitrarily from Camanho and Dávila (2002) to 𝜂𝜂 = 2.284.
The softening behavior is modelled using a linear degradation according to equation 24.

Figure 3.11. Mesh of the T-joint.

Figure 3.12 shows the boundary conditions for the rear load case (left) and the side load case (right).
To represent the clamping conditions described in section 3.2.2 for the two load cases the surfaces
highlighted in the figure are constrained for translation in all coordinate directions. For the side load
case the edge of the base part which is in contact with the work table is constrained for translation in
the z-direction. To simulate the displacement caused by the steel indenter a controlled displacement of
10 mm for the rear load case and 12 mm for the side load case is applied to the lines highlighted in
figure 3.12. The displacement is applied in accordance to section 3.2.2.
The analysis is performed using a dynamic procedure in ABAQUS with an implicit time integration
for determining the quasi-static response of the system.
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Figure 3.12. Boundary conditions for rear load case (left) and side load case (right).

3.4.1 Influence of cohesive parameters
In order to investigate the influence of the cohesive parameters on the force-displacement response for
the rear load case a parameter study is performed. The material parameters 𝐾𝐾𝐼𝐼𝐼𝐼 , 𝜏𝜏0 , 𝐽𝐽𝐼𝐼𝐼𝐼𝐼𝐼 , 𝐾𝐾𝐼𝐼 , 𝜎𝜎0 and 𝐽𝐽𝐼𝐼𝐼𝐼
given in table 3-1 are changed according to
�𝐼𝐼𝐼𝐼 = 𝐶𝐶𝐾𝐾 𝐾𝐾𝐼𝐼𝐼𝐼
𝐾𝐾
𝐼𝐼𝐼𝐼

(42)

̅ = 𝐶𝐶𝐽𝐽 𝐽𝐽𝐼𝐼𝐼𝐼𝐼𝐼
𝐽𝐽𝐼𝐼𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼𝐼𝐼

(44)

𝜎𝜎�0 = 𝐶𝐶𝜎𝜎0 𝜎𝜎0

(46)

𝜏𝜏̅0 = 𝐶𝐶𝜏𝜏0 𝜏𝜏0

(43)

�𝐼𝐼 = 𝐶𝐶𝐾𝐾 𝐾𝐾𝐼𝐼
𝐾𝐾
𝐼𝐼

(45)

̅ = 𝐶𝐶𝐽𝐽 𝐽𝐽𝐼𝐼𝐼𝐼
𝐽𝐽𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼

(47)

where 𝐶𝐶𝐾𝐾𝐼𝐼𝐼𝐼 , 𝐶𝐶𝜏𝜏0 , 𝐶𝐶𝐽𝐽𝐼𝐼𝐼𝐼𝐼𝐼 , 𝐶𝐶𝐾𝐾𝐼𝐼 , 𝐶𝐶𝜎𝜎0 and 𝐶𝐶𝐽𝐽𝐼𝐼𝐼𝐼 are dimensionless scaling factors. Table 3-2 shows the different
parameter combinations where for the first combination all scaling factors are equal to 1 and for the
other combinations five scaling factors assumes the value 1 while one scaling factor assumes the
values 0.7 and 1.3 for each of the parameters. These parameters are changed in the material
formulation for the simulation of the rear load case and the maximum loads are compared to see which
of the parameters that gives the most influence on the results when it is changed.
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Table 3-2. Different parameter combinations for the parameter study.

1

𝐶𝐶𝐾𝐾𝐼𝐼𝐼𝐼
1

𝐶𝐶𝜏𝜏0
1

𝐶𝐶𝐽𝐽𝐼𝐼𝐼𝐼𝐼𝐼

𝐶𝐶𝐾𝐾𝐼𝐼

𝐶𝐶𝐽𝐽𝐼𝐼𝐼𝐼

1

1
1

𝐶𝐶𝜎𝜎0

2

0.7

1

3

1.3

1

1

1

1

1

4

1

0.7

1

1

1

1

5

1

1.3

1

1

1

1

6

1

1

0.7

1

1

1

7

1

1

1.3

1

1

1

8

1

1

1

0.7

1

1

9

1

1

1

1.3

1

1

10

1

1

1

1

0.7

1

11

1

1

1

1

1.3

1

12

1

1

1

1

1

0.7

13

1

1

1

1

1

1.3

#

1

1
1
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4. Results
In this section the cohesive element size dependency is investigated and the results from the cohesive
parameter study, the experiments of the T-joints and the numerical analysis are presented.

4.1 Cohesive element size dependency
To study the element size dependency of the cohesive elements, analyses with mesh refinement are
performed. The mesh refinement is carried out for the side load case for element sizes ranging
between 0.5 mm and 4 mm. The corresponding force-displacement relations are shown in figure 4.1.
The results indicate that an element size 𝑙𝑙𝑒𝑒 = 2 mm is sufficient to obtain converged solutions. Similar
results are obtained for the rear load case.

Figure 4.1. Force-displacement relations for the side load case with varying cohesive element sizes (left) and the maximum
force in detail (right).

The length of the cohesive zone can, for the material data given in section 3.1, be evaluated with
𝐼𝐼
𝐼𝐼𝐼𝐼
= 3.8 mm and 𝑙𝑙𝑐𝑐𝑐𝑐
= 32.6 mm which shows that, with 𝑙𝑙𝑒𝑒 = 2 mm,
equations 17 and 18 to 𝑙𝑙𝑐𝑐𝑐𝑐
approximately 2 to 16 elements will span the cohesive zone. The shortest length of the cohesive zone
is estimated from the simulation of the rear load case to 5.7 mm at the side flange interface, which
gives a cohesive zone discretization of approximately 3 elements. This is in the literature considered as
a sufficient discretization of the cohesive zone to give accurate results of the fracture process.

4.2 Influence of cohesive parameters
According to table 3-2 13 different parameter combinations are studied which implies 13 different
simulations denoted #1, #2, …, #13. For simulation #1 the scaling factors 𝐶𝐶𝐾𝐾𝐼𝐼𝐼𝐼 , 𝐶𝐶𝜏𝜏0 , 𝐶𝐶𝐽𝐽𝐼𝐼𝐼𝐼𝐼𝐼 , 𝐶𝐶𝐾𝐾𝐼𝐼 , 𝐶𝐶𝜎𝜎0 and
𝐶𝐶𝐽𝐽𝐼𝐼𝐼𝐼 according to equations 42 to 47, are all set to 1. Therefore simulation #1 acts as a reference for
which the other simulations are compared to.
Figure 4.2 a) shows the force-displacement response for simulation #1, #2 and #3 where the mode II
stiffness, 𝐾𝐾𝐼𝐼𝐼𝐼 , is varied. If the mode II stiffness is decreased by 30 percent, which corresponds to a
scaling factor 𝐶𝐶𝐾𝐾𝐼𝐼𝐼𝐼 = 0.7, the maximum applied load will increase by 0.84 percent. If the mode II
stiffness is increased by 30 percent, which corresponds to a scaling factor 𝐶𝐶𝐾𝐾𝐼𝐼𝐼𝐼 = 1.3, the maximum
applied load will decrease by 0.08 percent.
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Figure 4.2 b) shows the force-displacement response for simulation #1, #4 and #5 where the mode II
damage initiation stress, 𝜏𝜏0 , is varied. Decreasing the mode II damage initiation stress by 30 percent,
which corresponds to a scaling factor 𝐶𝐶𝜏𝜏0 = 0.7, results in a 13.57 percent decrease of the maximum
applied load. An increase of the mode II damage initiation stress by 30 percent, corresponding to a
scaling factor 𝐶𝐶𝜏𝜏0 = 1.3, gives a 10.80 percent increase of the maximum applied load.

Figure 4.2 c) shows the force-displacement response for simulation #1, #6 and #7 where the mode II
fracture energy, 𝐽𝐽𝐼𝐼𝐼𝐼𝐼𝐼 , is varied. If the mode II fracture energy is decreased by 30 percent the maximum
applied load will decrease with 2.86 percent. If the mode II fracture energy is increased by 30 percent
the maximum applied load will increase with 2.21 percent.
The force-displacement response for simulation #1, #8 and #9 is shown in figure 4.2 d) where the
mode I stiffness, 𝐾𝐾𝐼𝐼 , is varied. A decrease of 30 percent of the mode I stiffness results in a decrease of
0.33 percent of the maximum applied load. An increase of 30 percent of the mode I stiffness results in
an increase of 0.48 percent of the maximum applied load.
The force-displacement response for simulation #1, #10 and #11 is shown in figure 4.2 e) where the
mode I damage initiation stress, 𝜎𝜎0 , is varied. A decrease of 30 percent of the mode I damage initiation
stress results in a decrease of 2.16 percent of the maximum applied load. An increase of 30 percent of
the mode I damage initiation stress results in an increase of 2.72 percent of the maximum applied load.
The force-displacement response for simulation #1, #12 and #13 is shown in figure 4.2 f) where the
mode I fracture energy, 𝐽𝐽𝐼𝐼𝐼𝐼 , is varied. A decrease of 30 percent of the mode I fracture energy results in
a decrease of 3.39 percent of the maximum applied load. An increase of 30 percent of the mode I
fracture energy results in an increase of 4.72 percent of the maximum applied load.
These observations show that the mode II damage initiation stress is the most influencing parameter
regarding the force-displacement response for the T-joint. The mode I and II stiffness are the least
influencing parameters of the force-displacement response. The results for the parameter study is
summarized in appendix C.
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Figure 4.2. a) Results with varying KII. b) Results with varying τ0. c) Results with varying JIIc. d) Results with varying KI. e)
Results with varying σ0. f) Results with varying JIc
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4.3 Experiment and simulation
When comparing the results of the isotropic and the anisotropic linear elastic-plastic material model
for the aluminium profiles no significant differences were found when evaluating the forcedisplacement relations. Therefore the isotropic material model is used for the simulations of the Tjoint.
Figure 4.3 (left) shows the force-displacement relation for the experiments and the simulation of the
side load case. The experimental results show a maximum applied load between 1.29 kN and 1.56 kN.
The simulation shows a maximum applied load of 1.07 kN which corresponds to a percentage
difference between 20 and 45 percent compared to the experiments. The major load drop occurs when
the bonding surfaces on the upper side flange and the upper bonding surface of the rear flange fails, cf.
figure 4.4 d) and e). For the specimens S3-S5 the lower bonding surface of the rear flange also fails,
cf. figure 4.4 f). The simulation and the experiments of the specimens S1 and S2 show a plateau after
the major load drop due to the remaining load carrying capacity of the lower bonding surface of the
rear flange.
Figure 4.5 and 4.6 shows the fracture surfaces of the side load specimens. Note that in figure 4.5 the
left fracture surfaces are not to be evaluated because these fracture surfaces are not generated during
the experiment. Likewise in the upper part of figure 4.6 the upper fracture surfaces are not to be
evaluated.

Figure 4.3. Force-displacement relation for simulation and experiments of the side load case (left) and the rear load case
(right).

Figure 4.3 (right) shows the force-displacement relation for the experiments and the simulation of the
rear load case. The experimental results show a maximum applied load between 1.40 kN and 1.51 kN.
The simulation shows a maximum applied load of 1.37 kN which corresponds to a percentage
difference between 3 and 10 percent compared to the experiments. The major load drop for the
experiments occurs when the bonding surfaces of the rear flange and the upper bonding surfaces of the
side flanges fails, cf. figure 4.4 a) and b). For the simulation the major load drop occurs when all of the
bonding surfaces fails. The plateau after the major load drop observed for the experiments are due to
the remaining load carrying capacity of the lower bonding surfaces of the side flanges, cf. figure 4.4
c).
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Figure 4.7 and 4.8 shows the fracture surfaces of the rear load specimens. Note that in figure 4.7 the
upper fracture surfaces on the side flanges are not to be evaluated because these fracture surfaces are
not generated during the experiment. Likewise in the upper part of figure 4.8 the left fracture surfaces
corresponding to each side flange are not to be evaluated.

b)

a)

c)

d)
e)

f)

Figure 4.4. a) Bonding surfaces of the rear flange. b) Upper bonding surface of the side flange. c) Lower bonding surface of
the side flange. d) Bonding surface of the upper side flange. e) Upper bonding surface of the rear flange. f) lower bonding
surface of the rear flange.
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Figure 4.5. Fracture surfaces on flanges for the side load specimens (left fracture surfaces are not to be evaluated).

Figure 4.6. Fracture surfaces on bottom part for the side load specimens (upper fracture surfaces in the upper part of the
figure are not to be evaluated).
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Figure 4.7. Fracture surfaces on flanges for the rear load specimens (upper fracture surfaces are not to be evaluated).

Figure 4.8. Fracture surfaces on bottom part for the rear load specimens (left fracture surfaces corresponding to each side
flange are not to be evaluated).
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5. Discussion
The comparison between the numerical and experimental results, presented in section 4.3, shows a
good agreement in the linear region before the major load drop which indicates that the initial stiffness
for the numerical model corresponds to the initial stiffness of the specimens for both loading cases.
There is however a difference in the maximum applied load of 20 to 45 percent for the side load case
and 3 to 10 percent for the rear load case where the numerical results show a smaller maximum
applied load for both loading cases. A comparison between these results and the analytical calculations
made in section 3.3 shows that both the numerical and the experimental results have the right order of
magnitude. A possible reason for the deviation between the numerical and experimental results could
be that not only cohesive fracture occurred, but also adhesive fracture, cf. figures 4.5-4.8. The
occurrence of pure cohesive fracture is important because the material data for the adhesive is based
on this type of fracture. In contrast to the experimental results the occurrence of adhesive fracture
should lead to a smaller maximum applied load compared to the numerical results. This is because
when an adhesive fracture occurs the adhesion between the adhesive and the adherend is weaker than
the cohesion between the molecules in the adhesive. This indicates that the occurrence of adhesive
fracture is not the only cause for deviation.
Another cause for deviation could be that the effective bonding surface areas of the specimens are
greater than the effective bonding surface areas of the numerical model. The increase of the bonding
surface areas of the specimens is due to adhesive residuals penetrating the cavity inside the top part,
cf. figures 4.6 and 4.8. Also the cavity between the radius of the side flanges and the top part/base part
interface are filled with adhesive residuals which will increase the effective bonding surface areas of
the specimens.
An additional cause for the deviations between the numerical and experimental results could be the
uncertainty in the determination of the material parameters for the adhesive. Also the difference in
material properties between different batches could significantly influence the results because the
experiments were performed with an adhesive from a different batch than the material parameters
were obtained from.
If the material properties are not formulated in a reliable way this can lead to deviations between the
numerical and experimental results. When comparing the length of the cohesive zone with some
characteristic length of the specimen, e.g. the thickness of the adherends, the length of the cohesive
zone can be considered as greater than the characteristic length, cf. section 4.1. This implies that the
damage initiation stress controls the fracture process and the complete formulation of the cohesive
laws is more important. This may indicate that the bi-linear cohesive laws used in the simulations are
not sufficient to describe the fracture process.
The reasoning about that the damage initiation stress controls the fracture process agrees with the
results from the cohesive parameter study presented in section 4.2. This study shows that the mode II
damage initiation stress is the most influencing parameter on the force-displacement response for the
rear load case. When investigating the influence of the cohesive parameters in a less thorough way
than in section 4.2 for the side load case it is found that the force-displacement response is most
affected when changing the mode II damage initiation stress. This indicates that the fracture process
for both the side load case and the rear load case is controlled by the mode II damage initiation stress
and is more sensitive for the complete formulation of the cohesive laws.
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The fluctuating behaviour before the main load drop for the side load case, cf. figures 4.1 and 4.3, can
be explained by some sort of stability problem for the numerical model of the T-joint. This could
influence the deviations between the numerical and experimental results and is therefore a subject for
future work.
Another uncertainty that arises is the chosen value of the parameter 𝜂𝜂 in the BK criterion, used in
equation 15. Since no experiments for obtaining 𝜂𝜂 is performed it is chosen arbitrarily from the
literature and this may lead to uncertain numerical predictions. Because of this, numerical
investigations is performed which shows that a 30 percent change in 𝜂𝜂 will not influence the forcedisplacement response in a significant way.
The reproducibility for the experiments of the rear load case can be considered reproducible
considering the force-displacement relations in figure 4.3. The side load case can not be considered
reproducible because of the large variations in the force-displacement relation. The variations in
fracture surfaces seen in figure 4.5-4.8 can be a reason for the scatter in the experimental results for
both the rear load case and the side load case shown in figure 4.3.
During the manufacturing of the specimens certain variations in physical dimensions arise. This leads
to relatively large variations between the specimens. Although the thickness of the adhesive layer was
ensured to a nominal thickness of 0.2 mm by fixating PTFE-film and steel wires on the specimens the
adhesive layer thickness was not measured for individual specimens after the manufacturing process.
This may lead to a slightly variating thickness of the adhesive layers of the specimens. For some
specimens variations in the positioning of the PTFE-film resulting in asymmetric effective bonding
surface areas were observed. Air cavities in the adhesive layer were observed for some specimens
which lead to a decrease of the effective bonding surface area. Also the positioning of the top part on
the base part may show a certain variation between different specimens after the manufacturing
process. These variations in physical dimensions of the specimens can explain the scatter in the
experimental results shown in figure 4.3. The variations in dimensions also lead to a dissimilarity
between the numerical model and the geometry of the specimens which can explain some deviation
between numerical and experimental results.
A reason for the insufficient adhesion, that caused the combined cohesive and adhesive fracture, could
be an insufficient surface pre-treatment. Figures 4.5-4.8 show that the combined cohesive and
adhesive fracture occurs mainly at the interface between the steel flanges and the adhesive. Both the
steel and the aluminium surfaces were pre-treated in the same way but due to aluminium being a softer
material there could be differences in surface roughness after the pre-treatment. The different surface
roughness between the materials can lead to differences in mechanical interlocking and wetting
properties and therefore creating a better adhesion between the aluminium and the adhesive.
The experiment for specimen R4 showed a deviation in stiffness, cf. figure 4.3. This deviation is
believed to be due to improper fixation of the specimen which could result in unwanted movements
during the experiment.

5.1 Technology, Society and the Environment
According to figure 4.3 the numerical model of the considered T-joint gives conservative results
compared to the experimental results. From a traditional engineering point of view this can be
considered as a safe model that provides conservative results. On the other hand, the purpose of the
numerical model is to predict the reality in a reliable way in order to reduce the need of destructive
testing. Then, using a model that provides very conservative results may lead to an oversized design as
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well as an excessive use of material. From an environmental, as well as an economical perspective,
numerical models which provide reliable predictions are required to optimise the material usage of a
product. In other words, when establishing numerical models for the use of optimisation in a design
process a good agreement between numerical and experimental results must be achieved.
The use of adhesive joining is considered as one of the key technologies to reduce the environmental
impact from the automotive industry. When using adhesives as a joining technique mixed materials
can be joined which leads to an optimisation in material usage. More advantages can be found in
section 1. However, adhesive joining also have some disadvantages that must be considered. Both the
manufacturing of adhesives and the application of adhesive when joining materials can be harmful
processes for both the environment and the human workers. This is because many adhesives are based
on thermosetting polymers which contains substances that can cause allergic reactions, asthma or other
diseases. Therefore it is important to establish a good working environment when working with
adhesives as well as to establish good routines when handling adhesives which includes how to
dispose adhesive waste. Once the adhesive has hardened most of these hazards disappear, although
when heating or tooling the hardened adhesive some of the hazards can return. At the end of the
lifetime of an adhesively bonded product two big disadvantages are that an adhesive consisting of
thermosetting polymers can not be melted or re-shaped which makes it hard to reuse the adhesive and
different joined materials are hard to separate. One possible solution is to grind the product into small
parts and use it as fiber reinforcement in new products. Another possible solution would be to burn the
adhesive and then collect the other materials. This would however lead to hazardous emissions.
The use of adhesive joining techniques and numerical simulations can lead to a reduced weight of
vehicles, reduced emissions and reduced development costs. This can lead to more people being able
to afford and utilise vehicles and public transportation without an increase of the environmental
impact. This may lead to a sustainable development from an environmental, social and economic
perspective.
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6. Conclusions
Numerical simulations and experiments for an adhesively bonded T-joint subjected to a quasi-static
load for two different load cases have been performed. Before implementing this model in an
optimisation process some improvements and further investigations are needed. The forcedisplacement behaviour of the numerical simulations showed a similar behaviour as for the
experiments, although there were deviations between the maximum applied loads and after the major
load drop. Reasons for these deviations could be inaccurate material properties for the adhesive, the
use of insufficient bilinear cohesive laws, the occurrence of a combination of adhesive and cohesive
fractures during the experiments and difference between the effective bonding surface area of the
numerical model and the specimens.
The experiments of the rear load case can be considered reproducible considering the forcedisplacement relations. Considering the force-displacement relations the experiments of the side load
case can not be considered reproducible.
Cohesive parameter investigations showed that the mode II damage initiation stress is the most
influencing parameter on the force-displacement response. This indicates that a large cohesive zone is
present which agrees with cohesive zone length estimations. A large cohesive zone indicates that the
complete formulation of the cohesive laws is important.
The numerical model of the T-joint provides converged solutions for a cohesive element size of 𝑙𝑙𝑒𝑒 = 2
mm. The number of cohesive elements spanning the cohesive zone is estimated to 3.
During the T-joint preparations the bonding surfaces were pre-treated by abrading the surfaces with
emery paper and cleaning the surfaces with heptane and acetone. This pre-treatment was found to be
insufficient to achieve a good adhesion.
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7. Future Work
Several issues for future work have been identified during this project. Some of them are:
•

•

•
•
•
•

How would a more complete formulation of the cohesive laws influence the forcedisplacement response for an adhesively bonded T-joint with a bi-material interface subjected
to a quasi-static load?
Which surface pre-treatments are needed to achieve a good adhesion when a bi-material
interface consisting of aluminium and steel are to be adhesively bonded in a large scale
production?
Investigate why the side load case receives a greater proportion of adhesive fractures
compared to the rear load case.
Investigate why the side load case receives a greater deviation between the force-displacement
response of the simulation and the experiments compared to the rear load case.
Investigate if there is a stability problem for the numerical model of the T-joint and if this
influence the results.
Evaluate other methods to model the adhesive layer of the T-joint, such as cohesive contact
formulations.
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Appendices
Appendix A: Work Breakdown and Time Plan
Figures A.1 and A.2 shows the initial time plan for the project. The final time plan is shown in figures
A.3 and A.4. Some changes of the time plan have been made during the project. The time for the
manufacturing of the specimens had to be extended due to changes of the design of the specimens.
This resulted in a postponement of the experimental analysis. Instead of manufacturing the T-joint
with two parts it had to be manufactured with five parts. The original idea was to form flanges from
the top part by cutting and bending. During the manufacturing it was found that the aluminium was too
brittle to bend. To solve this problem a new construction with steel flanges was developed. This
resulted in a modification of the specification.
The modelling phase took less time than expected which enabled that the discussion and conclusion
part could be performed earlier.
A critical factor for the success of the project was to achieve cohesive fractures during the
experiments. To minimize the risk of other fracture modes the bonding surfaces were carefully pretreated by recommendations from the literature and some simple tests to evaluate the necessity of pretreatment were performed.
Despite these problems and changes there was no problem to finish the project in time.
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Timeplan Bachelor Degree Project v3 v4 v5 v6 v7 v8 v9 v10 v11 v12 v13 v14 v15 v16 v17 v18 v19 v20 v21 v22 v23 v24
Andreas Lassila & Marcus Folcke
Lecture: Course goals and planning
Specification and planning
Work with specification
Work with timeplan
Create presentation 1
Pres. 1: Specification and planning
Lecture: Literature search
Literature and 1st part of thesis
(background, literature review
and method)
Mechanics of adhesives
Constitutive laws
Obtaining material data for adh.
Cohesive elements and/or user
defined elements in ABAQUS
How to manufacture the specimens
How to perform the experiments?
How to evaluate the results from
experiments an calculations
Experimental equipment
Report: background
Report: literature review
Report: method

Figure A. 1. Initial time plan part A.
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Pres. 2: Introduction, literature
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Experimental analysis
Results and discussion
Report: Numerical results
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Report: Discussion
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Report: Acknowledgements, ref, etc.
Peer review
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complete project and opposition
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Report to supervisor
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Correction of report
Submission of report to examiner
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Figure A. 2. Initial time plan part B.
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Report: method

Figure A. 3. Final time plan part A.
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Figure A. 4. Final time plan part B.
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Appendix B: Drawings
Figure A.5 to A.10 shows the drawings of the parts for the T-joint, the steel indenter and the steel
cube.

Figure A. 5. Drawing of bottom part.
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Figure A. 6. Drawing of top part.
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Figure A. 7. Drawing of side flange.
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Figure A. 8. Drawing of rear flange.
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Figure A. 9. Drawing of steel indenter.
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Figure A. 10. Drawing of steel cube.
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Appendix C: Data from parameter study
Table A-1 shows the results from the parameter study.
Table A- 1. Results from parameter study.

1
2

1372.90
1384.37

0
11.47

Percentage
difference
[%]
0
0.84

3

1371.77

-1.12

-0.08

4

1186.63

-186.27

-13.57

5

1521.23

148.33

10.80

6

1333.66

-39.24

-2.86

7

1403.28

30.38

2.21

8

1368.34

-4.56

-0.33

9

1379.45

6.55

0.48

10

1343.29

-29.61

-2.16

11

1410.24

37.34

2.72

12

1326.33

-46.57

-3.39

13

1437.72

64.82

4.72

#

𝑚𝑚𝑚𝑚𝑚𝑚(𝐹𝐹𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ) Difference
[N]
[N]
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