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PREFACE
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Danish Centre for Composite Structures and Materials for Wind Turbines
(DCCSM). The support received is gratefully acknowledged.

The central part of the research conducted during the project period appears in four
papers, two papers have been published in international scientific journals with peer
review, whilst the two others were both undergoing review for possible publication
in international journals at the time of printing of this thesis. This thesis is
structured as an extended summary of these four papers to frame them in the
context of the Ph.D. project. This thesis includes (1) a general summary of and the
motivation for the research carried out and documented in the four papers, (2)
conclusions and (3) a discussion of future work. All the papers can be found in the
appendix chapters of this Ph.D. thesis.

The project has been supervised by Associate Professor Lars Christian Terndrup
Overgaard, Department of Mechanical and Manufacturing Engineering, Aalborg
University, Professor Ole Thybo Thomsen, affiliated with both the Department of
Mechanical and Manufacturing Engineering (AAU) and the Faculty of Engineering
and the Environment, University of Southampton and finally Professor Janice
Dulieu-Barton, from the Faculty of Engineering and the Environment, University of
Southampton. | would like to extend my sincere gratitude to all of my supervisors
for the excellent guidance and support | have received throughout the entire project
period.

Parts of the research in this Ph.D. project have been carried out during international
placements. | have spent four months at the University of Southampton, United
Kingdom, in the research group of Engineering Materials under the supervision of
Professor Janice Dulieu-Barton. Another four months were spent at the Department
of Management and Engineering at the University of Padova, Italy, under the
supervision of Professor Marino Quaresimin and Assistant Professor Paolo Carraro.
I am very grateful for the guidance, support and fruitful discussions during these
external collaborations.

My family and especially my wonderful girlfriend Marie-Louise have always
supported me during the project, for which I am very thankful.
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ENGLISH SUMMARY

The main purpose of this Ph.D. project was to develop a physically based fatigue
model for intralaminar damage in glass-fibre reinforced polymer (GFRP) laminates
when subjected to multiaxial fatigue loading. An automated in-situ measurement
and post-processing method named Automatic Crack Counting (ACC) was
developed to monitor and analyse the layer-wise off-axis crack evolution in Multi-
Directional (MD) GFRP laminates. The method uses transilluminated white light
imaging and a digital camera to capture images of the crack evolution. An algorithm
was developed to automatically analyse these images. The outcome of this work is a
methodology that enables automatic layer-wise quantification of the off-axis crack
damage state, i.e. the number, length and location of initiated cracks, measured
throughout the fatigue test in a consistent and reliable manner (Paper #1).

The ACC method was complemented with in-situ measurements of the material
strain using lock-in Digital Image Correlation (DIC) and an extensometer to
measure the change in stiffness of a series of tested GFRP laminates. The full
experimental setup was used for monitoring fatigue tests of GFRP plies embedded in
a multidirectional laminate such that stable damage evolution was achieved.
Opposite to earlier observations with unstable propagation at the weakest material
point with a single crack growth, it was demonstrated how the high-temporal
resolution of ACC could be used to study the damage evolution with a level of detail
never before achieved. It was found that the number of cycles to crack initiation of
isolated cracks and the crack growth rate for a constant energy release rate exhibited
a large scatter for the tested GFRP material system. The Weibull distribution was
shown to accurately model the stochastic nature of crack initiation and growth. The
crack density was found to be a suitable damage measure for history dependent
effects in the form of variable amplitude loading. It was further established that the
compression-tension loading was less damaging than tension-tension loading for
identical load amplitude. Using the measured change in compliance from the lock-in
DIC and extensometer measurements, the micro-mechanical stiffness degradation
model called GLOB-LOC was found to slightly under-predict the stiffness change of
the damaged laminate when using ACC to measure the crack densities required as
input for the GLOB-LOC model (Paper #2).

The off-axis damage evolution in GFRP laminates is a multi-scale and hierarchical
process involving several length scales. The process consists of off-axis crack
initiation at the scale of the inter-fibre distance and off-axis propagation at the scale
of the overall structure. Efficient multi-scale stress analysis tools are needed to
model such a complicated process. In addition, reliable models, that describe the
damage evolution rate as function of the local stress state obtained from the
multiscale stress analysis tools are needed to predict the full damage evolution. In
literature, it was found that the experimentally observed crack propagation rate for
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off-axis cracks in MD laminates subjected to multiaxial-loading depend on the local
mode-mixity of the off-axis crack front. However, there have not been published any
physically based models suitable for predicting the influence of the local mode-
mixity on the crack propagation rate in open literature. Therefore, a physically based
crack propagation model has been developed along with a multi-scale approach used
to produce the model predictions in a computationally efficient manner. The
development of this model was carried out in collaboration with the research group
of Professor Marino Quaresimin at the University of Padova, Italy. The model
requires experimental data from two different mixed-mode loading conditions in
order to derive two Paris’ Law master curves for a given composite system. Based
on these master curves, the model is capable of predicting the crack growth rate for
the entire local mode-mixity range as long as friction does not play an important
role. The model has been shown to work for off-axis cracks in GFRP tubes and
delaminations in both GFRP and carbon-fibre reinforced polymer laminates (Paper
#3).

The ACC method from Paper #1, the conclusions from Paper #2 and the modelling
of off-axis crack propagation presented in Paper #3 enabled the development of a
physically based multiaxial fatigue model framework (Paper #4). The main
constituents used in the developed multiaxial fatigue model are the GLOB-LOC
model, a physically based multiaxial initiation criterion and the crack propagation
model from (Paper #3). The GLOB-LOC model was extended to predict the
variations in stress field between interacting off-axis cracks, in order to apply the
extended GLOB-LOC model for a complete range of crack densities in the
evaluation of multiaxial initiation and mixed mode propagation. The new physically
based model framework has been found to provide good predictions for the crack
density evolution in thick off-axis GFRP layers subjected to multiaxial fatigue.



DANSK RESUME

Det overordnede mal for dette Ph.D. projekt har veeret at udvikle en fysisk baseret
udmattelsesmodel til modellering af skaderne i de enkelte lag af glasfiberforsterket
polymerlaminater (GFRP), nar disse udsattes for multi-aksielle udmattelseslaster.
En automatiseret malemetode kaldt Automatic Crack Counting (ACC) er blevet
udviklet til formalet, saledes at revner i hvert enkelt lag kan detekteres og
monitoreres. Malemetoden anvender gennemlysning af prgveemner med hvidt lys
og et digitalt kamera til at tage billeder af lyset. Til at analysere de optagede billeder
er der blevet udviklet en numerisk algoritme. Denne algoritme er i stand til
automatisk at kvantificere revnevakst i de enkelte GFRP lag, hvilket indebzerer en
konsistent og palidelig opmaling af antallet af revner, deres lengde og placering
igennem hele tidsforlgbet af udmattelsestestene (artikel #1).

ACC forsggsopstillingen er blevet udvidet med tgjningsmalinger ved hjelp af Lock-
In Digital Image Correlation (DIC) og ekstensometer for at fastleegge materialets
stivhedsdegradering under udmattelsestestene. Denne forsggsopstilling blev anvendt
til at analysere udmattelsesskader i de individuelle GFRP lag i et laminat bestdende
af flere GFRP lag, som var orienteret forskelligt for at skabe en stabil revnevekst. |
modsgtning til tidligere observationer af ustabil revneveekst ved det svageste
materialepunkt, blev det demonstreret hvordan den hgje tidsoplgsning ved brug af
ACC kunne bruges til at studere skadesudviklingen med en detaljegrad som ikke er
set tidligere. Der blev fundet en stor variation i antallet af belastninger pakravet for
at initiere nye revner, samt hvor hurtigt allerede eksisterende revner vokser. Det er
blevet vist at Weibull fordelingen pracist modellerer denne variation.
Revnedensiteten er blevet fastlagt til at veere en anvendelig skadesparameter, nar
historie afhangige lastspektre skal modelleres for GFRP materiale. Tryk-treek
udmattelseslaster er mindre skadende end treek-trek laster, nar lastamplituden
forbliver uzndret. Den maélte stivhedsdegradering er blevet sammenholdt med model
resultater fra den mikro-mekaniske stivhedsdegraderingsmodel kaldet GLOB-LOC.
Revnedensitetsmalinger fra ACC blev brugt som input til GLOB-LOC, og det blev
observeret at GLOB-LOC underpradikterer stivheden af de skadede laminater
(artikel #2).

Revneudvikling i GFRP laminater er en multiskala og hierarkisk proces som
involverer flere forskellige leengdeskalaer. Processen bestar af revneinitiering som
skyldes udviklingen af mikrorevner i matricematerialet mellem fibre samt
revnevaekst som kan streekke sig til hele strukturen. Effektive veerktgjer til
multiskala spzndingsanalyse er derfor ngdvendige for at modellere en sa
kompliceret skadesproces. Ydermere, er palidelige modeller, der beskriver
skadesudviklingen som funktion af de lokale spaendinger bestemt ved multiskala
analyse, ngdvendige for at kunne beskrive den fulde skadesudvikling. | den
offentligt tilgengelige litteratur er det almen kendt at revnevekstshastigheden i
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GFRP afhanger af revnefrontens lokale lastpavirkning. Ingen fysisk baserede
modeller til at beskrive indflydelsen af lokal lastpdvirkning pa revnevakst
hastigheden i GFRP laminater var tilgeengelige i litteraturen. Derfor blev en sadan
fysisk model samt en multiskala tilgang til at evaluere modellen ved brug af
begrensede computer ressourcer udviklet. Udviklingen af denne model blev
foretaget i samarbejde med Marino Quaresimins forskningsgruppe ved Universitetet
i Padova, Italien. Modellen kraever eksperimentelle data fra to forskellige méader at
laste revnefronten pa, sdledes to styrende regressionskurver af Paris’ Lov kan blive
udledt. Baseret pd disse regressionskurver er modellen i stand til at forudsige
revnevakstshastigheden for hele spandet af mulige revnefrontslaster, sd lange
friktion ikke spiller en vaesentlig rolle. Det er blevet vist, hvorledes modellen virker
for bade revner i de enkelte GFRP lag i rargeometrier men ogsa, hvorledes modellen
virker for delamineringer i GFRP- og kulfiberforsterket polymer laminater (artikel
#3).

ACC metoden fra artikel #1, konklusionerne draget i artikel #2 og modellen til at
forudsige hastigheden af revnevakst fra artikel #3 gjorde det muligt at udvikle den
fysisk baserede udmattelsesmodel som er prasenteret i artikel #4.
Hovedbestanddelene i denne model er GLOB-LOC modellen kombineret med en
multi-aksiel initieringsmodel fra litteraturen og revnevakst modellen fra artikel #3.
GLOB-LOC blev udvidet saledes at modellen kunne beskrive de variationer som
opstar i spaendingsfeltet, nar revner i GFRP lagene begynder at interagere. Dette var
ngdvendigt for det valgte multi-aksielle initieringskriterie og den udviklede
revnevakst model kunne evalueres. Det er blevet demonstreret, hvorledes den fysisk
baserede udmattelsesmodel kan forudsige udviklingen af revnedensiteten i tykke
GFRP lag, nar disse udsattes for multi-aksielle udmattelseslaster.
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CHAPTER 1. BACKGROUND AND
MOTIVATION

Glass fibre reinforced polymers (GFRP) were invented during the 1940°s and when
compared to e.g. steel this can be considered to be a relatively new type of material.
It consists of glass fibres hold together by a matrix material made from polymers. A
rapid growth in the use of GFRP materials has been observed since its invention and
in 2014 95% of the world wide total production of FRP materials was GFRP [1].
GFRP laminates belong to a specific class of GFRP material where glass fabrics
made from continuous fibres are stacked on top of each other and impregnated by a
polymer resin to create a solid composite material. GFRP laminates are being used
increasingly in structural components where the strength to weight ratio is
important. Accurate models that can predict when the material fails are required to
fully utilise the strength to weight ratio of GFRP laminates.

To predict failure of GFRP laminates a wide range of models has been proposed for
quasi-static load cases. The world-wide-failure-exercise reviewed several of these
models [2] and from this review it was pointed out that even the best performing
models showed a poor predictive capability for several of the test cases.

Besides structural GFRP components susceptible to quasi-static failure, GFRP
laminates are also being used increasingly in structural components subjected to
fatigue loading. Examples of such components are modern wind turbine blades,
which utilise large amounts of GFRP laminate materials. The gravitational, inertial
and aerodynamic loads acting on a wind turbine blade are fatigue loads. Wind
turbine blades have a service life of more than 20 years, and are therefore subjected
to ultra-high cycle fatigue. The fatigue loading experienced by the GFRP laminates
is multiaxial and causes strength and stiffness degradation, which leads to a finite
lifetime of the blades. Modern wind turbine blades are so large that gravitational and
inertial loads have started to dominate more than aerodynamic loads [3]. This means
that wind turbine blades are now weight critical structures and therefore requires
accurate fatigue models to utilise the material in the most efficient manner and hence
save weight.

As for quasi-static loads, several models for predicting material failure of GFRP
laminates subjected to fatigue loading have been proposed. The vast majority of
these models are phenomenological and the most widely applied design methods
used in e.g. the wind turbine industry makes use of these phenomenological models
[4]. The phenomenological models currently proposed for GFRP laminates and the
phenomenological models used by standards [4-6] are highly inspired by empirical
models developed for metals. The models rely on stress versus life (S-N) diagrams
as proposed by A. Wohler for steel and account for the influence of mean stress
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effects using constant life diagrams somewhat similar to the Goodman diagram
approach developed by J. Goodman for steel. This appears to be a questionable
approach considering the fact that the actual fatigue failure modes of the two types
of materials are not similar. In steel, it is commonly recognised that the fatigue crack
growth is explained by slip deformations of more than one slip plane which will
cause crack extension and leave visible striations on crack surfaces [7,8]. When the
crack reaches a critical length it becomes unstable resulting in a sudden catastrophic
failure. Usually, the fatigue failure of GFRP laminates is not sudden as the material
steadily degrades due to a series of subcritical failure modes. These failure modes
and when they occur during the fatigue life of a GFRP laminate are schematically
illustrated in Figure 1.

1. Matrix Cracking 3. Delamination
5. Fracture
o o L o
w
2 cDs .
Z |(crack satdration) i
o
0° 0° 0° 0°
2. Crack coupling- 4. Fiber Breakage
Interfacial debonding
PERCENT OF LIFE IN FATIGUE 100

(or applied stress)

Figure 1: Usual damage modes observed during fatigue loading of GFRP laminates

[9].

In GFRP laminates, the first damage mode usually takes the form of matrix cracking
(also known as off-axis cracks or Inter Fibre Failure (IFF)) tunnelling through the
laminate layers, followed by delamination and fibre breakage leading to ultimate
structural failure. Thus, the fatigue damage process of GFRP is very different from
the fatigue damage process in steel.

In a recent review of phenomenological fatigue models [10] for composite lamintes
it was found that all reviewed models for several load cases provided overly
conservative predictions and for several other load cases provided highly non-
conservative predictions. Therefore, Quaresimin et al. [10] have questioned the
general validity of the reviewed models and highlight the need for new and more

16



advanced models in order to use the materials in a more efficient manner.
Quaresimin et al. [10] stress that research within the field of fatigue of laminated
composites should move in the direction to improve the understanding of the
underlying damage mechanisms, and further to include these damage mechanisms
in future predictive models. The potential outcome of such an approach is envisaged
to be generally applicable models, which would limit the need for experimental
testing, provide enhanced information of the actual damage states within the
material, and finally provide better lifetime predictions. All of these outcomes may
help the composites industry in creating lighter, cheaper and more efficient
composite products.

Fatigue models for composite laminates, which incorporate actual damage
mechanisms, are still in their infant stage [11], since they are limited to simple
laminate configurations and restricted to simple fatigue load cases. The reason why
this branch of fatigue models are still in their infant stage despite their appealing
envisaged outcome could be explained by the limited amount of experimental
studies of actual damage mechanisms [12] and the fact that fatigue damage is a
complicated multi-scale and hierarchical process occurring at several different
length scales [13]. This, underpins the need for advancing both the experimental and
the modelling research fields in order to reach the ultimate goal of having models
capable of providing safe and reliable fatigue life predictions for composite
laminates.

1.1. RESEARCH OBJECTIVES

The overall objective of the Ph.D. project is to develop an improved understanding
of failure mechanisms in multi-directional GFRP laminates and to propose a fatigue
life prediction model for GFRP laminates, which models the actual fatigue damage
evolution process. This includes the following sub-goals of the research:

e A new method to characterise multiaxial fatigue in GFRP laminates.

e Experimental investigation of off-axis cracks in GFRP laminates under
multiaxial fatigue loading.

e Physically based modelling of off-axis cracks in GFRP laminates and its
influence on the in-plane elastic properties of the damaged laminate.

The anticipated outcome is a multiaxial fatigue model capable of describing the

actual off-axis crack damage mechanisms in GFRP laminates and an efficient test
campaign strategy to fatigue characterise a GFRP material.

17
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The following chapters summarise the research conducted during this Ph.D. project
and the conclusions drawn based on the research.

1.2. NOVELTY

The research conducted during this Ph.D. project has provided several novel
contributions within the field of multiaxial fatigue testing and modelling of fatigue
damage in multidirectional GFRP laminates. The novelties are described in detail in
the four appended papers and can be summarised as follows:

e A novel in-situ experimental technique named Automatic Crack Counting
(ACC) used to quantify fatigue damage in off-axis plies has been proposed.
The method employs transilluminated white light imaging and digital
image processing to automatically quantify the damage state. The in-situ
and automatic nature of the method results in a high temporal resolution of
the damage development in the tested laminates. (Paper #1)

e The fatigue damage evolution in GFRP off-axis plies has been studied in
detail using the novel experimental technique, ACC (Paper #2). The tested
off-axis plies have been subjected to different fatigue loading conditions
taking into account both R-ratio effects and variable amplitude loading.
Several new conclusions about how fatigue damage develops in
multidirectional laminates have been drawn. The crack density was found
to be a suitable damage measure for a low-high sequence of variable
amplitude block loading. T-T loading results in a higher crack density than
is the case for C-T loading for the same load amplitude. The Weibull
distribution effectively models the stochastic nature of off-axis crack
initiation and growth and the shape parameter of the Weibull distribution is
independent of stress level and ply thickness. Furthermore, by using ACC
it has been shown how to efficiently derive material parameters, which
describe the off-axis crack damage evolution process.

e A physically based multi-scale model for modelling the influence of mixed-
mode loading on the off-axis crack propagation rate under fatigue has been
proposed (Paper #3). The local stress state in front of off-axis cracks was
found to influence the observed microscopic damage modes responsible for
crack propagation. Equivalent energy release rates based on the stress state
associated with each of the observed damage modes were proposed. These
equivalent energy release rates were found to be applicable for establishing
two Paris’ Law master curves, which can be used to describe the crack
growth rate under different mixed-mode loading conditions.

e A new stochastic multi-scale fatigue model for modelling the off-axis crack
evolution in multi-directional laminates has been developed (Paper #4).
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The model is based on the GLOB-LOC [14] damage modelling framework,
which in this project has been extended, so the multi-scale stress state of
interacting cracks in the damaged plies can be accounted for. The model
only requires two different laminate configurations to be tested in fatigue to
calibrate the material parameters.

1.3. STRUCTURE OF THESIS

This Ph.D. thesis is based on four scientific papers, where Paper #1 and Paper #2
have been published in peer reviewed scientific journals and Paper #3 and Paper #4
have been submitted to peer reviewed scientific journals. The following chapters of
this thesis present an extended summary of the research conducted and describes
how the four papers are connected. The four papers are appended as annexes.

The extended summary is structured as follows:

e Chapter 1: Background and motivation for the project along with novelty
claims and research objectives

e Chapter 2: Summary of Paper #1, where a novel experimental method to
quantify the fatigue damage evolution in GFRP laminates is presented

e Chapter 3: Summary of Paper #2, where the novel experimental method
from Paper #1 was used to study the damage evolution in an MD laminate
containing off-axis plies

e Chapter 4: Benchmark of a state-of-the-art off-axis damage model against
experimental measurements (Paper #2) and extension of the same damage
model to include additional stress analysis capabilities (Paper #4)

e Chapter 5: Summary of Paper #3, which describes the development of a
multiscale model to predict the crack growth rate of off-axis cracks under
mixed-mode fatigue loadings

e Chapter 6: Summary of Paper #4, where a multiaxial fatigue model used to
predict the off-axis crack evolution in MD laminates is described

e Chapter 7: Summary of scientific contributions

e Chapter 8: Suggestions for future work
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CHAPTER 2. EXPERIMENTAL METHOD
TO CHARACTERISE FATIGUE
DAMAGE EVOLUTION (PAPER #1)

Many different types of intralaminar micro damage may evolve during the fatigue
life of laminated composites. One of the most common damage modes is
intralaminar matrix cracks in the laminate layers, which are through-the-thickness
(tunnelling) cracks in the matrix and fibre debonds propagating along the fibres.
These cracks are commonly called off-axis matrix cracks in the research community.
It is particularly important to predict the off-axis crack damage mode, since these
cracks promote other damage modes such as delamination and fibre breakage
[15,16] and are linked directly to the stiffness degradation observed in composite
laminates during fatigue loading [17-20]. However, widely accepted models for
predicting the off-axis crack evolution under either quasi-static or fatigue loading are
yet to be proposed. The third world-wide failure exercise [21] focuses on the ability
of currently existing models to predict off-axis crack evolution under quasi-static
loading and the exercise has yet to be concluded. Furthermore, for the case of
fatigue loading the need for such models is strongly emphasised in the recent review
of phenomenological fatigue models in [10].

Even though off-axis cracks has received significant attention in literature, most
experimental studies are limited with regard to their scope and coverage, and there is
no general consensus on how the off-axis crack evolution should be measured,
quantified and reported for laminated composites. Several different experimental
techniques have been reported successful in detecting and measuring the off-axis
crack evolution. These techniques include: thermoelastic stress analysis (TSA) [22],
digital image correlation (DIC) [23], acoustic emission [24], X-ray [25], X-ray
Computed Tomography (CT) [26], Ultrasonic C-scan [25], edge-examination [27]
and transilluminated white light imaging (TWLI) [15,18-20,28]. Each technique has
different capabilities when it comes to quantifying off-axis crack damage evolution.
The different techniques are summarised in Table 1 according to a set of assessment
criteria that are deemed important for the characterisation of off-axis crack evolution
carried out in the present Ph.D. project.
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Method Temporal Automatic Spatial Opaque Equipment
Resolution Quantification resolution Materials Price
TSA High No Medium (2.5D) Yes High
DIC High No Medium (2.5D) Yes High
X-ray Low No High (2.5D) Yes High
X-ray CT Low No High (3D) Yes High
Ultrasonic C- Low No Medium (2D) Yes High
scan
que . Low No High (2D) Yes Low
examination
TWLI High No High (2.5D) No Low
ACC.)US.tIC High Yes Low Yes Low
Emission

Table 1: Summary of capabilities of experimental techniques reported successful in
measuring the off-axis crack damage evolution. (2.5D) means that some thickness
information can be obtained if information about the layup is provided.

An automatic quantification method with high temporal and spatial resolution was
sought for in the context of the present research, so the off-axis damage evolution
could be studied many times in a large volume of the test samples. X-ray, X-ray
CT, Ultrasonic C-scan and edge examination require the fatigue test to be
interrupted to conduct measurements and were therefore disregarded for the present
research. TSA and DIC are in-situ surface measurement methods for obtaining the
sum of maximum principal stresses and the component strain fields respectively.
However, for some laminate configurations the stress and strain disturbances on the
surface caused by subsurface cracks may be below the resolution of the TSA and
DIC equipment, which will result in less robust crack detection. Acoustic emission
is an in-situ and automated measurement method [24], but the damage mode
connected with acoustic events has to be hypothesised or calibrated with other
techniques. TWLI has a low price and a high temporal and spatial resolution but can
only be used for transparent materials such as GFRP. Based upon the literature
review of experimental techniques available for measuring off-axis cracks, TWLI
was found to be the most favourable method for crack detection in the studied GFRP
material system due to its transparency to white light. Consequently, TWLI was
chosen as the basis for measuring the off-axis crack evolution in this research.

TWLI works by illuminating the material from one side and then acquiring images
of the light transmitted through the material from the other side. The transmission
of light is disrupted by the presence of off-axis cracks, which make them visible in
the acquired images. Based on the review (Paper #1) of how TWLI has been used to
detect and quantify off-axis cracks, it is clear that reported quantification processes,
where information about the off-axis cracks has to be extracted from acquired
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images, were manual and visual counting of cracks. The crack state generally
consists of many cracks, which are unevenly distributed in the region of interest [9,
26]. Therefore, manual and visual counting is labour intensive and difficult to do in
a consistent and reproducible manner. This limits the scope and size of studies and
leads to a relatively poor temporal resolution of the crack state. Moreover, the
material properties extracted from experimental tests and the drawn conclusion may
not be valid, if the crack counting is not done in a consistent manner due to human
mistakes in the counting process. It was therefore clear at the beginning of this Ph.D.
project that there is a great need for developing an automated approach to quantify
the crack state, so accurate and reproducible quantifications could be obtained in a
fast, reliable and efficient manner.

2.1. TEST SETUP AND IMAGE ACQUISITION

Figure 2(a) shows an image and a sketch of the experimental setup used for fatigue
testing of GFRP laminates and acquiring in-situ images of off-axis cracks using
TWLI. The setup consists of a digital camera, which is placed on one side of the
specimen. Both back and front side illumination are used in the test setup. LED
lights are used as illumination sources to prevent the specimen from heating up. The
front side illumination is used for motion compensation. Figure 2b illustrates the
used specimen geometry along with important features on the specimen.

(b)
AF
Specimen I
Measuring
Digital Camera { Volume, H..]
“+——% [38mm
250mm

—>| O X 50mm

Lights fe>

Figure 2: (a) Experimental setup used for ACC. (b) Specimen, measuring volume
and marker positions (Paper #1).

Examples of acquired images of a 4.3mm thick laminate made from unidirectional
stitched fibre mats with an areal weight of 600g/m? can be seen in Figure 3. The
layup is [0/-60/0/60]s and the O plies are oriented along the x-axis in the figures. The
image in Figure 3(a) is acquired before the fatigue test has been started and therefore
there is no observable damage present in the image. An image acquired at a later
instant during the fatigue test looks like Figure 3(b) and off-axis cracks are now
readily visible. The stitching in the dry fibre mats has another refractive index than
the glass fibres and the matrix material. This results in the texture seen in Figure 3. It
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is clear that besides the complicated crack pattern seen in Figure 3(b), the stitching
further complicates the problem of manual and visual counting of the developed off-
axis cracks.

(a) (b)

Stitching
Thread

: > Cracks

Figure 3: (a) Measuring volume seen by the digital camera. Stitching threads in left
upper corner is highlighted with blue. (b) In-situ observation of off-axis (Paper #1).

2.2. THE ACC METHODOLOGY

The ACC method was developed to analyse images like those seen in Figure 3. The
ACC method consists of three main image operations:

1. Image compensation
2. Image filtering
3. Crack counting

Off-axis cracks disrupt the light transmitted through the specimen. Therefore, the in-
situ images (1Y) were compared with the image from the reference state (I") to
distinguish original features in the image from new features which have originated
due to damage development. However, such a comparison requires a means to
correct for rigid body motion and deformation in the in-situ images and the purpose
of the image compensation operation is to do those two corrections. The image
compensation requires four markers attached on the front side of the specimen as
seen in Figure 3. These markers may not change appearance and position on the
specimen during the fatigue test. Therefore, it was decided to paint the markers on
the specimen. Using 2D cross-correlation as described in (Paper #1) it is possible to
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obtain the displacement for each marker, which may displace as sketched in Figure
4,

Reference Image In-situ Image
7 I’
4[51‘

T IOR
3rr -

1 H E 1z

LU X,Up ot
Iyr H 2|
[s 2 Sr L,I =y u,
yv g Ty T

Figure 4: Features defined in the reference image I" and afterwards found in the in-
situ image I' (Paper #1).

The displacement of each marker is used to compute the displacement fields u(x, y)
and v(x, y). The displacement fields are then used to compute the inverse linear 2D
transformation matrix (T)~*, which can be used to transform image I’ to the position
and reference state of image 1™ as I*(x,y) = (T)~I'(x,y). I* is then compared to
I” by a pixel wise normalisation given by 1¢(x,y) = I*(x,y)/I" (x,y). Figure 5(a)
is an example of the normalized image /¢ obtained from the image compensation
operation of the images in Figure 3.

The image compensation produces clear images of the developed off-axis cracks by
removing features not related to damage. Further image filtering operations are
required to study off-axis cracks in the different layers (orientations) independently
from cracks in other layers. Gabor-filtering [30] was found to give consistent and
reproducible results for this type of problem. To apply Gabor filtering four
parameter settings are required as input to the algorithm. The meaning of the
parameter settings and how to choose them are described in more details in (Paper
#1). The resulting images when applying the Gabor filtering operation can be seen in
Figure 5(b). From these images additional filtering operations are carried out to
count the cracks. The images are thresholded using Otsu’s method [31], followed by
a thinning of lines using the method described in [32]. The resulting image consists
of one pixel thick lines for each detected crack. The lengths of these lines are then
measured by a heuristic counting procedure, which essentially determines the
number of pixels belonging to each line and thereby the length of the crack. An
example of counted cracks overlaid on I¢ from Figure 5(a) is seen in Figure 6.
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Figure 5: a) Result of normalising the compensated in-situ image (I*) with the
reference image (I") to give the image of the damage (I¢). b) Result of Gabor
filtering of image I¢ for each orientation of off-axis cracks (Paper #1).

WWGE

Figure 6: Cracks counted by ACC in the image given in Figure 5a (blue is -60
degree layer, red is +60 degree layer) (Paper #1).

It can be seen that virtually all the cracks are counted to their full length and have
the proper orientation and location. The method of overlaying counted cracks on the
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1% images has been used on several data sets to test the ACC method. Based on this
it was concluded that ACC and its chain of main image operations work as intended

with high accuracy, reliability and reproducibility.

2.3. VALIDATION

First, ACC was benchmarked by studying its accuracy when analysing synthetic

images of off-axis cracks, where the crack density was known. Secondly, its
accuracy was benchmarked against manual counting when ACC was used to process

images obtained during fatigue tests. The crack density definition used for all studies

is described in (Paper #1).

The purpose of one of the synthetic benchmarks carried out was to evaluate the

accuracy of ACC when counting cracks in different layups. Figure 7(a) shows an

example of a synthetic image with cracks in three different orientations and Figure

7(b) shows overlaid cracks as counted by ACC in the synthetic image.
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Figure 7:a) Simulated cracks in [-45/45/90] laminate and b) cracks in simulated [-

45/45/90] laminate counted by ACC (Paper #1).

The relative error between the actual crack density in the synthetic image and the

crack density as measured by ACC is plotted in Figure 8 for the five different

simulated layups.

A maximum relative error in accuracy of less than 3% was found for this benchmark
test. This accuracy was deemed sufficient to use ACC for counting off-axis cracks.

The results from the benchmark of ACC against the manual counting can be seen in

Figure 9.
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Figure 8: Relative error of laminates between counted crack density and artificial
crack density with examples of the artificial images for increasing crack density in
one ply (Paper #1).
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Figure 9: Crack density as function of number of fatigue cycles measured for the
different layers in a [0/-60/0/60]s and a [0/-30/0/30]s layup during the fatigue life
using ACC and Manual counting (Man) (Paper #1).

ACC and the manual counting agrees very well and the evolution curves as obtained
by ACC is similar to evolution curves found in literature e.g. [18-20].
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2.4. CONCLUSIONS

The research conducted in connection with the ACC algorithm led to the following
conclusions:

e ACC makes it possible to acquire in-situ images of off-axis crack evolution
without interrupting the fatigue test and subsequently analyse these images
for off-axis cracks automatically (Paper #1).

e ACC is accurate in determining the length and location of off-axis cracks
for several different types of multi-directional laminates (Paper #1).

e ACC counts the cracks in the entire image sequence without any user
interaction after the initial steps of ACC have been completed. This
includes choosing appropriate parameter settings and defining markers.
Consequently, ACC represents a fast way of counting off-axis cracks
(Paper #1).

e Due to the fact that ACC is a deterministic algorithm it provides
reproducible results (Paper #1).

e To use ACC requires a very limited investment in measurement equipment,
since it only requires a digital camera and two cold light sources, such as
LED lights (Paper #1).
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CHAPTER 3. QUANTIFYING THE
FATIGUE DAMAGE EVOLUTION IN
GFRP LAMINATES (PAPER #2)

The increasing use of fibre reinforced polymer (FRP) laminates in the industry has
led to several experimental campaigns aimed at quantifying the fatigue damage
evolution in FRP laminates as function of the multiple factors (e.g. number of load
reversals, magnitude of amplitude stress, stress ratio, voids, fibre volume fraction
etc.) that influence the fatigue life of a laminated composite. Several studies have
been conducted to characterise UD laminates, see e.g. [33,34]. The characterisation
related to fatigue studies includes determination of constitutive properties (e.g.
Ei1,E,y, Gy, and vy,), strength properties (e.g. tensile and compressive strength
parallel and orthogonal to fibre direction as well as shear strength) and fatigue
properties (e.g. S-N curves for different stress ratios). By characterising UD
laminates it is possible to discard the influence of different layups. The derived
properties can then be regarded as material properties for the basic building block of
a MD laminate — the single UD ply. It is well established in the composite
community that classical laminate theory (CLT) [35] provides accurate predictions
of arbitrary layups based on information of UD constitutive properties. Several
researchers have proposed fatigue models based on derived constitutive, strength
and fatigue properties for UD plies as seen in e.g. the phenomenological models
reviewed in [10] and in the more advanced progressive damage models [36-39]. A
fundamental assumption in all of these models is that the fatigue properties derived
for the UD laminate are representative for the case when the UD laminate is
embedded in an MD laminate. The models then use stress based analysis from either
CLT analysis or FE analysis to predict when plies fail. The influence of ply failure
on overall performance of the laminate is then accounted for in the progressive
damage models by empirical degradation rules involving several non-measurable
empirical constants.

The fatigue damage evolution in MD laminates as reported in e.g. [15,18-20,40-42]
is different from that of derived fatigue properties from UD laminates. An example
of the damage mode observed in a UD laminate is shown in Figure 10(a). Unstable
propagation of a single crack occurs in a laminate consisting entirely of UD plies,
which is not accompanied by progressive stiffness degradation prior to final failure.
When constraining plies are present, as is the case for UD plies embedded in MD
laminates, initiation of several cracks and stable crack propagation (as shown in
Figure 10(b)) are observed. These damage mechanisms lead to a progressive
stiffness degradation of the laminate during the fatigue test. This contradicts the
fundamental assumption used in the phenomenological models [10] and in the

29



CHARACTERIZATION AND MODELLING OF THE MULTIAXIAL FATIGUE RESPONSE OF GLASS FIBRE REINFORCED
COMPOSITE MATERIALS

progressive damage models [36-39], which may explain why the models in [10]
were found to provide largely unsafe design guidelines and why progressive damage
models [36-39] employ several empirical rules and require several non-measurable
empirical constants. Furthermore, it is clear that fatigue tests on UD material cannot
provide sufficient fatigue failure properties to model the progression of actual
damage mechanisms in MD laminates as all damage modes are not activated.
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Figure 10: Damage modes observed during fatigue test of laminated GFRP material
for a) final failure of a UD laminate tested in an off-axis configuration and b) off-
axis cracks in the 60° and -60° plies of a GFRP laminate with a layup given as [0/-
60/0/60]s.

Therefore, it was decided to quantify the fatigue damage evolution of the GFRP UD
plies by embedding them in a laminate where they would be constrained by UD
plies having another orientation. If the UD plies are oriented in an off-axis direction,
it is possible to obtain multiaxial stress states and hence multiaxial fatigue test data
from uni-axial testing due to the GFRP material anisotropy and the constraining
effect of adjacent layers.

Experimental studies of fatigue damage in off-axis plies have been reported in
several publications, see e.g. [15,18-20,40-42]. However, based on the literature
review in (Paper #2) of these studies it was evident that there is a general agreement
that the off-axis crack evolution can be described by initiation and the stable growth
of cracks until a certain saturation point is reached. However, it was also clear that
there is no general agreement on which fatigue properties should be derived or how
they should be determined. Further on, all of these studies rely on manual and visual
quantification of the off-axis crack evolution. Following the argumentation given in
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Chapter 2, this way of obtaining data may be influenced by human error and thereby
give biased results. Therefore, it was decided to use ACC for studying as well as
quantifying the fatigue damage evolution of the GFRP material.

3.1. MATERIAL AND EXPERIMENT

The layup was chosen as [0/-60/0/60]s because this layup results in a multiaxial
stress state in the off-axis plies. Further on, a similar layup had been tested on
another material system and the results for those tests had been reported in [20].
These results could then serve as a qualitative benchmark of whether the same
trends and mechanisms were observed. Twenty fatigue tests of this laminate were
carried out, which included constant amplitude (CA) tension-tension (T-T) tests,
variable amplitude (VA) block loading T-T tests and CA compression-tension (C-T)
tests. Information about the tests is supplied in Table 2.

Maximum transverse
F F .

;I' es: normal stress in off- F[rﬁl‘i" “‘:'N"]p R= % Cycles TZ:ts

yp axis layer [MPa] min
T-TCA oM* = 69 13.75 | 11.25 0.1 2-10% 5
T-TCA oMmax = 50 10 8.2 0.1 1.1-10° 5
T-TCA oa* =39 7.7 6.3 0.1 4.5-10° 4
T-TCA omer =31 6.2 5 0.1 1.6-10° 2
C-TCA oax =37 5.2 8.2 0.2 105 2

77/ | 82/

_ max — . 5

T-TVA o 39/50 10 6.3 0.1 3.5-10 2

Table 2: Definition of test series carried out for a [0/-60/0/60]s laminate.

The tests were carried out in an Instron 8820 load frame with a 100 kN servo-
hydraulic actuator operated in load control. The damage evolution was monitored
using ACC, lock-in DIC [43] and extensometer. An image and a sketch of the
experimental setup are provided in (Paper #2).

3.2. ANALYSIS OF CRACK DENSITY RESULTS

The results obtained from the fatigue test included the change in laminate stiffness
obtained from lock-in DIC measurements and extensometer readings as well as the
crack field for the images processed with ACC. First the obtained results for crack
density evolution were studied. Secondly, ACC was extended with a data mining
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approach such that initiation and stable crack growth of the developed off-axis
cracks could be detected and quantified.

Crack density evolution curves were obtained for the front side -60° single plies and
the double 60° plies, which are referred to as the thin and thick layer respectively.
Results for the CA T-T tests are shown in Figure 11.
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Figure 11: Crack density measured using ACC during fatigue tests (T-T CA) for (a)
the thin layer and (b) the thick layer. Dashed lines represent a single test and bold
lines represent average crack density for each stress level (Paper #2).
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The results are consistent with the results reported in [20]. According to the idea of a
Characteristic Damage State (CDS) [44], there can only be one saturation value for a
particular layer. However, the slopes of the curves flatten, i.e. saturation, at a
different stress levels, even though a clear asymptotic saturation is not achieved.
Therefore a new terminology for this saturation value for each stress level was
adopted by referring to it as the ‘apparent saturation value’. The crack density
observed for the thick layer is lower than the crack density observed for the thin
layer. This occurs due to difference in the shielding effect as explained in (Paper
#2).

The stiffness measured for the T-T CA tests is plotted in Figure 12.
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Figure 12: Stiffness degradation during T-T CA tests monitored using lock-in DIC

(dotted lines) and extensometer (full lines). Thin lines represent a single test and
bold lines represent an average for all tests at a given load level (Paper #2).

When the load is increased, the stiffness of the specimens decreases more rapidly
and seems to saturate at different decreased levels. This agrees well with the crack
density measurements in Figure 11 and is also supported by the results in [20]. As
the material is loaded to a higher stress level, the crack density evolution rate
increases along with the apparent saturation values.

It was decided to study how history dependent load effects influenced the crack
density evolution in the laminate under VA T-T block loading to create benchmark
results for the multiaxial fatigue model. Also, because it was not possible to find
crack density evolution studies for VA T-T block loading in the open literature.
Figure 13 shows the crack density measurements obtained from these VA T-T block
loading tests.
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Figure 13: Crack density measured during T-T VA fatigue tests compared to T-T CA
fatigue tests at a stress level of 50MPa. The CA test results have been shifted such
that the blue axis denotes the number of cycles. Dashed lines represent a single test
and bold lines represent average crack density for each stress level (Paper #2).

The crack density measurement from the 50 MPa CA T-T measurements is included
for easy comparison. The results of the CA 50 MPa tests have been shifted 9 x 10*
cycles so that the average crack densities of the VA and CA tests are the same at 10°
cycles, where the load in the VA test was increased from 39 MPa to 50 MPa. It was
observed that the crack density evolution rate and apparent saturation level appeared
to be identical for the two test series when the load was increased. This means that
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crack density is a suitable damage measurement variable for defining load-history
dependent effects, and the VA effect may simply scale linearly.

It was also decided to study the influence of C-T loading on crack density evolution
as no results for the influence of C-T loading on crack density evolution in GFRP
were available in the open literature in the beginning of this Ph.D project. A recent
publication on the influence of C-T loading on the number of cycles to crack
initiation and the crack growth rate can now be found in [45]. Crack density
measurements from the C-T loading tests are given in Figure 14.
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Figure 14: Measured crack density for C-T CA fatigue tests compared to T-T CA
fatigue tests. Dashed lines represent a single test and bold lines represent average
crack density for each stress level (Paper #2).
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The 50 MPa CA T-T tests were subjected to the same load amplitude as the 37 MPa
C-T tests. Based on the results it was observed that T-T loading results in a higher
crack density evolution rate and apparent saturation value than C-T loading for the
same load amplitude. This is in agreement with results reported in [45].

3.3. ANALYSIS OF CRACK INITIATION AND CRACK GROWTH

The off-axis crack density evolution consists of initiation and steady-state crack
growth. ACC was extended to study these phenomena in more detail. The extension
consisted of a computer code, which could data mine the crack field test information
obtained from the ACC data acquisition method. The information extracted from the
crack field data was chosen to be initiation and crack growth rates for isolated off-
axis cracks. Isolated cracks refer to cracks, which have not felt the presence of other
cracks until it initiates and while it grows. When the tests are carried out in load
control, the stress at the location of the isolated cracks has not changed until the
crack initiates. Therefore, fatigue material properties can be directly derived from
data for initiation and crack growth of isolated cracks without imposing assumptions
on damage accumulation for varying load histories.

To determine when off-axis cracks could be considered as isolated a unit-cell Finite
Element (FE) model of the tested laminate was built. For a full description of the
model see (Paper #2). Using the unit-cell model, it was found, that off-axis cracks
could be considered isolated, as long as the location of crack initiation and the crack
front was distanced four times the layer thickness away from other cracks. Cycles to
initiation of isolated cracks for the different CA stress levels are shown in Figure 15.
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Figure 15: S-N diagram for initiation of isolated off-axis cracks (Paper #2).

The number of cycles to off-axis crack initiation varies over two decades and this
highlights the large variability and thereby stochastic nature of the material tested.
The fatigue off-axis crack initiation strength can therefore not be considered
deterministic as e.g. the progressive damage evolution models ([36-39]) do. The
stochastic nature of off-axis crack initiation should instead be modelled by a
probability function.

The off-axis crack initiation data from Figure 15 were plotted in a normal and
Weibull probability plots to identify, which probability function would model the
stochastics of off-axis crack initiation satisfactorily. The obtained Weibull
probability plots are shown in Figure 16.
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Figure 16: Data for the initiation of isolated cracks from Figure 15 replotted in a
Weibull probability plot (Paper #2).

Linear trends in the dataset for both layers and all datasets are clearly observed and
this was not the case when the data were analysed using the normal-probability plot.
Therefore, it was concluded that the Weibull distribution describes the stochastic
nature of the off-axis crack initiation well. Furthermore, statistical analysis as
described in (Paper #2) showed, that the Weibull shape parameter was constant for
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all tested stress levels and for both layers. The scale parameter was found to depend
on the stress level, and this relation could be modelled by the classical S-N power
law relationship given by:

S = S,N*¥ 1)

where S is the stress level (in this case chosen as a75%*), N is the number of cycles to
failure and S, and k are empirical constants determined by fitting the S-N power law
to experimental data. As described in (Paper #2), this means that it is possible to
model the crack initiation process by a Weibull cumulative distribution function
given as:

P(x,5)=1—exp| — Ll/k (2)

(5

where [ is the Weibull shape parameter and x is a stochastic variable with the unit
of number of cycles. The measured crack growth rates of isolated off-axis cracks
obtained from the data mining are plotted in Figure 17 as function of the calculated
Energy Release Rate (ERR).

Based on the results it is clear that the CGR increases with increasing ERR. This
relationship is commonly referred to as the Paris’ Law relationship and is given as

CGR =D - Gyp" ©)

where G, is the total ERR and D and n are empirical constants determined by
fitting the Paris Law’ to the experimental data. A large variance in the data is
observed, and the magnitude of the variance is seen to be approximately the same as
found in [46]. The observed variance indicates that a single Paris’ Law relationship
is not sufficient to describe the physics of crack propagation. Therefore, the
measured Crack Growth Rates (CGR) were normalised using the fitted Paris Law
and the normalised data was analysed using normal and Weibull probability plots.
Based on this analysis it was found that the Weibull cumulative distribution function
given by

CGR 1Pe
P.(CGR,Gtoe) =1 —exp| — D-G.." 4)
tot

where B, is the Weibull shape parameter, was suitable for modelling the stochastic
nature of CGR. Furthermore, it was found that the Weibull shape parameter (f3.)
was independent of the magnitude of the energy release rate.
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Figure 17: a) crack growth rate as function of total ERR with Paris’ Law
relationship fitted to the data, where solid lines represent the fitted Paris Law and
dashed lines represent the 95%-5% prediction interval. b) CGR data for the thin
layer plotted in a Weibull probability plot where the dashed lines represent the fitted
Weibull distribution for each stress level (Paper #2).

3.4. CONCLUSIONS

The research conducted in connection with the quantification of the GFRP off-axis
plies using ACC led to the following novel conclusions:

e Crack initiation and crack growth can be studied in greater detail than
manual counting because the ACC approach for the first time makes it
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feasible to detect and measure the crack evolution process throughout the
entire fatigue test with sufficient temporal resolution (Paper #2).

The crack density is a suitable damage measure for variable amplitude
block loading, and T-T loading results in a higher crack density evolution
rate and apparent saturation value than C-T loading for the same load
amplitude (Paper #2).

It is possible to efficiently derive the classical S-N relationship and Paris’
Law like curves from the data obtained using the ACC approach and by
fully accounting for crack interaction, so the nature and magnitude of the
stress is established at every measurement and material point throughout
the fatigue test providing an enhanced understanding of the causes of the
damage progression (Paper #2).

The Weibull distribution represents effectively the stochastic nature of
isolated off-axis crack initiation and crack growth rate, and the Weibull
parameters are derived directly, i.e. without resorting to inverse techniques,
using ACC due to the data rich nature of the measurement method (Paper
#2).

The shape parameter of the Weibull distribution is independent of the
applied stress and does not vary with ply thicknesses (Paper #2).
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CHAPTER 4. MICRO-MECHANICAL
MODELS FOR PREDICTING STIFFNESS
DEGRADATION

As shown in Chapter 3, the off-axis crack density evolution explains the stiffness
degradation observed during the fatigue tests. The stiffness of the MD laminate
decreases as the off-axis crack density increases. Furthermore, off-axis cracks result
in stress redistribution in the damaged MD laminate, where stress in adjacent layers
is increased and the stress in the damaged layer is decreased. The decrease of the
stress in the damaged layers results in a shielding effect. The shielding effect
impedes crack initiation and lowers the crack growth rate of propagating cracks. It is
therefore important to both predict the stiffness degradation of the laminate as this
can be used to assess if the overall structural requirements are met by the damaged
laminate and to accurately predict the shielding effect as this is needed to describe
the off-axis crack evolution process based on the derived fatigue evolution
parameters.

Correlating the off-axis crack density with the stiffness degradation of an arbitrary
MD laminate is essentially a 3D solid mechanics problem. In most cases, it is
difficult or impossible to obtain an accurate analytical solution for this. The problem
could be solved using FE based techniques but such an approach was disregarded as
it is computationally heavy. Several analytical models for predicting the stiffness
degradation based on the off-axis crack density have been proposed in the open
literature e.g. [14,47-50]. The proposed models use simplifying assumptions to
obtain predictions for the stiffness degradation of the laminate. Based on a literature
review of available models it was decided to use the well-developed GLOB-LOC
model [14,51-53]. The GLOB-LOC model was chosen because:

e  Applies to arbitrary laminates

e  Provide results for Crack Opening Displacement (COD) and Crack Sliding
Displacement (CSD), which are used to compute the Mode | and Mode 11
ERRs according to the method described in [20]

e  Accounting for crack interaction in terms of COD as presented in [52]

e Fast to compute

e Extendable framework as utilised in Paper #4, where the following tools
have been developed and implemented in the model:
- Accounting for crack interaction in terms of CSD
- Recovery of the transverse normal stress and shear stress field between
off-axis cracks
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4.1. GLOB-LOC

The GLOB-LOC model belongs to the class of Crack Faces Displacement (CFD)
models [48]. These types of models use the micro-mechanical theorem, which states
that the volume average linear strains for a given layer are equal to the boundary-
averaged linear strains:

111
Eij = stz(uinj + ujni)dS (5)

where E;; is the volume average strain tensor, V is the volume, S is the surface and
u; is the displacement vector at the surface defined by the normal vector n;. In the
following a plane stress state will be assumed and the influence of out-of-plane
transverse shear will be neglected. Therefore, only in plane strains are considered in
relation to (5). The boundary-averaged in-plane strains include both the macroscopic
laminate boundary surface and the internal off-axis crack surfaces. The boundary-
averaged strains therefore consist of two parts and the equality from (5) for the k’th
laminate layer can then be written as:

€11 €11 B11
R
Vi), 2)pam \2By,

k

where €, Is the volume average strains, €, denotes the strains at the laminate
boundary and S, denotes the Vakulenko-Kachanov tensor defined as:

171
Bap = Vf 3 (ugng + ugngy)ds ©)
Sc

where s is the surface of internal crack faces. The volume average strains in (6) can
then be determined using volume averaged equilibrium conditions and the
constitutive relations for the material. The problem of determining the stiffness of
the damaged laminate then becomes a problem of determining S, for each layer
which is equivalent to determining the displacements of internal crack faces.

Figure 18 shows the geometry of a Representative Volume Element (RVE) with

global coordinate system and the local material coordinate system for the cracked
middle layer.
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Figure 18: Geometry of RVE used in derivation of the GLOB-LOC model [52].

For in-plane loadings the displacements of crack faces in the middle layer consist of
an opening displacement (Au,) perpendicular to the orientation of the fibres and a
sliding displacement (Au,) parallel to the orientation of the fibres. It is generally a
3D problem to determine Au, and Au, since Au; and Au, are displacements in the
xy-plane and are functions of the z-coordinate. However, since g is a layer-surface-
average it is only necessary to determine Au, and Au, averaged over the height of
the cracked layer. The layer average displacements are defined as:

. 1 ty/2 . 1 ty/2
Ui, = Z_tk f Au,(2) dz, Uz, = Z_tk f Au,(z)dz (8)

—tg/2 —tk/2

As described in [52], the layer average displacements are functions of the applied
stress, the constitutive properties and the thickness of the damaged and the
constraining layers. By using 3D finite element analysis, Lundmark and Varna
[14,51-53] showed that the layer average crack face displacements for the case of
non-interacting off-axis cracks could be described by master curves given as:

k k
k _ WantxO120 k _ Y2antr0220 o)
G, =~ E
12 22

Ujg =

where ag;,, and a,,, are the in-plane shear and transverse normal stress in the k’th
layer in the undamaged laminate, G,, and E,, are the shear and transverse Young’s
modulus of the k’th layer and u¥,,, and u%,, are given as:

nz
GlZ

ny

Ep,

Ulan = A1 + By <_G5 ) . UJgn = Ay + B, (_ES ) (10)
xy xx

Gyy and Ej, are the shear modulus and the transverse Young’s modulus of the
constraining layers and A,, B;, ny, A,, B, and n, are empirical constants/functions
of layer thickness derived from 3D FE analysis and are given in [53]. At high crack-
densities the off-axis cracks become interacting and Lundmark & Varna [52,53]
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proposed to use an interaction function to account for the interaction in the case of
opening displacements:

0 0.84y |
Uzan = Ak (.Dk)uZan = tanh (—> Uzan (11)
Prn
where p, denotes the crack density in the k’th layer and is defined as p; = Ptﬁ =
k

———— and py, is called the normalised crack density. Lundmark & Varna
21l sin(Op)ty

[52,53] did not propose any method to account for the influence of off-axis crack
interaction on the CSD. With u?,,, and u,,, given by egs. (10)-(11) the membrane
stiffness of the damaged laminate is given by

-1

[Q]LAM = (1 + Z pk;lltk [K(ulan' uZan)]k [S]%)AM> [Q]%)AM (12)
k=1

where  [S]iAM and [Q]44M are the compliance and stiffness matrices for the
undamaged laminate, h is the total laminate thickness and [K(u;gn, Uzgn)]xk 1S @
matrix function and is given in [53]. Eg. (12) represent the constitutive relation for a
damaged laminate given by the GLOB-LOC model. It is important to note that it is a
closed-form solution based on the empirical relations (9)-(11) for crack face
displacements, hence fast to compute.

4.2. COMPARISON WITH STIFFNESS DEGRADATION
MEASUREMENT

The GLOB-LOC model was implemented in a MATLAB laminate code to study the
performance of the model and to use it for further development. It was chosen to
benchmark the GLOB-LOC model against experimentally measured stiffness
degradation obtained from the [0/-60/0/60]; laminate fatigue tests in (Paper #2). The
only paper studying the GLOB-LOC models performance for fatigue damage was
[27], who found that the GLOB-LOC model overestimates the stiffness of the
damaged laminate. The crack density measurements obtained using ACC (Paper #1)
were used as input to the GLOB-LOC model. The results from comparing the
GLOB-LOC model with the experimentally measured stiffness are shown in Figure
19.
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Figure 19: Benchmark of stiffness degradation modelling using the GLOB-LOC
model (based on ACC input) and the sudden ply discount degradation (Paper #2).

As seen in Figure 19, the predictions of the GLOB-LOC and the measured stiffness
agree well for fatigue induced off-axis cracks with a small underestimation of the
laminate stiffness at high crack densities (red curve). The overestimation of laminate
stiffness from [27] was not observed. Sisodia et. al [27] informed GLOB-LOC by
crack densities measured by edge-examination, which may explain the
overestimation if the edge crack density was not representative for the through width
crack density. The sudden ply discount method from the progressive continuum
damage model [36] was included in the benchmark as well, and it is seen that this
degradation approach is overly conservative. The GLOB-LOC model therefore
presents a much more accurate way of modelling fatigue damage than the sudden
ply discount method. Since GLOB-LOC does not present means of describing the
evolution of damage, it was decided for future research to extend the GLOB-LOC
with the capabilities of modelling off-axis crack evolution under fatigue loading.
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4.3. EXTENDING GLOB-LOC

Off-axis crack evolution in composite laminates is a multi-scale and hierarchical
process, involving several length scales [54]. Off-axis crack initiation results from
damage accumulation in the matrix material at the micro-scale, i.e. at the length
scale of the inter-fibre spacing [54]. Off-axis crack propagation is controlled by
micro-cracks in the matrix material ahead of the off-axis crack tip (Chapter 5 &
Paper #3). The damage evolution rate for off-axis crack initiation and propagation is
described by non-linear functions of the local stress state at the origin of damage (S-
N and Paris’ Law like relationships). In order to predict and model off-axis crack
initiation and propagation it is therefore necessary to accurately compute the stress
state at the location of the damage development.

GLOB-LOC in the form provided in [14,51-53] has some limitations, which make it
difficult to use for describing off-axis crack evolution. As GLOB-LOC is based on
volume and boundary averaging it is only possible to obtain stress/strain information
averaged over the entire volume of each layer. The stress in a damaged layer varies
between a stress free condition on the crack faces to a stress state equivalent to the
one in the undamaged laminate, if the material point under consideration is
distanced sufficiently far from off-axis cracks. Since the SN-relationship and the
Paris’ Law like relationship are non-linear it is not correct to use volume average
stresses/strains. Further on, the GLOB-LOC model does not provide a way to
account for CSD interaction at high intralaminar crack densities. CSD interaction is
important to take into consideration when accurately determining the local
multiaxial stress state and the local mixed-mode loading condition ([54], Paper #3).
It was therefore decided to extend GLOB-LOC in the present project with a way to
model CSD interaction and to obtain the variations in the stress field within a
damaged layer.

Parametric 3D FE analysis of a cross-ply laminate was carried out for the CSD
interaction. The COD and the CSD as function of the crack density were derived
from the model for different constraining layer thicknesses. The FE model used to
study the COD interaction was similar to the model given in [52] and the derived
results are given in Figure 20(a). The results from Figure 20(a) agree with the results
from [52], which thereby validate the FE-model developed in the current project.
The same model, but with CSD boundary Conditions as described in (Paper #4) was
then used to determine the CSD interaction function. The derived CSD as function
of crack density for different constraining layer thicknesses are shown in Figure
20(b). Based on these results it was found that the CSD when crack interaction was
presented can be modelled by:

1.3
Uign = Ak(pk)ugan = tanh (pk )ugan foraz;; >0 (13)
n
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Figure 20: (a) Normalised COD and (b) normalised CSD for different constraining
effect as function of normalised crack density (Paper #4).

It is also important to be able to compute the stress between off-axis cracks because

the local stress state defines how damage progresses. The average stress in a cracked
layer depends on the COD and CSD in the cracked layer. The average transverse
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normal stress (a,,) in the cracked layer can be obtained as described in [55] and can
be computed as:

tktsE’IS'

—— | ¥ (14)
T 220
(3 0)

k _ ko _
022,avg = ko20220 = | 1 — 2Uzan (Pkn) Pikn

where EX4M is the initial ‘average’ modulus of the whole laminate (CLT) in the
undamaged condition, t, is the average thickness of the sub-laminates and E7 is the
average Young’s modulus of the top and bottom sub-laminate perpendicular to the
off-axis crack as defined in [53].

In (Paper #4) the average shear stress (z,,) as function of the CSD is derived by
considering cracked layers separately and assuming the laminate configuration to be
symmetric and balanced. Using force equilibrium conditions and macroscopic strain
compatibility of the laminate layers it turns out that the average shear stress is given

by:

tk ts GTS"

k
T (15)
t 120

k _ ko _
T12,avg = ko1Ti20 = | 1 — 2U1an(Okn) Pin

where G is the average shear-modulus of the top and bottom sublaminate, G4 is
the initial shear modulus of the whole laminate (CLT) in the undamaged condition
and ¢, is the thickness of the sublaminate on either side of the cracked layer.

As described in [56] the stress averaged through the thickness of the cracked layer
can be described using a shear lag solution which for the 7%, will be given by as:

£ () = T | 1 — 21D (16)

cosh (Zi;n)

where ¥, is the stress in the undamaged laminate, £ is non-dimensional coordinate
and @ is an unknown constant dependent on the material properties and laminate
configuration. Setting eq. (15) equal to the volume average of the shear lag solution
as:

1
Ti20 20k 1 cosh(®,¢)

T{{Z,avg = kaleZO = 7 1 T 1N df (17)

~“Zptk cosh (CI>1 m)
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then @, is the only unknown parameter and can hence be determined. To validate
this approach the stresses were computed using the now modified GLOB-LOC
model and derived using the 3D FE unit-cell model as described in (Paper #4). The
results obtained from both models are shown in Figure 21.

It is clearly seen that the stress field is accurately recovered, which is needed to
compute the local damage evolution rate at different locations within the laminate
where off-axis cracks might initiate and propagate. Furthermore, it should be noted
that the results presented in this section also serve as a validation of the
implementation of the modified GLOB-LOC model.

4.4. CONCLUSIONS

The research conducted in connection with modelling the stiffness degradation using
the GLOB-LOC model led to the following conclusions:

e The GLOB-LOC model slightly under predicts the stiffness of the degraded
laminate whereas the sudden ply discount policy under-predicts the
stiffness by a large margin indicating that the sudden ply discount approach
is not suitable for modelling fatigue damage (Paper #2).

e The effect of crack interaction on the CSD at high intralaminar crack
densities can be accounted for by the interaction function in eq. (13) for
GFRP laminates with different constraining effects when no compressive
stresses are acting on the crack faces.

e The GLOB-LOC model has been extended such that the varying stress field
within the damaged layer can be recovered from the volume average
properties obtained from the original GLOB-LOC model.
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Figure 21: a) transverse normal stress field and b) shear stress field between off-
axis cracks for different crack densities for a [0/90]s layup and 1% strain applied
(Paper #4).
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CHAPTER 5. A MIXED-MODE
PROPAGATION MODEL FOR OFF-AXIS
CRACKS (PAPER #3)

Based on the successful validation and extension of GLOB-LOC, it was decided to
develop an off-axis crack damage evolution model using only the information
provided by the GLOB-LOC model. Recently, Carraro and Quaresimin [57]
developed a physically based multiaxial evolution model for off-axis crack initiation
based on damage modes observed on the micro-scale. Two different damage modes
were observed at the micro-scale, where one damage mode was a micro crack
parallel to the fibres and close to the interface and the other damage mode was a
shear cusp crack. Carraro and Quaresimin [57] proposed that the Local Hydrostatic
Stress (LHS) is responsible for the micro cracks parallel to the fibres, and the Local
Maximum Principal Stress (LMPS) is responsible for the shear cusp cracks. The
damage evolution rate as function of the stress level is based on an SN relationship
for each damage mode. This means that in order to use the model, the composite
material has to be fatigue tested in two different multiaxial stress conditions where
each damage mode is activated. Hence, the model requires a very limited
experimental campaign to characterise the material and it is physically based such
that it is generally applicable to different multiaxial stress states. It was decided to
use the model from [57] to predict and model the initiation of off-axis cracks, since
the model can be evaluated using information obtained from the GLOB-LOC model.

For the propagation part of the evolution process, the open literature was searched
for physically based models capable of predicting the CGR. The CGR depends on
the magnitude of the applied load, the geometry of the crack and the mode-mixity
[58]. The literature survey is given in (Paper #3), and from this survey it is clear that
no physical based models suitable for describing off-axis crack propagation under
mixed-mode loading conditions were available in the open literature. Prof. Marino
Quaresimin and his research group at the University of Padova were also searching
for a similar model for their research activities and therefore it was decided to
develop a model as a joint effort. The requirements for the model were defined to
be:

e Physically based such that it describes the actual damage modes observed
in experiments.

e Computationally efficient, meaning that it should be possible to evaluate
the model using only information provided by micro-mechanical models
(as e.g. the GLOB-LOC model).
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e The required experimental campaign to determine evolution parameters
should be less or equivalent to the campaign required to calibrate the off-
axis crack initiation model [57].

The model was mainly developed during the external research stay at the University
of Padova and is briefly described in the following.

5.1. MODEL

As described in Chapter 3, the CGR can be modelled by a Paris’ Law like
relationship. However, the CGR also depends on the local mode-mixity [58] and the
CGR decreases for constant total ERR when the local mode-mixity increase. The

local mode-mixity is defined as: MM = ﬁ This increased resistance to crack
1vajr

growth can be explained by different underlying damage mechanisms responsible
for crack propagation. From a literature survey of damage modes observed during
crack propagation or post mortem fracture surface analysis in thermoset polymer
matrix materials, it was found that in general several different fracture features have
been reported [59-63]. These different features are scarps, ribbons, tilted layered
cracks and cusps. The features are present due to a series of events in the process
zone ahead of the off-axis crack. Micro-voids form in the process zone in front of
the off-axis crack tip due to the high local stress resulting from the presence of the
off-axis crack tip. The micro-voids eventually coalesce and form scarps, ribbons,
tilted layered cracks or shear cusps. When the scarps, ribbons, tilted layered cracks
and shear cusps are sufficiently developed, they coalesce with the off-axis crack and
this coalescence leads to crack propagation. This sequence is sketched in Figure 22.
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Figure 22: Reported damage sequence for a) Mode | dominated loading and b)
Mode Il dominated loading.

Scarps and ribbons are usually observed when the local mode-mixity is close to pure
Mode | and tilted layered cracks are observed when a significant amount of Mode I1
loading is present as well [54,59-61]. An important part of the crack propagation
process is the series of initiation events ahead of the crack tip in the failure process
zone. As scarp, ribbons, tilted layered cracks and shear cusps represent similar
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features as observed for off-axis crack initiation [57] and their occurrence is a result
of the local stress state in front of the crack, it was decided to use the magnitude of
the LHS and LMPS in the matrix in front of the off-axis as measures for describing
the off-axis CGR.

However, to compute the LHS and LMPS in the process zone represent a 3D multi-
scale problem, since the LHS and LMPS depends on the crack geometry, the
constraining effect of adjacent layers, the local mode-mixity and the micro-scale
geometry. Therefore, a part of (Paper #3) represents a multi-scale approach to obtain
the LHS and LMPS in the process zone based on information obtained from micro-
mechanical models. It is not known at which distance the off-axis cracks initiates,
and therefore the magnitude of LHS and LMPS controlling crack propagation are
formulated in terms of equivalent ERRs derived from the stress intensity factors
(SIFs) for the off-axis crack (Paper #3). The proposed equivalent ERRs are:

GedS = G= MM - Gyyy (18)

Geg™s = (VMM + V1 - MM)Z (G + Gy
(19)

= (VMM ++1- MM)2 (Grop)

where G;,; and MM can be directly obtained from the GLOB-LOC model. The
equivalent ERRs from Egs. (18) and (19) are used to derive two Paris’ Law
relationships for the tested material. The Paris’ Law relationships are used to predict
the CGRs for any local mode-mixity and failure mode. The Paris’ Law predicting
the highest CGR is used to predict the crack density. The transition between the
derived Paris’ Laws has been found to be in good agreement with the transition of
the observed damage modes on the microscopic scale (Paper #3), indicating that the
model is in agreement with the physical damage evolution. Further on, it should be
noted that the model does not require extensive testing to derive evolution
parameters, since the two required Paris’ Law curves can be derived from the same
tests used to derive the SN-curves required for the initiation model from [57].

5.2. RESULTS

To illustrate the general applicability of the physically based model several data sets
from the literature were analysed using Eqgs. (18) and (19). (Paper #3) presents the
results from using the model on off-axis crack propagation data from [58] and data
for delamination in 0°/0° layer interfaces from [64,65]. The results from using the
model on off-axis crack propagation data from [58] are also shown in Figure 23,
where the crack propagation data is plotted in terms of G, Gs2'* and G2y and
Paris’ Law like relationships have been fitted to the data for Mode | (MM =
[0; 0.26]) and Mode Il (MM =]0.26; 1]) dominated propagation.

55



CHARACTERIZATION AND MODELLING OF THE MULTIAXIAL FATIGUE RESPONSE OF GLASS FIBRE REINFORCED
COMPOSITE MATERIALS

©  MM=0

¢ MM=0.26

A MM=0.56

o MM=0.84

X MM=1

Paris' Law fit MM=[0:0.26]
= = =90% Prediction interval
Paris' Law fit MM=[0.26:1]
= = =90% Prediction interval

a)
10‘3 T T
iy
- A
S 107 ° 8 a B 1
L o o o
g o ® &7 g
bt o @ A x
9 10° o % a4 *
8¢ A )
)
x
10-6 L L
100 150 250 400
G, [Jim°]
b) tot
10
3 10% i
S 1
£
E
& 100
Q10
10°®
c)
1073
S 10% 1
&
£
E
&,
9 105}
10-6 . PR . P P T J
100 150 250 400
G [im?
eq.p

Figure 23: CGR data for off-axis cracks in glass-epoxy tubes [58]. a) CGR data
plotted as function of G,,,. b) CGR data plotted as function of G; = G5'* with a
Paris’ Law like relationship fitted to data for MM=[0:0.26] (red). c) CGR data
plotted as function of G, , = G;4'" with a Paris’ Law like relationship fitted to

data for MM=]0.26:1] (black) (Paper #3).
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When the Paris’ Law like relationships are fitted to the data plotted in terms of GeL(;IS

for MM = [0;0.26]) and G23"P* for MM =]0.26; 1], the obtained 90% prediction
interval is close to the inherent material scatter and this is not the case when Paris’
Law like relationships are fitted to the CGR data in terms of G,,;. This shows that
the model accurately accounts for the influence of local mode-mixity on the CGR
for the entire range of local mode-mixities. The same performance of the model was
found for the delamination data in [64,65] as reported in (Paper #3) but also in the
case of bonded joints with data taken from [59,66], where data from [66] is
reanalysed in Figure 24.
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Figure 24: CGR data for off-axis cracks in adhesive joints [66]. a) CGR data
plotted as function of G,,,. b) CGR data plotted as function of G, = G225 with a
Paris’ Law like relationship fitted to data for MM=[0:0.25] (red). ¢) CGR data
plotted as function of G, , = G2'"* with a Paris’ Law like relationship fitted to

data for MM=]0.25:1] (black).
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5.3. ACCOUNTING FOR THE STRESS RATIO INFLUENCE

Since crack propagation is a series of damage modes resembling those of initiation,
it is expected that changing the stress ratio will have the same influence on CGR as
shown for initiation. To model the influence of load ratio on the number of cycles to
off-axis crack initiation [67] proposed an empirical normalisation principle:

1—R
U= Oq _ 2 Omax _ (1 = R)Omax (20)
05 — O 1+R 20, — (14 R)Opmax
s 2 Omax

where 6, 0, Omax aNd o are the stress amplitude, the mean stress, the max stress
and the ultimate tensile strength, respectively, and the stress ratio is given by
R =Zmn |y [68] it was demonstrated that if the stress measures used in Eq. (20)

Omax

were LHS and LMPS, it would collapse off-axis crack initiation for glass-epoxy
tubes from [45] into two master curves.

Assuming that a change in load ratio does not change the type of damage
mechanisms in the process zone of the off-axis crack, then Eq. (20) can be rewritten
in terms of K}, and K,, (as defined in Paper #3). The modification of Eq. (20) is then
given as:

1
Ka
0= s 2nr _ (1 - Rf)KfMax 1)
ks L _gm_ 1 2K — (1+RpKN™
s \2nr F \2mr

where subscript f = h or p, KfS is the equivalent SIF resulting in quasi static failure

and hence unstable crack growth and Ry = I’j’"—‘" Expressing Eg. (21) in terms of the
max

equivalent ERRs given in Egs. (18)-(19) give:

(Pd — (1 - Rg)\/ Gr‘rllax
2 /Gg — (1 + R\ Glax

where d=LHS or LMPS and G&,, is the maximum equivalent ERR for the active
damage mode that controls the crack propagation. The reference stress ratio

d
G
min
Rd —

= for each unique damage mode d and GJ is equivalent to the ERR

¢ da
Gmax

(22)
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required for unstable crack propagation for each damage mode. Relating Gg directly
with the measured quasi-static ply strength is virtually impossible, since it would
require a precise knowledge about the initial conditions of the defect that initiates
the off-axis crack. Instead Gg can be experimentally derived by defining the load at
which an off-axis crack with a length that gives a steady-state ERR starts to
propagate in an unstable manner. Data for e.g. G5 is not available in [68], but the
static initiation strength of the material o275 is provided. Assuming that increasing
the load in an undamaged laminate to “™PS leads to unstable crack propagation for
a crack length longer than the one required to reach the steady-state ERR, then

LMPS LMPS LMPS
GCGR,Max < Gq < GS,Max (23)

where Gégitmax is the maximum equivalent ERR where stable crack propagation is
observed and Gg'vb3 is the maximum equivalent ERR at quasi-static crack initiation.

From the static strength reported in [68] Ggivby can be derived to Gghbs =
1.37 kJ /m?2. The highest value of G&rsaax for the same material is found in tests of
the flat [0/50,/0/-50,]s laminate in [20] and from these data can be computed to

Gebsiax = 0.98 kJ /m?.

In [45] the same material as tested in [68] and [20] has been tested at different stress
ratios. The CGR data obtained from [45] for two different stress ratios is plotted in
Figure 25(a). The same data is plotted in Figure 25(b) and Figure 25(c) in terms of
@ MPS according to Eq. (22) using the assumption that G;MPS = GghPs, in Figure
25(b) and the assumption that G;"P$ = Gt ya, in Figure 25(c). The data points in
Figure 25(b) and Figure 25(c) are fitted with a Paris’ Law given by CGR = ¢5MPS .
(@ MPS)M™MPS - Ag previously, the range of the prediction interval when GEMPS =
G§MPs. is similar to the scatter in the material data. This is not the case when
GiMPS = Géghimax s seen in Figure 25(c), since the range of the prediction interval

is considerably wider than the scatter in the material data.

Therefore, it can be concluded that the empirical normalisation principle from [67]
in the modified version given in Eq. (22) can be used to model the influence of
varying stress ratio on the CGR of off-axis cracks if G;MPS = GgiP3, for the material
tested, but importantly as G:"P* was not determined with high accuracy it also
indicates that further investigations (and more tests) are needed to determine the

value of G;MPS more accurately in order to generally validate the approach.
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Figure 25: CGR data for off-axis cracks in glass-epoxy tubes for varying stress ratio
LMPS. b)

and mode-mixity obtained from [45]. a) CGR data plotted as function of G,
CGR data plotted as function of ¢""PS using G¢}i5s. for normalisation and ¢) CGR
data plotted as function of ¢""PS using G&im s, for normalization.
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5.4. CONCLUSIONS

The research conducted in connection with modelling the mixed-mode crack
propagation under fatigue led to the following novel conclusions:

e A novel physically based model for mixed-mode crack propagation in
composite materials has been established.

e The local stress state in the failure process zone defines the type of damage
modes responsible for crack propagation.

e The model is multi-scale and computationally efficient as it can be
evaluated using only the information available in micro-mechanical
models.

e The derivation of evolution parameters requires the same test campaign as
used in the initiation model from [57], which means that only few tests are
needed to obtain evolution parameters describing the off-axis crack
evolution process.
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CHAPTER 6. A MULTIAXIAL FATIGUE
MODEL FOR OFF-AXIS CRACK
EVOLUTION (PAPER #4)

In line with the overarching aim of the Ph.D. project, the last part of the project was
to develop a physically based multiaxial fatigue model for off-axis crack evolution.
At this instant in the project, an efficient material characterisation method had been
developed, the implementation of GLOB-LOC in an in-house code had been
validated, GLOB-LOC had been extended to provide necessary information about
the damaged laminate and lastly a physically based mixed-mode propagation model
had been proposed. All the constituents deemed necessary to propose a physically
based model of the off-axis crack evolution process were thereby in place.

Four models to predict off-axis crack evolution in composite laminates subjected to
fatigue loading have been identified in the open literature [68—71]. The models
proposed in [69-71] all describe off-axis crack evolution solely based on initiation
strength. Therefore, none of the models account for the influence of multiaxial loads
and the crack propagation aspect of the evolution process. Carraro [68] proposed an
off-axis evolution model considering both the initiation and propagation of off-axis
cracks. The model showed good agreement between the predicted and
experimentally measured crack density evolution. However, the model is
computationally expensive in terms of both memory and CPU-time as it is based on
a full Monte-Carlo simulation of the evolution process. Further on, some of the
parameters used in the model had to be determined from inverse modelling of the
crack density evolution curves, which questions whether the determined parameters
are material properties or ‘fitting” parameters.

Therefore, it was decided to develop a new mechanistic model with the following
requirements guiding the development:

e Use only physically based models for initiation, crack propagation and
damage description.

e Capability of predicting crack density evolution in composite laminates
subjected to multiaxial loads at different load ratios.

e Computationally efficient by adopting simplifying description of the crack
field.
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6.1. MODEL

As described in (Paper #2) the off-axis crack evolution process shows a
deterministic dependence on influencing factors such as stress level and constraining
effect, but the process is also stochastic. The deterministic influence of stress level
and stress ratio on initiation of off-axis cracks for each damage mode can be
described by a normalised SN-curve [57,68] given as

d
e =p¢ - (Npg)" ford = LHS,LMPS
(24)

i a — _(-Rf)ofax ; d
with % = 2081+ kD)ol oy valid for R > 0

d .
where ag is the static strengths, Ng,, is the number of cycles to failure, R¢ = U};“"

Omax

and ¢ and m® are fitting parameters for the normalised SN Power law
relationships. The deterministic influence of stress level, stress ratio and
constraining effect on CGR for each propagation damage mode can be described by
a Paris like law (Paper #3) as:

CGRY = ¢ - (M)™* for d = LHS, LMPS

. (1_Rg) G‘gulx R (25)
with ¢ = valid for min(o,,) = 0

2 /G[}—(1+R§) /G,‘;ﬁax

where CGR? is the crack growth rate for a particular damage mode at the maximum
ERR loading and ¢ and n® are fitting parameters for the Paris’ Law relationships.
It should be noted that the normalisation in (26) has only been validated for R > 0
and the normalisation in (27) has only been validated to work for situations where
crack faces remain stress free during the entire loading cycle, i.e. 053 i = 0. The
stochastic nature of both crack initiation and crack growth are modelled using the
Weibull distributions. This result in two SN fields for initiation where the SN fields
for the initiation damage modes are given as:

PA(Nfs, 08ax 0in) = 1 — exp k— ) for d = LHS, LMPS (26)

where S¢ is the Weibull shape parameters. In the same way for off-axis crack
propagation the crack growth fields are given as:



a 188
PA(CGR?, Glax, Gitin) = 1 — exp (_ de(fpi)nd] ) @7
0

where B¢ is the Weibull shape parameters for the LHS and LMPS propagation
damage modes. Eq. (26)-(27) which describe the influence of LHS related damage
modes on the fatigue evolution along with the similar equation for the LMPS
damage modes essentially contain the full set of material parameters included in the
model. The full set of material parameters can be obtained from uni-axial quasi-
static and fatigue tests on two different MD laminates.

A simplified parameterisation of the crack evolution process was proposed in order
to establish a computational efficient model based on the LHS equations (26)-(27)
along with the similar equations for the LMPS damage modes. Figure 26 illustrates a
RVE with initiation elements used to assess when cracks will initiate and crack
elements in which off-axis cracks may grow.

| Crack

Representative

0 70
LV 03> 12 Volume
= cC=n =
crl ¢ c=2 Initiation
0 Element
2

:‘“; Crack
_1 Element

Figure 26: Schematic of the modelled crack evolution process along with the used
notation.

The numbers of the crack elements express the order in which the cracks initiate.
Furthermore, they are similar to the crack doubling concept, where cracks are
assumed to initiate in the middle between already existing cracks. This location
experiences the highest stress and consequently the risk of off-axis crack initiation is
highest here. Furthermore, the parameterisation assumes that off-axis cracks grow
across the full specimen width. This parametrisation was chosen, because this
allowed for establishing the location and stress intensity factor for each crack a-
priori to the fatigue simulation. This simplifies the required computational effort as
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the location does not need to be stored, and the stress intensity factors do not need to
be evaluated for each simulated cycle step.

The model should be evaluated through an iterative scheme and the flowchart for
simulation of an MD laminate is given in Figure 27.
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Figure 27: Flowchart for the crack density calculation. Equation numbers refer to
equations in Paper #4.
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6.2. RESULTS

Two different MD laminates were tested in order to obtain evolution parameters for
the LHS and LMPS damage modes. The obtained parameters are given in Table 3 in
(Paper#4). Using the determined parameters it was tested whether the model was
capable of predicting crack density evolution for another multiaxial stress state than
the ones from which the material parameters were determined. Further on, the
models applicability in terms of modelling the influence for VA block loading and a
change in stress ratio was also studied.

Comparison of model predictions with the measured crack density using ACC for
the thick layer in the [0/-60/0/60]s laminate tested in (Paper #2) is shown in Figure
28.

It is seen that model predictions agree well with the measured crack density.
Comparisons for the thin layer were not included, since the thin layer showed a
different crack evolution process, where cracks would not grow through the entire
width of the specimen. This violates the simplifying assumption used in the model
and consequently results in less accurate predictions.

6.3. CONCLUSIONS

The development of a multiaxial fatigue model for off-axis crack evolution resulted
in the following novel conclusions:

e State-of-the-art physical based multiaxial fatigue models have been
combined into a multi-scale multiaxial fatigue model to predict off-axis
crack density evolution.

e Material parameters to describe damage evolution for the LHS and LMPS
damage mechanisms have been derived using two different MD laminates
along with ACC.

e The model has been shown to predict crack density evolution well for CA,
VA and C-T loading indicating that the modelling approach is successful at
modelling the different damage mechanisms leading to off-axis crack
propagation.

e In its current form, the model is only capable of predicting crack density
evolution when cracks predominantly grow through the entire width of the
specimens. This is due to the simplified parametrisation used and this
parametrisation should therefore be improved in future versions, so more
generally applicable predictions can be made.
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Figure 28: Crack density results for the 60° layer in the [0/-60/0/60]s laminate
tested in (Paper #2) subjected to CA fatigue loading at a load ratio of R=0.1. a) has
a linear x axis scaling and b) has logarithmic x axis scaling. Solid lines represent
experimentally measured crack density and dashed lines are model predictions
(Paper #4).
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CHAPTER 7. SUMMARY OF SCIENTIFIC
CONTRIBUTIONS

In this chapter, this Ph.D.’s main contributions and novelty of the work carried out
are highlighted. The contributions and novelty have been divided into knowledge
produced and methods developed.

(Paper #1) describes the first-ever method to automatically quantify off-axis cracks
in GFRP laminates. The method is called ACC, is non-destructive and eliminates the
manually and visually counting of off-axis cracks, which represents a labour
intensive and difficult task. The method therefore makes it possible to create better
direct comparison between test series and analyse more tests than was possible
before.

In the work of (Paper #2), ACC is combined with lock-in DIC and extensometer to
establish a method capable of assessing the damage in-situ in MD GFRP laminates.
This method is used to study the damage evolution in an MD laminate subjected to
CA T-T, CA C-T and VA T-T loading. This study led to an increased knowledge
about the damage evolution process as well as new methods to derive physically
based evolution parameters defining the off-axis crack evolution process. The new
knowledge included that crack density is a suitable damage measure for VA loading
and that T-T loading results in a higher crack density evolution rate and apparent
saturation value than C-T loading. Furthermore, the stochastic nature of off-axis
crack initiation and growth is accurately modelled by the Weibull distribution and
the shape-parameter of the Weibull distribution is constant for different stress levels.
The Weibull shape parameter therefore represents a material property needed to
model the off-axis crack evolution process. Additionally, new knowledge about the
performance of the GLOB-LOC model was obtained, where it was found that the
GLOB-LOC slightly under-predicts the stiffness of the degraded laminate but in
general can be considered accurate when compared to phenomenological approaches
like the sudden ply discount method.

(Paper #3) includes a reanalysis of observed and reported damage mechanisms
where epoxy is used to bond stiff constituents together. It was found that the same
two damage mechanisms have been observed and reported in numerous publications
for different epoxy material systems. From this knowledge, a physically based
model for mixed-mode crack propagation was proposed. The model predicts when
each of the two damage mechanisms occur and how they influence crack
propagation. The model is used to reanalyse crack growth data obtained from
literature and it was found that the model was capable of collapsing crack growth
data into one master curve for each of the two underlying damage mechanism.
Furthermore, the transition between master curves was predicted by the model to
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occur at the same mode-mixity, where images of fracture surfaces reveal a shift in
damage mechanism. As the Ph.D. project focused on the modelling of off-axis
cracks, the work in (Paper #3) also included a new multi-scale modelling approach
to evaluate the physically mixed-mode crack propagation model in a computational
efficient manner.

The main contribution of the work presented in (Paper #4) is focused on method
development of a multi-scale multiaxial fatigue model for off-axis crack density
evolution. The model is based on a physically based model for off-axis crack
initiation obtained from literature, the mixed-mode propagation model from (Paper
#3) and the GLOB-LOC modelling framework. The work also includes an extension
of the GLOB-LOC model so additional information can be obtained from the model.
The additional information includes the influence of off-axis crack interaction on the
CSD and the ability to compute the varying stress field between off-axis cracks.
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CHAPTER 8. FUTURE WORK

As described in previous chapters, this Ph.D. project has solved problems in
measuring, quantifying and modelling the off-axis crack evolution process for
multiaxial fatigue loading. However, even though the present thesis establishes a
methodology to characterise a given GFRP material and uses this characterisation in
a modelling framework to predict the off-axis crack evolution, there still exist
several topics within the field of off-axis crack evolution that need further research.
The following list includes the main research gaps found at the completion of this
Ph.D. project.

e Investigate whether the number of parameters needed in ACC can be
reduced in order to ease the use of the algorithm and study how changes in
the experimental setup (lighting conditions, camera alignment, specimen
thickness/transparency, resin, roving, fabric and stitching types etc.)
influence the counting.

¢ In the study and determination of evolution parameters only isolated cracks
were considered. However, with the increased temporal resolution of the
crack evolution provided by ACC it would be interesting to study the
successive generation of non-isolated off-axis cracks. Such a study could
potentially provide further insight in how damage accumulates for VA
loading and which damage accumulation laws are applicable at the micro-
scale.

e Both the initiation model used and the crack propagation model developed
in this research use a phenomenological approach to take into account the
load-ratio influence. For most composite structures (including wind turbine
blades), the load ratio does not remain constant during service. It is thus
clear, that there is a great need to gain further insight into how the load-
ratio influence the off-axis crack evolution and how to model it.

e Since off-axis crack evolution is a hierarchical process involving several
different length scales, additional research is needed to clarify the influence
of the geometry of the test specimen/structure on the crack evolution
process in order to mature the methods for structural scale analysis.

e It would be of great interest to composite manufactures to have models
capable of predicting ultimate structural failure, which is a feature not
included in the current model. Ultimate structural failure usually occurs as
a result of fibre failure in the laminate layers. The model proposed in this
Ph.D. project provides information on the load increase in the fibres when
off-axis cracks are present. It is not clear whether this information along
with SN-curves for fibre failure is sufficient to create accurate predictions
for fibre failure or if the off-axis crack evolution alters the damage process
in the fibres such that the fibre failure SN-curves no longer are applicable.
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Additional research in clarifying the interaction between off-axis cracks
and fibre failure is therefore an important future research topic.
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