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Abstract

The overall purpose of this Ph.D. thesis is to develop a framework of methods
for progressive delamination modeling and simulation of composite laminates in
large scale structures under both quasi-static and fatigue loading. The purpose
is motivated by a wish to reduce the cost and consumption of materials while
ensuring high a quality of wind turbine blades.

The first part of the thesis is an introduction to the project and provides
a short introduction to selected basic topics of the theoretical background of
the presented papers. The in-depth state-of-the-art review is provided in the
papers. The second part of the thesis consists of three refereed journal papers.

Paper A is concerned with computational efficiency, ability to converge to
a solution and accuracy of the solution when large cohesive elements are ap-
plied to quasi-static delamination analyses. It is shown that the accuracy and
computational efficiency are improved by reducing the integration error intro-
duced by the numerical integration of the element force vector and stiffness
matrix. Paper B presents a review of the available experimental observations,
the phenomenological models and the computational simulation methods for
the three phases of fatigue-driven delamination (initiation, onset and propa-
gation). The review clarifies which capabilities are required from simulation
methods and next review these simulation methods in regards to these capabil-
ities. The overall procedure and characteristics of the methods are described.
Paper C presents a new method for simulating fatigue-driven delamination un-
der general mixed mode conditions. The method is capable of simulating both
quasi-static and fatigue crack propagation and depend only on easily obtain-
able material parameters. The experimentally obtained crack growth rate can
be reproduced in finite element analyses with practically no error for any given
structure and load.
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Dansk Resumé

Det overordnede formål med denne Ph.D. afhandling er at udvikle et sæt af
metoder til modellering, simulering og analyse af delamineringspropagering
i laminerede kompositmaterialer brugt i store strukturer under både kvasi-
statiske laster og udmattelse. Dette formål er motiveret af et ønske om at re-
ducere materialeomkostningerne for vindmøllevinger, mens der samtidig sikres
en høj kvalitet.

Første del af afhandlingen er en introduktion til projektet og giver en kort
indføring i udvalgte basale emner indenfor den anvendte teori i de udarbejdede
tidsskriftartikler. Den anden del af afhandlingen består af tre videnskabelige
tidskriftsartikler, indeholdende dybdegående redegørelse for state-of-the-art.

Artikel A handler om den beregningsmæssige effektivitet, evnen til at kon-
vergere til en løsning og nøjagtigheden af den fundne løsning, når store ko-
hæsive elementer bruges i kvasi-statiske delamineringsanalyser. Det vises, at
nøjagtigheden og den beregningsmæssige effektivitet forbedres ved at reducere
den integrationsfejl, der introduceres i forbindelse med den numeriske integra-
tion af elementkraftvektoren og elementstivhedsmatricen. Artikel B præsen-
terer en udredning af de tilgængelige eksperimentelle observationer samt de
phenomenologiske modeller og simuleringsmetoder for de tre faser af udmat-
telsesdrevne delamineringer (initiering, "onset" og propagering). Udrednin-
gen klargør, hvilke egenskaber der er nødvendige for simuleringsmetoderne at
besidde, og gør desuden rede for hver enkelt metode i forhold til disse egensk-
aber. Metodernes overordnede fremgangsmåde og karakteristika er beskrevet.
Paper C præsenterer en ny metode til at simulere udmattelsesdrevne delaminer-
inger under generelle mixed mode betingelser. Metoden kan simulere revnevækst
under både kvasi-statiske laster og udmattelse, og afhænger kun af let tilgæn-
gelige materialeparametre. Den eksperimentelt bestemte revnevæksthastighed
kan blive genskabt i finite element analyser med praktisk talt ingen fejl.
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Chapter 1

Introduction to the Ph.D. project

The presented work is conducted as an industrial Ph.D. project for Siemens
Wind Power A/S (SWP) as a part of the research project Danish Centre for
Composite Structures and Materials for Wind Turbines (DCCSM, grant no.
09-067212 from the Danish Council for Strategic Research). The work was
initiated by the wish of SWP to expand the current set of strength based
computational design analysis and verification tools with computational sim-
ulation tools for analysing the growth of cracks, in particular delaminations,
in the laminated composite materials used in wind turbine blades. The Ph.D.
project was launched with the following overall purpose:

Establish a framework of rational methods and tools for progressive

delamination modeling and simulation of composite laminates in large scale

structures under both quasi-static and fatigue loading.

In the following sections of this chapter a description of the background for
the project and the motivation for doing this work are given. Then a short
introduction to delaminations and how they are modelled is given. Following
this, an overall description is given of the level of maturity of the models and
methods as well as an presentation of the yet unsolved challenges preventing
application of the simulation tools for wind turbine blades.

1.1 Contextual background

The wind energy business has evolved immensely over the last 15 years sup-
ported by the high political focus on non-polluting, renewable and independent
energy production. Therefore, the current technology of wind turbines has
reached a high level of reliability and maturity. Currently, the largest challenge
is to reduce the cost of energy production since the cost in general fall behind
conventional fossil based energy sources [1]. Thus, a great and ongoing effort
is put into reducing the cost of energy from wind turbines. Some focus areas
are inspired by the manufacturing practice of the automotive industry where

1



CHAPTER 1. INTRODUCTION TO THE PH.D. PROJECT

there is a high degree of automation, modularisation and standardised com-
ponents while other focus areas fall into classic mechanical engineering tasks
of optimizing the wind turbine structure in terms of minimizing the material
consumption and cost while ensuring high reliability and robustness. High reli-
ability is of great importance for offshore installations where the cost of repairs
is significantly larger than onshore installations. The history shows that the
cost of energy decreases with increasing capacity of the wind turbine which is
why we see that wind turbines are getting larger.

Siemens Wind Power produces horizontal-axis wind turbines as the one
shown in Fig. 1.1. It consists of three blades mounted on a hub which constitute
the rotor. The rotor is connected to a generator located in the nacelle. The
nacelle is mounted on a tower which is bolted to a foundation. The main loads

Foundation

Tower

Nacelle

Hub

Blade

75m

Figure 1.1: SWP wind turbine 6MW direct drive with a rotor diameter of 154m.

on the wind turbine are the wind load and the mass of the structure itself. The
blades are important parts to optimize with regards to weight as the mass of
the blades will affect the magnitude of loads on all other structural parts of the
wind turbine. Thus, lowering the weight of the blades will not just reduce the

2



1.2. LAMINATED FIBROUS COMPOSITE MATERIALS AND DELAMINATIONS

material consumption and cost of the blades, but is also a key area for reducing
the cost of the remaining structural parts of the wind turbine.

In order to keep a low weight of the blades they are made of composite
materials. In Fig. 1.2 a sketch of a generic Siemens Wind Power blade cross
section is shown. The structure is hollow and the main load carrying feature

Glass-epoxy laminate

Balsa wood

Birch plywood

Foamed polymer

Panels

Web

Flanges

Figure 1.2: Generic cross sectional drawing of a SWP wind turbine blade.

of the blade is the I-beam-like center consisting of flanges made of a glass-
epoxy laminated material and a web made of a glass-epoxy-birch ply wood
sandwich structure. The panels consist of glass-epoxy-balsa sandwich materials
or glass-epoxy laminated composite materials. Sandwich structures are used
to increase the bending stiffness of the panels in order to avoid out-of-plane
buckling/instability. A more detailed description of these composite materials
and structures is given in the following section.

As mentioned previously one of the means to reduce the cost of energy is
to reduce the material cost. When this approach to cost reduction is taken
it implies utilizing the material to its full capacity. One aspect of this is to
take the design closer to the limit of the material which is why it evidently
is important to have an accurate knowledge of material limits. This calls for
more advanced analysis tools which is the goal of this project.

1.2 Laminated fibrous composite materials and

delaminations

The term composite materials describes the combination of two or more ma-
terials into a single material to create a material with useful properties. In
the case of a Siemens Wind Power wind turbine blades the primary material is
glass-epoxy which consists of layers of long continuous glass fiber mats molded
into an epoxy resin which holds the fibers in place, see Fig. 1.3.

3



CHAPTER 1. INTRODUCTION TO THE PH.D. PROJECT

Glass-epoxy laminate

Balsa wood

(a) (b)

Figure 1.3: (a) Glass-epoxy-balsa sandwich cross section (b) Dry glass fiber mats.

In the direction of the fibers glass-epoxy has a higher stiffness and strength
per weight properties compared to conventional structural materials such as
steel and aluminium. In contrast to the nice properties in the fiber direction
of glass-epoxy the stiffness and strength properties orthogonal to the fiber
direction are significantly lower and can be considered the Achilles’ heel of
laminated composites. In Tab. 1.1 a few selected properties of two typical
types of glass-epoxy layers used at SWP are shown which demonstrates this.
The reason for the poor properties transverse to the fiber direction is that

F1(t/c) [MPa] F2(t/c) [MPa] E1 [GPa] E2 [GPa]

UD 914/525 42/121 43 14
BIAX 150/150 150/150 13 12

Table 1.1: Typical strength and stiffness in the fiber direction (1) and transverse
direction (2) of unidirectional (UD) and biaxial (BIAX) glass-epoxy laminates, re-
spectively [2]. The letters t and c denote here tension and compression, respectively.

it basically is the epoxy resin only which carries the load in these directions
instead of the strong fibers. In Fig. 1.4 a laminate with 6 UD layers is shown
where the strong (1) and weak (2 and 3) directions are indicated.

4



1.3. THEORETICAL BACKGROUND

1

2

3 stacking direction

fiber direction

Figure 1.4: Close up on a polished UD laminate where all fibers are oriented in the
1-direction. The white lines in the laminate are sewing tread meant to hold together
the fibers until infusion of the epoxy resin is completed.

The nature of composite materials is that it often contains small defects
and stress concentrations which can develop into a crack when the material is
loaded. Most often these cracks develop in the interface between layers which
is the plane given by the 1 and 2 directions in Fig. 1.4. This type of crack is
called delaminations and is the type of cracks the methods in the papers of this
Ph.D. project focus on. In Fig. 1.5 an example of a delamination in a so-called
double cantilevered beam (DCB) specimen is shown. The laminate is similar
to the one depicted in Fig. 1.4.

1
2

3

Figure 1.5: A delamination between UD glass-epoxy layers in a DCB specimen.

1.3 Theoretical background

There are two main fracture mechanical frameworks which are suited for the
type of delamination simulation studies in focus. These frameworks are linear
elastic fracture mechanics (LEFM) and cohesive zone modelling (CZM). The
choice of using cohesive zone models as the point of departure was made from
the very beginning of this project. However, both frameworks possess advan-
tages and challenges. One of the advantages of cohesive zone models, which is

5



CHAPTER 1. INTRODUCTION TO THE PH.D. PROJECT

one of the main reasons for using this framework, is that they enable a highly
automated analysis of delamination propagation without the need for geom-
etry and mesh changes when they are used in connection with finite element
analysis.

In the following sections an introduction to the topic of cohesive zone models
used for delamination analysis is given. The introduction serves as an overview
and leads to the formulation of unsolved challenges of applying these current
available methods for delamination analysis in large structures.

1.3.1 Basic properties of cracks and growth of cracks

In a continuum mechanics setting a crack is modelled as a surface of disconti-
nuity S of the continuum, see Fig. 1.6. In the unloaded state of the continuum
the opposing surfaces S− and S+ are coincident and denoted the crack faces.
The continuum on each side of the crack cannot penetrate which means that
only compressive normal tractions and friction shear tractions can be trans-
ferred between the crack faces. All other tractions on the crack faces are zero.

ΩΩ

surface of discontinuity, S

S+

S−

F
F

F
F

Figure 1.6: Crack modelled as a surface of discontinuity S in a continuum defined as
the domain Ω.

One of the fundamental understandings of the growth of cracks was formu-
lated by Griffith [3] who formulated a crack growth criterion for elastic bodies
which assumes that crack growth is an energy dissipating process where the
energy needed to increase the crack area A is assumed to be a constant mate-
rial property. This material property has later been refereed to as the critical
energy release rate Gc.

For delamination cracks in layered composites the critical energy release rate
Gc cannot be considered solely a material constant since it is dependent on for
example the crack loading configuration. Even so the basic idea of considering
the energy dissipation per crack area a constant material property is maintained
with some additions/corrections which are described in Sec. 1.3.5.

6



1.3. THEORETICAL BACKGROUND

1.3.2 Cohesive zone modelling and cohesive laws

The first practical framework for general analysis and modelling of cracks was
linear elastic fracture mechanics (LEFM) [4] which is based on linear elasticity.
The LEFM framework leads to infinite strains and stresses at the crack tip
which are artifacts of using linear elasticity and assuming an infinitely sharp
crack tip. As infinite stresses at the crack tip do not hold a physical meaning
and as the linear elastic assumptions of small deformations and rotations are
violated in the solution, Barenblatt [5] worked on an alternative formulation
which ensures finite stresses at the crack tip. The work took point of departure
in linear elasticity and Barenblatt argumented that the only way to avoid infi-
nite stresses is to have a traction field in front of the crack tip which exactly
balances out the crack opening force, see Fig. 1.7. The extend of the cohesive
tractions is defined as the cohesive zone length.

LEFM CZM (Barenblatt)

cohesive tractions

F
F

F
F

F
F

F
F

Figure 1.7: a LEFM crack and a CZM (Barenblatt) crack in (upper) unloaded and
(lower) loaded configuration, respectively.

A consequence of avoiding the infinite stresses by this traction field is that
it results in a smooth cusp like joining of the crack faces1. This implies that
the local rotational deformation at the crack tip is zero unlike in the LEFM
where the crack faces are rotated π/2 at the crack tip.

Barenblatt claimed that the cohesive tractions holding together the crack
faces in front of the crack tip are due to atomic forces in the material which are a
function of the separation length of the atoms. Since then the physical interpre-
tation of what leads to these cohesive tractions have been adapted to different

1Note that Barenblatt [5] only considered normal separation of the crack faces.

7



CHAPTER 1. INTRODUCTION TO THE PH.D. PROJECT

material systems, where some of the most relevant for delamination damage
of fibrous composites are: fiber bridging [6–9], polymer crazing/bridging [10],
small scale yielding [11] and micro cracks close to the crack tip [12, 13], see
Fig. 1.8.

'

#" 

crack tip direction

Figure 1.8: Mechanisms leading to cohesive tractions. Left: fiber bridging [9]. Right:
Polymer Tearing.

Common for all available cohesive laws is that they are constitutive laws
relating the crack face separation displacement vector, δ to the traction vector
τ and that they have a negative slope as shown in Fig. 1.9.

0 0.02 0.04 0.06 0.08 0.1 0.12
0

5

10

15

20

Interface separation [mm]
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te
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a
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a
ct
io
n
[M

P
a
]

 

 

Rectangular

linear
Trapezoidal

Bilinear
Exponential

Figure 1.9: Different common representations of a cohesive law. Rectangular [11],
Linear [14], Trapezoidal [15], Bilinear [16], Exponential [17]. All the depicted cohesive
laws are shown with the same maximum traction τo and critical energy release rate
Gc

Rice [18] used the J-integral to show that the total specific work of the co-
hesive tractions (the area below the cohesive law curve) is equal to the critical
energy release rate of the material Gc.

It is difficult to measure cohesive laws in general because of the small length-
scale associated with the cohesive forces. Only a few methods exist for deter-
mination of cohesive laws in composite materials. One of these is the method
by Sørensen [19]. The method relies on determination of the J-integral [18] as a

8



1.3. THEORETICAL BACKGROUND

function of the crack face separation and differentiation of experimental data.
Thus, in order to get meaningful results a high degree of filtering of the data
and curve fitting with simple curves are used. The choice of filtering and curve
fitting have significant effect on the shape of the cohesive law which is why it is
best suited for determining large scale bridging tractions and not the cohesive
tractions in the close vicinity of the crack tip. The method can be used to de-
termine basic properties of the cohesive law with meaningful accuracy like the
overall shape and the critical opening δc which is defined as the opening above
which, the crack faces are free of tractions. However, the maximum traction
and the shape close to zero opening are not possible to determine with current
experimental methods. Instead the bulk material strength of the interface is
used which is further explained in section 1.3.3.

As a part of a Ph.D. course in fracture mechanics for laminated compos-
ite structures [20] at Aalborg University, which the author co-organized, the
cohesive law for an interface between UD glass-epoxy was determined using
the approach of [19]. This is shown here to demonstrate the difficulties in
determining the whole cohesive law.

Based on the applied moment the J-integral can be determined and the
interface separation is measured using a clip-gauge, see Fig. 1.10.

0 1 2 3 4 5
0

0.2

0.4

0.6

0.8

1

Interface separation, δ [mm]

J−
in

te
gr

al
 [M

P
a]

 

 

Experimental data

fitted curve, f(δ) = aδb − δc

Figure 1.10: Test setup and data for determination of the cohesive law of an interface
between UD glass-epoxy.

The cohesive law is then obtained by differentiating the smooth fitted curve
of the experimentally obtained J-integral data with respect to the interface
opening, see Fig. 1.11. It is seen that the crack faces are free of tractions once
the opening increases above the critical opening δc at 6 mm and also that the
tractions are reduced to 0.5 MPa at the interface separation δ = 0.24 mm.
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Figure 1.11: The cohesive law determined by differentiation of the fitted J-integral
curve with respect to the interface opening.

An important property to note about the shape of the cohesive law is
the large change in traction for openings in the interface separation interval
δ ∈]0, 0.1] mm. The length scale of this opening is very small compared to the
structural scale of wind turbine blades or even the thickness of the laminate.
This large difference in length scale is in fact one of the main challenges when
applying CZMs to large structures since it makes solving the problem compu-
tationally heavy. This length scale challenge will be discussed further in section
1.4.

1.3.3 Potential crack paths and initiation of new cracks

Since cracks in the interface between fiber layers in many situations are con-
fined to propagate in the interface only, the potential crack path approach of
Needleman [21, 22] can be used. Using this approach each fiber layer is mod-
elled as a separate body and each body is then held together to the adjacent
bodies by cohesive tractions, see Fig. 1.12.
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Figure 1.12: Needleman’s potential crack path approach. The laminate defined by
domain Ω is split along all potential crack paths into subdomains Ω1 to Ω5 and held
together by cohesive tractions.

When cohesive laws are used in predefined crack paths as depicted in Fig.
1.12 the laws are formulated with an initial elastic hardening, see Fig. 1.13. In
this way the cohesive law has a positive stiffness up to the maximum traction
after which the stiffness is negative2.

ττ

δ δ

τo

Figure 1.13: Cohesive laws with initial hardening used with the potential crack path
approach [21, 22].

The initial positive stiffness is introduced even though the thickness of the
interfaces are zero which would call for a rigid cohesive law until the onset
traction is reached [24]. Allowing the initial positive stiffness enables that the
tractions on the crack faces can be evaluated based on the crack face separation
only which is practical when applied in finite element analysis. The system
behaves more compliant doing this, but the influence can be reduced to an
insignificant size by ensuring a high initial stiffness in relation to the material
stiffness of the surrounding laminate [25].

Hillerborg [12] suggested that the maximum traction, also denoted the on-
set traction τo, can be considered equal to the material strength in the absence
of a crack. When this approach is taken cohesive zone models can also be used
to predict the initiation of cracks in pristine laminates. In many cases strength

2Cohesive laws which are rigid until the onset traction is reached is also refereed to as
extrinsic cohesive models and cohesive laws with an initial positive stiffness are refereed to
as intrinsic cohesive models [23].
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of materials and fracture mechanical properties cannot be related, however nu-
merous studies e.g. [18, 26, 27] have shown that the critical energy release
rate is the single governing parameter when the extend of the crack is large
compared to the length of the cohesive zone. Furthermore, as mentioned pre-
viously, the current experimental characterization techniques of cohesive zone
laws are not yet capable of determining the cohesive law for very small interface
separations which is needed in order to determine the onset traction. Thus, it
seems that the cohesive zone models following the approach of Needleman [21]
and Hillerborg [12] are cable of simulating both initiation and propagation of
cracks without compromising either one capability.

The combination of the approaches of Needleman [21] and Hillerborg [12]
enables a very automated simulation of initiation and propagation of delami-
nations and is relatively easy to implement in a finite element framework.

1.3.4 Damage and irreversible crack propagation

In order to ensure irreversible crack propagation in the cohesive zone model
formulation, the damage parameter concept known from continuum damage
mechanics is applied. In the following an overall figurative introduction to
damage in cohesive zone models is given. The details of the specific formulation
used in paper A and C are presented in section 1.3.6.

In Fig. 1.14 a sequence of loading and unloading of a crack modelled with
a cohesive zone model is shown. The opening and traction of the location in
the crack interface marked with a dot is traced on the cohesive law. Initially
(a) there is no damage at the location of the dot. When the crack is loaded
above the onset of propagation (b) the traction-separation relation follows the
softening part of the cohesive law and the damage is updated accordingly. If
the crack is then unloaded (c) the traction-separation relation follows a linear
curve to the origin. As long as the traction-separation relation follows this
curve the damage variable remains constant. If the crack is loaded again the
traction-separation relation will follow the updated cohesive law shown in (d).

During the loading-unloading in (b)-(c) energy is dissipated which is indi-
cated in grey and the remaining ability to do non-conservative work is marked
with blue, see Fig. 1.15. The curve around the blue area also represents the
updated cohesive law after damage.
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Figure 1.14: Sequence showing damage development during crack growth.
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Figure 1.15: Updated cohesive law after damage

1.3.5 Crack loading modes and bimaterial cohesive interfaces

In the case of glass-epoxy and most other materials the critical energy release
rate is not purely a material constant, but is also a function of the way the
crack is loaded. A crack can be loaded in a combination of the three basic
opening modes shown in Fig. 1.16. Mode I is a symmetric normal opening
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about the crack plane, Mode II is an in-plane shear opening and mode III is
an out-of-plane shear opening.

Unloaded Mode I Mode II Mode III

Figure 1.16: The three basic crack opening modes.

In most conventional structural materials like metals a crack loaded in a
combination of mode II or mode III will change direction during propagation
until mode I loading is reached. This is because mode I in general is the least
energy dissipating opening mode and because this energy dissipation is inde-
pendent of the orientation of the crack in relation to the material. However, in
laminated composites the crack is often bounded to propagate in the interface;
even under mixed mode conditions dominated by mode II and III. As an ex-
ample, the values of the critical energy release rate for a SWP UD glass-epoxy
laminate with the crack propagating along the fiber direction are GIc = 613
J/m2 in mode I and GIIc = 2252 J/m2 in mode II.

As mentioned previously delaminations propagate under mixed mode in
general since they are confined to propagate in the interface between fiber
layers. There are two reasons for why crack propagation under mixed mode
occurs. One reason is mixed outer loading as shown in Fig. 1.16. Another
reason is the different elastic properties of adjacent layers [28], e.g. due to
different fiber orientations or weaves. In fact the different elastic properties
of adjacent layers can lead to mixed mode crack opening locally at the crack
tip even though an outer mode I opening is applied. Cracks between two
different materials are denoted bimaterial interface cracks and have been given
much attention and is well described in the framework of LEFM, but not in
the framework of cohesive zone models. The reason that careful treatment of
mode mixity is important is that both crack propagation under quasi-static and
fatigue loading is influenced by the mode mixity. The critical energy release
rate Gc [29], the interface strength τo [2], and crack growth rate in fatigue
[30] are all functions of the mode mixity during propagation and can only be
determined experimentally.

When considering cohesive zone models, which are capable of handling a
general (experimentally determined) mode mixity dependency, there are two
relevant definitions of the mode mixity. These mode mixity definitions are:

• Mode mixity φ expressed by the mode decomposed energy release rates
GI , GII and GIII [31, 32]

• Mode mixity β expressed by normal and tangential crack faces separations
δI , δII , δIII [33, 34]
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The interface separation based mode mixity β is not unique for a given
load scenario like the energy release rate based mode mixity φ, but varies
through the cohesive zone [35–37]. Numerical studies show that the variation
of β through the cohesive zone is problem dependent since it is influenced
by the geometry of the structure and material stiffnesses. Thus, there is no
relation between the energy release rate based mode mixity φ definition and the
pointwise displacement based mode mixity β. This can lead to some confusion
since the experimental data of the critical energy release rate Gc used for mixed
mode cohesive laws are extracted using the energy release rate based mode
mixity definition φ and applied in a CZM using the crack face separation based
mode mixity definition β.

There exist different approaches to formulate mode mixity capable cohesive
laws such as models with decoupled mode I and II, potential based models, and
the models treated in this project which are equivalent one dimensional laws.
The latter type of CZMs relates the norm of the displacement jump to the
norm of the traction [38]. No matter which type of formulation of the mixed
mode law is used, the energy dissipation will be path dependent unless certain
relations of GIc, GIIc, τ

o
I , and τoII are maintained [24, 35, 39, 40]. In fact, the

only way to make sure that there is no path dependency of the energy dissipa-
tion in the general case is to have GIc = GIIc = GIIIc and τoI = τoII = τoIII . This
means that in fibrous laminated composite interfaces where there are signifi-
cant differences of the critical energy release rates and the interface strengths,
mode mixity simulation results will in general be path dependent.

All cohesive models are isotropic, in the sense that strengths τIo, τIIo and
τIIIo and the critical energy release rates GIc, GIIc and GIIIc are independent
of the crack propagation direction and the orientation of the materials adjacent
to the cohesive interface. As the current cohesive models are not dependent
on crack propagation orientation the two shearing modes II and III cannot be
separated and is instead treated as a single shear mode.

1.3.6 Resume of the applied cohesive zone model

The cohesive zone model for quasi-static modelling which forms the basis of
the work done in paper A and C are the model of Turon [34] which is an
extension of the model of Camanho [33]. The basic features of the formulation
are described in the following.

The model is based on the potential crack path approach by [21] as de-
scribed in section 1.3.3. At the interface, the coincident surfaces of each body
part separated are denoted S+ for the surface associated with the upper body
and similarly S− for the lower body. In the deformed configuration, the sepa-
ration of the two parts of the deformed body is described in a local Cartesian
coordinate system, (e1, e2, e3) located on the middle surface, S̄, see Fig. 1.17.

The middle surface in the deformed configuration is defined as the average
distance between initially coinciding points at the upper and lower surface of
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Figure 1.17: Description of the middle surface S̄ in the deformed configuration.

the undeformed body and is in the global Cartesian coordinates (X) defined
as:

x̄ = p+
1

2
(u+ + u−) (1.1)

The separation of two initially coinciding points at the interface in the
global Cartesian coordinate system is defined as:

u+ − u− (1.2)

The local coordinate system (e1, e2, e3) is derived from a curvilinear coor-
dinate system (η, ξ) located on the middle plane in the following way:

vξ =
∂x̄

∂ξ
vη =

∂x̄

∂η
(1.3)

e1 =
vξ

|vξ|
e3 =

vξ × vη

|vξ × vη|
e2 = e3 × e1 (1.4)

The curvilinear coordinate axes, η and ξ, are in general not orthogonal which
is why only e1 and vξ are parallel. The transformation tensor between global
and local coordinates, Θ, is:

Θ =





e11 e12 e13
e21 e22 e23
e31 e32 e33



 (1.5)

Thus, the separation in local coordinates (e1, e2, e3) is given as:

δ = Θ(u+ − u−) (1.6)
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where Θ is the transformation tensor between the global and local coordinate
system. The constitutive relation between the displacements δ and tractions
τ between the crack faces S+ and S− are defined as:

τi = (1 −Dk)Kδi for i = 1, 2

τ3 = (1 −Dk)Kδ3 −DkK
1

2
(−δ3 + | − δ3|)

(1.7)

where the scalar damage variable Dk is a measure of the state of damage
of the interface. Dk is defined in the interval [0, 1] and describes the linear
reduction of the initial constitutive unloading stiffness K. The evolution of Dk

is controlled by a cohesive law and a damage model which are expressed by
an equivalent one dimensional opening displacement λ and an equivalent one
dimensional interface traction µ:

λ =
√

(δI)2 + (δs)2 δI =
1

2
(δ3 + |δ3|) δs =

√

(δ1)2 + (δ2)2

µ = (1−Dk)Kλ
(1.8)

where δI is related to mode I crack opening and δs is a shear opening related to a
combined mode II and III crack opening (mode II and III are not distinguished).
It is assumed that the negative normal opening (penetration of crack faces) does
not affect damage development. Thus, δI is set equal to zero when the crack
faces penetrate. Based on the equivalent one dimensional opening displacement
λ and interface traction µ, an equivalent single mode cohesive law can be
defined. This is shown in Fig. 1.18 and is used to determine the damage
which is needed to determine the interface traction τ in Eq. (1.7). µo is
the equivalent one dimensional onset traction, (δD, µD) is the equivalent one
dimensional opening and traction associated with the current damage Dk and
mode mixity β, Gc is the critical energy release rate, and wtot is the total
specific work.

µ

µµ
µo

K

λo

K(1−Dk)

λDλD λc

λ

λ

λ wtot

Gc

µD

µD

wr

Figure 1.18: Equivalent single mode cohesive law for mixed mode three dimensional
quasi-static delamination propagation simulation. The cohesive law is shown for a
constant mode mixity.
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λo and λc are the equivalent one dimensional onset and critical openings,
respectively, and are given by:

λo =
µo

K
, λc =

2Gc

µo

(1.9)

wr is the specific remaining ability to do non-conservative work and is de-
fined as:

wr =
1

2
λD(1−Dk)Kλc (1.10)

The critical energy release rate Gc and the equivalent single mode onset
traction µo are determined using a modified BK-criterion [29, 34] expressed in
the local opening displacement based mode mixity β. This is different from the
mode mixity φ used in Paris’ Law which is defined by the mode decomposed
energy release rates (GI ,GII ,GIII).

Gc = GIc + (GIIc − GIc)B
η

µo =
√

(τIo)2 + [(τIIo)2 − (τIo)2]Bη

where B =
β2

2β2 − 2β + 1
and β =

δs
δI + δs

(1.11)

where subscripts I and II denote the pure mode I and II values, respectively,
and η is a mode interaction parameter. The damage criterion presented in [34]
has been extended with the explicit dependency of the mode mixity β as, in
general, it is changing continuously through the cohesive zone. The extension
is done using the formulation in [41]. The criterion for the evolution of the
damage variable Dk is defined as:

s− r ≤ 0 (1.12)

where r is the threshold for damage evolution. The criterion implies that the
damage state is unchanged if s− r < 0. If s− r = 0 damage can, but does not
necessarily, evolve. The variables r and s are defined as:

s =
λc[λ− λo]

λ[λc − λo]

r =
λc[λD − λo]

λD[λc − λo]
where λD =

λoλc

λc −Dk[λc − λo]

(1.13)

where λD is the equivalent one dimensional opening corresponding to the cur-
rent damage state at a given mode mixity β. The function r is formulated

such that the evolution of the damage variable Dk is defined as Ḋk = ṙ. It
is assumed that the evolution of the damage variable is irreversible, meaning
that ḋ ≥ 0 and thereby ṙ ≥ 0. The latter implies that the threshold for damage
evolution r and thereby the damage variable Dk can be determined as the so
far maximum value of s less than or equal to one:

Dk = r = min(max(0, s), 1) (1.14)
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If a crack is propagating, the criterion for evolution of the damage state in
Eq. (1.12) is met, meaning that r = s. It then follows that λD = λ which is
used later in the fatigue damage rate model presented in paper C.

1.3.7 Finite element formulation

In order to conduct analyses of delamination propagation numerical methods
are needed. All recent cohesive zone models for delamination propagation
simulations have been implemented in a finite element framework. These im-
plementations are typically based on contact formulations, solid elements or
zero thickness interface elements. The present work is based on zero thickness
interface elements since interfaces between fiber layers in the materials consid-
ered here have insignificant thickness and since the contact based formulations
are less robust and therefore acquire a higher computational effort.

The works in papers A and C are based on an 8-noded element with inter-
polation functions defined on the middle surface S̄e extended by the η and ξ
curvilinear coordinate vectors, see Fig. 1.19.

1

1

2

2 3

3

4

4

5

5

6

6

7

7

8

8

S−

e

S̄e

S+
e

ξ
η

Figure 1.19: Zero thickness brick element in (left) undeformed configuration and
(right) exploded view. The numbering of nodes is shown.

The opening displacements ∆ in the element are defined as:

∆ = ΘNq (1.15)

where N is the interpolation function matrix and is assembled such that the
displacements of the upper crack face S+

e are subtracted from the displacements
of the lower crack face S−

e . The vector q contains the nodal displacements. The
shape function matrix N is given as:

N1 =
1

4
(1 − ξ)(1− η), N2 =

1

4
(1 + ξ)(1 − η)

N3 =
1

4
(1 + ξ)(1 + η), N4 =

1

4
(1− ξ)(1 + η)

(1.16)
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N+ =





N1 0 0 N4 0 0
0 N1 0 · · · 0 N4 0
0 0 N1 0 0 N4





N− = −N+

N = [N−,N+]

(1.17)

The element internal force vector expressed in global coordinates can be
derived from the principle of virtual work and Newton’s third law [42]:

f =

∫

S̄e

NT
Θ

T τdS̄e =

∫

ξ

∫

η

NT
Θ

T τ |vξ × vη|dηdξ (1.18)

where S̄e is the middle surface of the element in the deformed configuration.
The complete element tangent stiffness matrix is determined as the first deriva-
tive of the residual which in this case is the element internal force vector with
respect to the nodal displacements. In order to reduce the complexity of the
implementation the terms related to changes of the mode mixity, changes of the
transformation matrix and changes in the deformed interface area with respect
to displacements are all omitted such that the element stiffness matrix Kt is
calculated as:

Kt ≈

∫

S̄e

NT
Θ

TDtan
ΘNdS̄e =

∫

ξ

∫

η

NT
Θ

TDtan
ΘN |vξ × vη|dηdξ (1.19)

The integrals of f and Kt are evaluated using numerical integration meth-
ods such as Newton-Cotes quadrature and Gauss-Legendre quadrature which
is treated in detail in paper A.

1.3.8 Fatigue models

The loads on a wind turbine blades can overall be divided into wind loads and
inertia loads from rotation of the rotor. The typical service life of modern wind
turbines is 20 years. This leads to a total number of revolutions of approxi-
mately 2 ·108 which is why the focus on fatigue is limited to high-cycle fatigue.
The load time history of a wind turbine is highly varying and appears almost
random with no easy identification of mean or amplitude of the load variation.
Furthermore, it is difficult to mimic a realistic load spectrum in controlled
design verification tests of full wind turbine blades. Thus, in order to make
fatigue simulations and tests operational the real load spectrum is converted
to an equivalent constant cycling load that for a certain number of cycles is
assumed to produce the same damage or crack growth [43]. The approach is
based on Palmgren-Miner linear damage hypothesis [44, 45] and a cycle count
approach such as rainflow counting [46].

The models used for experimental characterization of high-cycle fatigue
delamination growth in composite materials are all variants of Paris’ law [47].
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By variants of Paris’ law is meant that the crack growth rate da/dN , where a
is the crack length and N is the number of load cycles, is a function expressed
in LEFM quantities. These LEFM quantities are the mode mixity and the
amplitude and mean value of either the stress intensity K or the energy release
rate G. As mentioned previously only the energy release rate approach is
relevant for cohesive zone models.

The mean and amplitude of the energy release rate are functions of the
loading of the crack at the minimum and maximum of the cyclic varying load,
see Fig. 1.20 where this is exemplified by a moment loaded DCB specimen.
The minimum and maximum loads are also denoted the load envelope.

envelope load

M

M

M

time

Figure 1.20: The envelope load approach exemplified by a moment loaded DCB
specimen.

Similar to these experimental characterization models there is a class of
cohesive zone models for high-cycle fatigue which is denoted envelope load
models [48–50]. The novel fatigue model and method presented in Paper C is
based on the envelope load model approach. The cohesive models based on
the envelope load models for fatigue crack growth simulation are formulated as
damage rates dD/dN instead of crack growth rates da/dN . Since there does
not exist any experimental characterization of the damage, all available models
in the literature are either approximately linked to or calibrated using a variant
of Paris’ law.

Assuming that a structure behaves geometrically and material-wise linear
the cyclic variation of the energy release rate, and thereby the crack growth
rate, can be determined from the maximum energy release rate and the load
ratio R of the outer load applied to the structure. Since the maximum energy
release rate is occurring at the maximum outer load the fatigue crack growth
analysis can be conducted in a quasi-static manner where only the maximum
outer load is applied to the structural model.

1.4 The challenges and research objectives addressed

As described in the beginning of this chapter the overall purpose of the Ph.D.
project is reliable and computational efficient methods for delamination under
quasi-static and fatigue loading. As described in the previous sections the level
of maturity of the methods for delamination propagation simulation as a result
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of quasi-static loading and fatigue loading, respectively, are at very different
levels. The methods for quasi-static delamination simulation are well consoli-
dated in the way that the methods are well-described and have been used in
advanced simulations such as simulation of a complete main spar of a wind
turbine blade [51]. As described in paper B, the methods for fatigue-driven
delaminations are all very recent and the models and methods are not yet ma-
ture enough to be relevant for industrial application. Because of this difference
of the two fields the contributions fall into different categories. The work on
quasi-static methods is focused on computational cost while the work on fa-
tigue methods are focused mainly on extending the capabilities and accuracy
and secondly the computational cost when applying the methods for numerical
simulation.

In regards to methods for quasi-static loading there are two main areas
which needs further development. One is the high computational cost of run-
ning analyses and the other is limited capabilities in regards to mixed mode
crack propagation. Since all the cohesive zone model based fatigue models and
methods are extensions of quasi-static models, these areas that need further
development also apply to the methods and models for fatigue loading as well.

As mentioned in the previous section the issues in regards to mixed mode
capabilities are an unintended structural and material dependency of the en-
ergy dissipation under mixed mode crack opening. Furthermore, there are
some issues in relation to three dimensional crack propagation which include
the missing ability to distinguish shear opening displacement into mode II and
mode III, respectively. Also the current models are not able to take into con-
sideration the critical energy release rate as a function of the orientation of
the crack front in regards to material orientation. However, one of the largest
challenges preventing the application of delamination simulation methods in
the design work for SWP is the high computational effort associated with the
methods when the structures being analysed are as big as a wind turbine. This
stems from the mesh density requirement of having at least 3 to 10 elements
(depending on material and structure) in the damage process zone. The order
of magnitude of the damage process zone is practically independent of the size
of the structure meaning that it will be in the range of approximately 5mm
to 10mm. There is a large difference in length scales between the structural
level (currently up to 75 m long) where loads are introduced and the size of the
damage process zone. This means that even with the use of multi-scale anal-
ysis (also known as sub-modelling) [? ] the degrees of freedom in the system
becomes very large and with it the computational cost.

In regards to methods for simulating fatigue driven delaminations several
areas in the need of further development because of the low level of maturity of
this topic. The main areas in need of further development in relation to fatigue
driven delamination simulations in large structures are the predictive capabil-
ities and accuracy of the simulations and similar to the quasi-static methods
the computational efficiency.
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Chapter 2

Description and conclusions of the

papers

In this chapter extended summaries of the three main papers of the Ph.D. work
are given. Following the summaries the contributions and impact of the work
as a whole are described.

2.1 Paper A

Paper A with the title Analysis of the Integration of Cohesive Elements in

regards to Utilization of Coarse Mesh in Laminated Composite Materials [52]
presents an analysis of the influence of the integration error introduced by
the numerical integration of the internal force and stiffness matrix of cohesive
elements used in finite element analysis of delamination propagation. The
influence is measured in terms of ability to converge to a solution, number of
equilibrium iterations needed to converge to a solution (computational time),
and error in the obtained solution.

A means to obtain a higher computational efficiency is to reduce the number
of elements in the finite element model which results in a lower resolution of
elements in the cohesive zone at the delamination front. However, in models
with a low element resolution in the cohesive zone, a oscillating response can
be observed in the obtained solution. An example of this is shown in Fig. 2.1
for a double cantilevered beam, specimen model. Further details of the model
is given in the paper.

It is shown in the paper that the two main reasons for the oscillating re-
sponse are the size variation of the cohesive zone following from discretization
of the displacement field and integration error of the element force vector and
stiffness matrix. Based on a simulation of the entire opening history of a sin-
gle 3 mm cohesive element with it is demonstrated that the commonly used
2 × 2 Newton-Cotes quadrature introduces a large error in the calculation of
the element force vector and stiffness matrix. In the study the relative error of
the nodal normal force is between -750% and 1654% using 2× 2 Newton-Cotes
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Figure 2.1: (a) a DCB model. CMOD is the crack mouth opening displacement and P
is the opening force. (b) Finite element results of DCB response curves using 3.0mm
large cohesive elements with 2× 2 Newton-Cotes quadrature.

quadrature while for 30 × 30 Gauss-Legendre the error is only between 0.2%
and 0.4%.

Furthermore, it is shown using DCB specimen models that there is a strong
correlation between both the accuracy of the solution, the ability to obtain a
converged solution and the magnitude of the integration error. By reducing the
integration error in the damage process zone of the interface, more accurate
results are obtained and larger elements can be utilized with less iterations,
thereby decreasing the computational cost. Reducing the integration error
increases the applicable size of cohesive elements and makes the model less
sensitive to different settings like the magnitude of artificial damping and onset
traction.

Since there is only a need for reducing the integration error in the damage
process zone, an adaptive scheme can be applied such that only elements de-
veloping damage utilize a higher order integration. The extra computational
cost associated to the increase in number of integration points in the damage
zone is insignificant compared to the gain in computational efficiency obtained
by increasing the element size. In a study of a three dimensional finite element
model of a laminate containing a curved crack front the applicable element
size was increased by a factor of 4 using 30 × 30 Gauss-Legendre quadrature
instead of 2×2 Newton-Cotes quadrature. No significant change in the number
of equilibrium iterations was observed and the response using 30 × 30 Gauss-
Legendre quadrature with 4mm elements was closer to a converged response
compared to the solution obtained with 2 × 2 Newton-Cotes quadrature and
1mm elements.
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2.2 Paper B

Paper B with the title Delamination under Fatigue Loads in Composite Lam-

inates: A Review on the Observed Phenomenology and Computational Meth-

ods [50] presents a review of the available experimental observations, the phe-
nomenological models, and the computational simulation methods for the three
phases of delamination (initiation, onset and propagation). First the available
experimental work on characterization of the behavior of delamination is re-
viewed in order to clarify which capabilities are required from simulation meth-
ods and next currently available simulation methods are reviewed in regards
to these capabilities.

The review of experimental observations covers the influence of different
conditions, such as mixed-mode ratio, load ratio, mean load, and type of ma-
terial, have on fatigue-driven delamination. The review of phenomenological
models for onset and propagation clarifies that all available models are based on
linear elastic fracture mechanics and can therefore be regarded as expansions
of Paris’ law [47]. Following the review of phenomenological models a review of
the available simulation methods for initiation, no-growth, and propagation are
given. The overall procedure and characteristics of the methods are described.
This is done in a way that all common features of the methods are accentuated
and the differences are discussed. The capabilities of the methods to reproduce
experimental data or Paris’ law under different conditions, e.g. mixed mode,
are presented.

The amount of work dealing with delamination propagation exceeds by far
the work on initiation and no-growth in regards to experimental observations,
work on phenomenological models, and simulation methods.

Based on the review of the topic a list of recommendations for further
research is given. One of the overall themes is to make the simulation methods
suitable for structural design validation studies by increasing the accuracy and
improving the predictive capabilities. Another overall theme is to extend the
experimental data and simulation methods to more general loading conditions
and three dimensional crack propagation as most current research is based on
simple specimens such as the double cantilevered beam specimen consisting of
a unidirectional laminate.

2.3 Paper C

Paper 3 with the title A Simulation Method for High-Cycle Fatigue-Driven

Delamination using a Cohesive Zone Model [53] presents a new method for
simulating fatigue-driven delamination under general mixed mode conditions.
The method is based on a direct link between a mixed mode capable quasi-
static cohesive model [34] and a Paris’ law like model of the crack propagation
rate of the type da/dN = f(∆G,Gmean, φ). ∆G and Gmean describe the cyclic
variation of the energy release rate G and φ is the mode mixity expressed
in mode decomposed energy release rates, GI , GII and GIII . The method is

25



CHAPTER 2. DESCRIPTION AND CONCLUSIONS OF THE PAPERS

therefore capable of simulating both quasi-static and fatigue crack propagation
without any parameter fitting. The link between the cohesive quasi-static law
and the Paris’ law like model is formulated such that the used Paris’ law can
be reproduced in finite element analyses with practically no error for any given
structure or load.

The motivation for formulating this method came from the conclusions of
the review in paper B, which displayed that the current methods for simulat-
ing fatigue driven delamination lack in accuracy and/or cannot be used as a
predictive tool since parameter fitting is needed for the given structure being
analysed in order to represent experimental results.

In order to keep the computational efficiency of the method reasonably for
high-cycle fatigue, it has been based on the envelope load model approach. This
means that only the envelope of the cyclic variation of the load on the structure
is modelled and not the full cyclic variation, since this would have made the
method computationally inefficient. The development of the damage variable
of the cohesive interface is formulated as a damage rate with the following main
dependencies:

dD

dN
= f

(

∂λ

∂a
,
∂β

∂a
,
da

dN
, ...

)

(2.1)

where the rate of the interface opening displacement norm ∂λ/∂a and rate
of the mode mixity ∂β/∂a with respect to crack extension are determined
from the interface opening displacement field. The crack growth rate da/dN
is determined using the mode decomposed J-integral [18, 31]. The remaining
variables figuring in the expression for the damage rate, which have not been
written out here, are derived from the quasi-static cohesive law.

The damage at a given cycle count is determined at discrete increments in
cycles ∆N by integration of the damage rate. Like other fatigue crack propaga-
tion simulation methods the accuracy of this integration is affected by the size
of the elements and the cycle increment. In order to balance out the integra-
tion error an adaptive cycle integration (ACI) scheme has been proposed which
results in highly accurate results for coarse meshes and large cycle increments.

The method has been implemented as a zero thickness 8-noded interface el-
ement for Abaqus and as a spring element for a simple finite element model in
Matlab. The method has been validated in simulations of mode I, mode II and
mixed mode crack loading for both self-similar and non-self-similar crack prop-
agation. The method produces highly accurate results compared to currently
available methods and is capable of simulating general mixed mode non-self-
similar crack growth problems.
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Chapter 3

Contributions and impact

In this chapter the main contributions, the novelty and the impact of the work
have been highlighted. The novelty and contributions of the work have been
divided into knowledge produced and methods developments.

In the work of paper A the reasons for the problems associated with us-
ing large elements are described and a detailed description of the shape and
change of the integrands of the element force vector and stiffness matrix dur-
ing damage development is given. Furthermore, knowledge of how damping
affects the response and behaves differently for large elements using different
quadratures and the magnitude of integration error is established. The paper
provides a method to increase the efficiency and accuracy by simply reducing
the integration error for the elements located in the damage process zone only.
This has been demonstrated to provide the most significant improvements for
three dimensional applications where the need for increased efficiency is the
most critical.

The work of paper B provides a review on the observed phenomenology
and computational methods for delamination under fatigue loads in composite
laminates. The main contributions of this work are structuring and catego-
rizing the knowledge within the research field and identifying the unsolved
problems and areas where research is missing. The common features of the
overall approach of the methods are described and serves as an introduction to
the fundamentals of the topic of simulation methods for fatigue driven delam-
inations. Special attention is given to comment on the validation exercises of
each of the reviewed methods in order to clarify for the reader what are the ca-
pabilities of currently available methods. Furthermore, a unified nomenclature
for the simulation methods has been proposed which will support the reader
of current and future work in the research field.

The main contribution of the work presented in paper C is focused on
method development in the form of a novel fatigue method capable of simulat-
ing both quasi-static and fatigue driven delamination. The method produces
significantly more accurately results for delaminations loaded in any given mode
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mixity than current available methods. As a part of the method a link between
the propagation of a sharp crack (in the classical fracture mechanics sense) and
the local opening of a cohesive interface has been established which is expected
to be of such general value that it can be used in other works where this link
is needed. For the integration of the damage rate a novel predictor-corrector
approach has been developed which the authors expect could be used to in-
crease the size of applicable element and cycle increment with most of the
other methods based on the envelope load model approach described in paper
B. Comparison with existing methods have been made for self-similar delami-
nation propagation (constant mode mixity and energy release rate) where it is
shown that the proposed method is significantly more accurate than currently
available methods. Furthermore, the capabilities in regards to simulating non-
self-similar delamination propagation (gradually changing mode mixity and
blockwise or gradually changing energy release rate) have been demonstrated
with very high accuracy. Paper C also provides guidelines for choosing the
element size and cycle increment based on sensitivity studies.

The impact of the contributions of the Ph.D. work is expected to be equally
divided between the research community and the engineers working in the in-
dustry. The research community can benefit from the knowledge generated by
the analyses of paper A which can benefit in the development of improved so-
lutions to the problem of coarse mesh. Both new and experienced researchers
can benefit from the review of the observed phenomenology and computational
methods for delamination under fatigue loads paper B provides as well as find
inspiration in the suggestions for further research for formulation of new re-
search goals. The methods developed in paper C can be used as tools for the
development of other methods where e.g. the link between the advance of a dis-
crete crack and opening of a cohesive interface is needed or where application
of the adaptive cycle integration (ACI) scheme can be used to obtain more
accurate solutions. The engineers in the industry can benefit from all three
papers. Paper A and C provide means to obtain more accurate results and
increased computational efficiency in quasi-static and fatigue analyses. Paper
B provides a overview and insight in the topic of fatigue-driven delamination
which can aid in the effects to consider and models and methods to use for
simulation.
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Chapter 4

Perspectives and future work

During the work of the Ph.D. project, progress has been made and new prob-
lems and unsolved questions have been raised. During the work the problems
yet not solved were revealed which turns into the following suggestions for fur-
ther work. With regard to fatigue driven delaminations paper B provides a
more elaborated list of suggestions for further research which is not repeated
here.

• Investigate if further reduction of the computational cost can be obtained
by combining a reduced integration error, as shown in paper A, in com-
bination with enriched/higher order elements.

• The analysis of paper A showed how damping of the damage parameter
does not work as intended and that it is sensitive to the integration
scheme. Thus, a better damping formulation on field variables such as
the rate of energy dissipation of the cohesive interface should be further
looked into in order to increase the computational efficiency and accuracy
of delamination simulations.

• Extend the J-integral formulation used in paper C for three dimensional
cohesive interfaces in order to enable the simulation of 3D crack growth
using the method provided in Paper C.

• Extend the current capabilities of modelling cyclic loading to general or
more real world representative loading spectra.

• Extend cohesive law and damage formulation to three dimensional anal-
yses where all three crack opening modes are treated.

• Provide a well-defined set of benchmark examples for fatigue driven three
dimensional crack growth problems to test simulation methods. This
include experimental data at coupon level to be used for model calibration
and subcomponent/substructure data for model validation.
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The overall purpose of this Ph.D. project has been to develop a framework of 
methods for progressive delamination modeling and simulation of composite 
laminates in large scale structures under both quasi-static and fatigue loading.
The first part of the thesis is an introduction to the project and provides a 
short introduction to selected basic topics of the theoretical background of 
the work presented in the papers.
The second part of the thesis consists of three refereed journal papers.
Paper A is concerned with computational efficiency and the ability to con-
verge to a solution for large cohesive elements applied in delamination 
analyses.
Paper B presents a review of the available experimental observations, 
the phenomenological models and the computational simulation methods 
for the three phases of fatigue-driven delamination (initiation, onset and 
propagation).
Paper C presents a new method for simulating fatigue-driven delamination 
under general mixed mode conditions. The experimental crack growth rate 
can be reproduced in finite element analyses with practically no error for any 
given structure and load. 
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