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Abstract

The ability to design lightweight yet strong and durable components with composite materials
has driven their continuous development. Nowadays, components from high-performance
composite materials are used in a wide range of applications mostly aircraft, wind turbines,
automotive and sports equipment. To ensure their safety, understanding the fatigue beha-
viour of composites is essential. Up to now, no universal fatigue-damage model exists for
composite laminates despite continuous developments in this field over the past decades.
This reflects the difficulty of developing such a model for composite laminates where effects on
different length scales influence the development of fatigue damage. The anisotropic material
behaviour, multiple damage modes and complex interactions have shown to be significant
obstacles in the development of a universal fatigue-damage model. Many proposed models
have critical limitations when it comes to their applicability to real-world components, which
hinders them to become widespread engineering tools. Given the fact that fatigue modelling
generally requires more experimental data than static analysis due to multiple added effects
from fluctuating loads, the amount of tests needed for the calibration of models is particularly
important. This thesis takes a rather engineering approach with regard to physical damage
phenomena for the development of a ply-based fatigue damage model for matrix cracks. As of
now, parts of the model are still under development, as this work marks the beginning of the
development of a fatigue-damage model with the aim to provide an efficient and easy-to-use
framework. A special focus is the applicability of the model and the ability to calibrate the
model with standard experimental campaigns. The model builds upon the static ply-based
damage model from Schuecker et al., which uses a multi-scale approach to compute the
effects of matrix cracks on the stiffness of a laminate. The classical laminate theory is used
for stress analysis of a given laminate. The effects of matrix damage are computed with a
Mori-Tanaka model, which is an analytical micromechanical method. In order to develop
such a model, information on the damage state during tests is essential. For this, a crack
detection framework is presented which enables efficient quantification of the damage state
for fatigue experiments. Also, the correlation with other measures and the effects of different
stress states on the formation and evolution of matrix cracks is studied in detail.






Kurzfassung

Die kontinuierliche Entwicklung von Verbundwerkstoffen wurde von deren Moglichkeit leichte
aber dennoch starke und haltbare Bauteile zu konstruieren vorangetrieben. Heutzutage wer-
den Bauteile aus Hochleistungsverbundwerkstoffen in einer Vielzahl von Anwendungen, vor
allem in Flugzeugen, Windkraftanlagen, Kraftfahrzeugen und Sportgeraten, eingesetzt. Um de-
ren Sicherheit zu gewahrleisten ist ein grundlegendes Verstandnis des Ermudungsverhaltens
von Verbundwerkstoffen unerlasslich. Dennoch gibt es bisher kein universelles progressives
Schadigungsmodell fiir die Ermiidung von Schichtverbunden, obwohlin den letzten Jahrzehn-
ten kontinuierliche Entwicklungen in diesem Bereich stattgefunden haben. Dies spiegelt die
Schwierigkeit wider, ein solches Modell fur Laminate aus Verbundwerkstoffen zu entwickeln,
da Effekte auf unterschiedlichen Langenskalen die Entwicklung von verschiedenen Schadi-
gungsmechanismen beeinflussen. Anisotropes Materialverhalten, mehrere Schadigungsarten
und komplexe Wechselwirkungen haben sich als erhebliche Hindernisse bei der Entwicklung
eines universellen Ermiudungsmodells erwiesen. Viele der vorgeschlagenen Modelle weisen
kritische Einschrankungen auf, wenn es um ihre Anwendbarkeit auf reale Komponenten geht
und verhindert somit deren Verbreitung und Einsetzbarkeit als technische Werkzeuge. Daim
Vergleich zu statischen Belastungen zahlreiche zusatzliche Effekte durch wechselnde Belas-
tungen auftreten erfordern Ermiidungsmodelle im Allgemeinen mehr experimentelle Daten
zur Kalibrierung. In dieser Arbeit wird daher ein eher ingenieurmaRiger Ansatz im Hinblick
auf physikalische Schadigungsphanomene fiir die Entwicklung eines lagenbasierten Modells
fir die Effekte von Schadigung durch Ermidungsbelastung aufgrund von Matrixrissen ge-
wahlt. Diese Arbeit markiert den Beginn der Entwicklung des Ermudungsmodells mit dem
Ziel, ein Werkzeug zu schaffen das effizient und einfach zu verwendenden ist. Ein besonde-
rer Schwerpunkt liegt auf der Anwendbarkeit des Modells und der Moglichkeit, das Modell
mit Standardversuchen zu kalibrieren. Das Modell baut auf dem statischen lagenbasierten
Schadigungsmodell von Schuecker et al. auf. Es wird ein Multiskalenansatz zur Berechnung
der Auswirkungen von Matrixrissen auf die Steifigkeit eines Laminats verwendet. Fiir die
Spannungsanalyse eines gegebenen Laminats wird die klassische Laminattheorie genutzt.
Die Auswirkungen von Matrixschaden werden mit einer analytischen mikromechanischen
Methode, dem Mori-Tanaka-Modell, berechnet. Fiir die Entwicklung eines solchen Modells
sind Informationen tber den Schadigungszustand wahrend Materialtests unerlasslich. Zu die-
sem Zweck wird zusatzlich ein Framework flir die Risserkennung vorgestellt. Dies ermoglicht
eine effiziente Quantifizierung des Schadigungszustands bei Ermiidungsversuchen. Weiters
werden Korrelation mit anderen MessgrofRen und die Auswirkungen verschiedener Span-
nungszustande auf die Entstehung und Entwicklung von Matrixrissen eingehend untersucht.
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1 Introduction

The question of: "How long does it take to break?" is probably one of the most asked questions
in engineering. From August Wohler, who performed fatigue test campaigns from specimens
to full-scale wagon axles [1] more than 150 years ago up to now, this question still drives
innovations in engineering and material science. In this work, this question is extended to
"What happens until failure?" for fibre-reinforced polymer materials (FRPs). In a laminate
made from FRPs, multiple damage modes can be active simultaneously. This leads to complex
interactions between the failure modes and makes it hard to predict the degradation of the
material accurately. Matrix cracks, often called off-axis cracks, are usually the first charac-
teristic damage mode in components made from FRPs. These cracks trigger the onset and
growth of other damage modes like delamination and fibre failure [2]. Therefore, the effect of
matrix cracks is essential for the development of a universal fatigue model for FRPs, which is
still an ongoing process [3H5]. Figure[1.1]shows a schematic representation of the effect of
off-axis cracks on the stiffness of a composite laminate.

stiffness

Figure 1.1: Schematic representation of the effect of off-axis cracks on the stiffness of a composite
laminate. With the growing number of cracks, the stiffness decreases continuously. The
images show a specimen at the beginning, during and after a fatigue test. The off-axis cracks
are clearly visible in the image in the centre.



2 1 Introduction

1.1 Composite laminates

Composites combine two or more materials to gain beneficial properties from all their con-
stituents. This makes it possible to combine the positive properties of several materials and
with a careful selection of the constituents, to balance unwanted properties. The constituents
remain separate within the composite, which distinguishes composites from mixtures or
solutions. One important sub-section of composite materials is fibre-reinforced composites,
where usually long and thin fibres are combined with a matrix material. This combination
makes it possible to use the high stiffness and strength of fibres for solid components where
fibres bear the load and the matrix enables load transfer into the fibres.

A laminate is a thin structure of several bonded plies. Various ply types or materials can
be combined in a laminate to tailor its properties for a specific load case. A laminate with
plies in only one fibre direction would be the optimal structure if all loads were aligned in
the same direction. Since this is nearly never the case in actual structures where several load
cases must be accounted for, laminates with multiple fibre directions are the norm. Over
the past decades, laminates from FRPs have seen continuous development because of their
potential for weight reduction and are widely used in commercial and private applications.
Especially in the aviation industry, where each saved kilogram of weight directly lowers the
operating cost of an aircraft due to being more fuel efficient, the use of FRPs rose continuously.
In wind turbine blades, composite materials enable the switch to more renewable energy and
in sports equipment like tennis rackets, bike frames and hockey sticks, FRPs have found their
way into daily life. Despite all the advantages, FPRs come with their own set of challenges.
From a mechanical engineer’s perspective, the transversal isotropy and effects on multiple
length scales that must be accounted for make designing components a complex task [6].

Composite laminates are in themselves a complex structure comprised of fibres and a
polymer matrix at the micro-scale. Single fibres (filaments) are usually processed into rovings
oryarns foruse in continuously reinforced composites. With classical laminate theory, multiple
plies can be combined to compute the mechanical response of the whole laminate, which
represents the mesoscale. This is done to reduce the complexity of numerical models of large
components, which represent the macro-scale. The characteristic length scales are shown
in Figure[1.2l The complexity across three length scales makes it obvious why simulating
the mechanical response of composite materials is a demanding task. Models that predict
damage and its effect on the micro-scale are usually way too complex to be used at the meso-
or even macro-scale. Therefore, simplified models at the mesoscale are needed to reduce
computational costs to a feasible level. This inevitable reduction of resolution leads to a loss
of information at the meso-scale, which is needed to accurately predict the onset and growth
of micro-damage, which in turn is needed to predict macro-damage.
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Due to this complex geometry, multiple damage modes occur during the fatigue life.
Damage initiates from weak points such as voids or other forms of stress concentrations at the
micro-scale. Depending on the stress state of a ply, micro-damage grows into ply-level matrix
cracks, delamination or triggers fibre failure [2]. The multiple distinct damage modes and
their interactions make it obvious, that the development of a universal fatigue failure theory
is equally complex and complicated. Therefore, as already mentioned, no general fatigue
model for FRPs is available up to now.

1.2 Fatigue damage in FRPs

Matrix cracks, delamination and fibre failure are the three main damage modes at the meso-
scale. At the micro-scale, damage initiates from imperfections in the material like voids,
matrix-rich regions, inclusions of impurities, manufacturing errors etc. Up to now, the onset
and interactions of all the damage modes are still not fully studied [4]. Especially micro-
damage and its effects on the meso- and macro-scale is still an ongoing field of research.
Figure[1.3|shows a schematic representation of the evolution of damage in composite lamin-
ates during fatigue loading.

It has to be noted that this is a schematic representation of the damage patterns that are
observed in multi-directional laminates with in-plane stresses. For laminates with only one
fibre direction, out-of-plane loading or other special layup configurations, these patterns may
differ. At the early stages of the fatigue life, ply-level matrix cracks form in plies with transverse
stresses. These matrix cracks originate from micro-damage in the form of micro-cracks or
fibre-matrix interface failure [7H9] and grow along the fibre direction in number and size
during the fatigue life. Diffuse delamination, also called interfacial debonding, often starts at

micro scale meso scale macro scale
z 3
Tj 1

micrometer << millimeter << meter

>

Figure 1.2: Characteristic length-scales of composite laminates with laminate- (x,y,z) and ply- (1,2,3)
coordinate systems.

characteristic length
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the tip of matrix cracks between two plies and also grows in number and size. This diffuse
delamination grows into the delamination of bigger areas. These delaminated regions are
already structural damage at the component level. From stress concentrations caused by the
matrix cracks, fibre failure starts in neighbouring plies. This can already happen in relatively
early stages of the fatigue life [10H12]. Since broken fibres cannot bear a load anymore, the
load is redistributed to neighbouring fibres. Therefore, the fibres in the vicinity of a broken
fibre are more likely to fail due to higher loads. This leads to the progressive growth of the
region with broken fibres during the fatigue life. If the damage grows to a level where the load
on the remaining intact laminate exceeds its strength, the rupture of the remaining intact
fibres marks the end of the life of a component. Although matrix-crack-induced fibre failure
often occurs already in the first and second stages, it is not the governing damage mechanism
in this stage [2]]. Matrix cracks are usually considered the first characteristic damage mode at
the meso-level. They influence the onset and growth of delamination and fibre failure and
therefore, great effort was dedicated to studying this damage mode in the past two decades
[12H18]. Since this work also presents a model to predict the effect of off-axis cracks on the
stiffness of the material, this damage mode is explained in detail.

1.3 Off-axis cracks

Off-axis matrix cracks are cracks that grow parallel to the fibres in the matrix or in the fibre-
matrix interface. These cracks typically span the thickness of a ply and grow in number and

Stage Il

Stage ll
q) . - .
a0 delamination
e
o cracks diffuse local fiber fracture
delamination failure
Stagel
>

time

Figure 1.3: Characteristic damage states for a composite laminate during fatigue loading.
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size during fatigue loading. Figure[L.4]shows typical matrix cracks in a glass-fibre reinforced
laminate with a stacking sequence of [+45°, -45°],.

Figure 1.4: Matrix cracks in a +45° glass fibre laminate. By shining light through the specimen, matrix
cracks appear as dark lines. The cracks grow along the fibre direction of each ply.

Describing the nucleation and propagation of off-axis cracks is a vital part of modelling
fatigue of composites since other damage modes are triggered by these off-axis cracks. It is
well known that these matrix cracks cause a significant loss of stiffness [9,15-17,[19-H21]. This
can be shown by plotting stiffness over the number of cycles and normalising the cycles to
the crack initiation, i.e. the point where ply-level cracks form, as shown by Wharmby et al.
[21] (see Figure[L.5). Same as the ply stiffness, the degradation of stiffness is also anisotropic.
The stiffness in the fibre direction is affected less than the transverse stiffness since the cracks
grow parallel to the fibres [22,23]. The fibres are not cracked and therefore, their load-bearing
capacity mostly stays intact while a significant part of the matrix is damaged. Since the
transverse stiffness of a unidirectional composite is mostly dependent on the properties of
the matrix, it is clear that damaging the matrix will result in a loss of transverse stiffness.

Cracks on the ply-level are the result of accumulated microscopic damage in the form
of micro-cracks that grow into one crack at the meso-level. Depending on the damage state
at the micro-level, several distinct micro-damage modes form, which is confirmed by fracto-
graphic images [8,[14,24]. For stress states with positive transverse stresses, 049, two micro
damage modes can be identified. Fractographic images in this stress region show relatively
smooth fracture surfaces for stress states dominated by transverse stress at the ply-level
(092) and rough fracture surfaces for stress states with a high proportion of in-plane shear
o12. Quaresimin et al. showed this behaviour for tubular specimens where they progressively
increased the ratio of in-plane shear to transverse stress A = 045 /012 as shown in Figure
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For o4, dominated failure, Asp et al. observed that matrix cracks form due to fibre-matrix
interface failure or matrix failure parallel to the fibres and showed that the dilatational energy
density can be used as a suitable failure criterion at the micro-scale [8]. The dilatational energy
density as a function of the local (on the micro-scale) stresses is shown by

1—2v )
2 crit
U, = (011 4+ 092 + 033)* = U™, (1.1)
6F
110
.
Ul 1.004 Gt o
W o095 -
% 0.90 8
£ 0.85- -
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2 070 —— AF-166 (5nur=0.8%) L iy
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=z e, A AF-168 (enax=0.4%)
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Figure 1.5: Wharmby showed that the loss of stiffness starts when matrix cracks at the ply-level form

Figure 1.6: Quaresimin showed that the micro-damage modes change with the ratio of in-plane shear
stress to transverse stress [17]. The transition from smooth to rough fracture surface is
clearly visible in the images for A=0 (a), 0.5 (b), 1 (c) and 2 (d).
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where the stresses 011, 095 and o33 as well as the Young “s modulus E and the Poisson’s
ratio ¥ must be known. This criterion can be expressed in terms of the first invariant of the
stress tensor, which represents the hydrostatic part. The hydrostatic stress is the only changing
part of dilatational energy for a given ply, considering the material of a ply is considered
constant for all practical purposes. Therefore, a critical maximum hydrostatic stress can be
found which describes the strength of the material for this damage mode.

For shear-dominated stress states, micro-cracks between the fibres have been observed.
These micro-cracks develop in a specific fracture plane about 40°- 50° with respect to the
fibre direction. This was shown by the work of Plumtree et al. [14]. An example of these
micro-cracks is shown in Figure[1.7] The local maximum principal stress has been identified
as the driving force for this damage mode [25].

Figure 1.7: Micro-cracks at a distinct crack angle between the fibres in a resin-rich region shown by
Plumtree et al. [14].

The fact that fibres are embedded in the matrix inherently forces the matrix cracks onto a
predefined path. Since fibres are usually orders of magnitude stronger than the matrix, the
matrix will break first. The local nucleation plane can be different from the fibre direction,
but the crack is forced to grow in the fibre direction, as long as the neighbouring fibre does
not break. Even if the crack re-initiates on the opposite side of the neighbouring fibre, no
substantial crack opening will occur as long as the fibre is intact. Even though the two micro-
damage modes explain the phenomenon of the differing fracture surfaces depending on the
stress state of the ply, the onset and growth of off-axis cracks are far from fully understood.

A separation of these two micro-damage modes is necessary for failure criteria that pre-
dict the onset of off-axis cracks in fatigue. Therefore, the stresses at the micro-scale i.e. local
stresses must be computed in order to further compute the local maximum principal and
local hydrostatic stress. Unfortunately, it is not feasible to compute local stresses directly
in finite element models of whole components, since computation times and memory re-
quirements would be too high for industrial use. From an engineer’s perspective, failure
models should be computationally inexpensive with low requirements for testing the needed
material parameters. Static failure criteria like Puck and LaRCO05, two state-of-the-art and
widely accepted failure criteria, provide good predictions of static failure without needing
to compute micro-stresses or micro-damage modes [26,27]. Note that in these criteria, no
differentiation of micro-damage modes is made, which is necessary for fatigue. This necessity
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to differentiate between micro-damage modes in fatigue is also shown in of this thesis,
where the stiffness degradation due to off-axis cracks is computed.

An efficient model to compute the critical damage driving force at the micro-level has
been developed by Carraro et al. [28]. They showed that the computation of stresses at the
micro-scale can be omitted by using a unit cell and computing a set of concentration factors
with the finite element method. With the concentration factors, which can be computed
in advance for a given material, the stresses on the micro-scale can be directly computed
from the ply stresses. Furthermore, the model generation of a square unit cell is easy to
automate. This is essential for the applicability of such models to whole components. They
also showed that SN curves in the region of positive transverse stress and in-plane shear for
various ply-stress states collapse into two master curves. This is shown by Carraro et al. by
plotting the local hydrostatic stress o, and local maximum principal stress o; over the life
to crack onset, as shown in Figure[1.8] This further demonstrates that the local maximum
principal stress o; and the local hydrostatic stress o}, are reliable measures for the driving
forces of the micro-damage and can therefore be used as material properties for the fatigue
strength. This is especially useful when considering that only two SN-curves are needed to
characterise the material which vastly reduces the need of testing multiple SN-curves for
various ply-stress states to just two master SN-curves. The applicability of Carraro’s model
is shown in|Paper D}, which also shows that the predictions of the model correlate well with
fractographic images.

100 [ 200

Toaps(109=1.27 *Ap=0
o A,=0.5
=) S o s Ap=1
= = . Ap=2
P E o 8 FC e
g £ ©t e
= 3
10 L Lo L Ll L 20 LLLLLLL Ll . Ll Ll
1.LE+03 1.LE+04 1.LE+05 1.E+06 1.LE+07 1.LE+03 1.LE+04 1.LE+05 1.E+06 L.LE+07
(a) Life to first crack initiation, N; (b) Life to first crack initiation, N

Figure 1.8: Tests with several stress ratios A collapse into two master curves for local hydrostatic stress
(a) and local maximum principal stress (b) as shown by Carraro [28].

1.3.1 Crack detection

In order to develop progressive damage models, information about the damage state during
the fatigue tests is essential. This means, that the cracks or some other measure that directly
correlates with the number of cracks in the material must be monitored during tests. In the
past decades, the crack density has been used extensively as a damage parameter for matrix
damage [12},/18-20,22}29-36]. Various methods have been used for detecting matrix cracks
and quantifying the extent of damage in the matrix. One such method is direct crack detection
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from images of specimens. This is only possible for at least semi-transparent specimens. For-
tunately one of the most used composites, glass fibre-reinforced polymers, fulfils this criterion
if a transparent matrix is used, which is often the case. In fatigue tests, Transilluminated White
Light Imaging (TWLI) is usually used as an imaging technique. For this, a white light source
is placed behind the specimen and images are taken from the other side. Since the crack
surfaces in the specimen scatter the light passing through, these cracks appear as dark lines in
theimage. An example of this is shown in Figure[1.4] Before image processing was as advanced
and easily accessible as today, these cracks were often counted manually to compute the
crack density [20,22],123,129,31]. With the advancements in image processing and machine
learning, automated methods to compute crack density have emerged. Especially for the
inspection of large concrete structures and pavement, several automated methods to detect
cracks have been developed [37,/38]. These image-based crack detection methods can be
classified into two categories:

« Image Processing based crack detection. A variety of filters and signal-processing tech-
niques are applied to one or more images to detect cracks. Gabor filter and Canny edge
detection, two classical edge detection algorithms are often used in combination with
several threshold and noise-reduction or background detection techniques [39].

« Machine learning based crack detection. Usually, a neuronal network is trained to detect
cracks or patterns in images. A number of techniques like transfer learning, decision
trees, encoder-decoder networks etc. are used in a variety of models [40Q].

Crack detection of off-axis cracks in composite materials is a niche application with the
benefit of a pre-defined crack direction. This makes it easier to develop image processing-
based algorithms, which have the advantage that no training data is needed. Over the past
decade, a few crack detection algorithms for off-axis matrix cracks have been developed.
Sket et al. used X-ray computed tomography to get around the fact that carbon fibres are not
transparent for visible light and an algorithm based on the Hough transform [41]. Miskdjian et
al. detected cracks only at the edge of the specimen [42]. This also allows to detect cracks in
non-transparent composites. However, this approach gives no information about the length of
the cracks. Another algorithm for transparent composites was developed by Glud et al. where
a Gabor filter is used as line detection combined with an Otsu threshold to separate cracks
and background [43H45]. Crack counting is performed by using a skeletonizing algorithm to
reduce the area which is detected as a crack to a width of one pixel. From this, the beginning
and end of each crack are used to compute its length. This algorithm showed good results
in images like those shown in Figure[1.4] but due to the use of a floating threshold, which
means the threshold to differentiate between cracks and background is computed based on
the grey-values of the images, it has problems when hardly any cracks are present. This is
due to the fact that the Otsu threshold will differentiate between crack or generally speaking
foreground and background in any image, even if no cracks are present. This can yield wrong
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results for low crack densities. Using floating thresholds brings the benefit that images with
varying levels of illumination can be compared but the results may diverge for relatively similar
inputs. Based on this algorithm, Bender et al. developed a more stable version that uses a
fixed threshold and an altered sequence of filters, but with the same crack-counting technique
[35]. With this algorithm, the beginning and end of each crack are evaluated and the crack
density is computed as the total length of all cracks divided by the area of interest as given by

_ Z?:l L;
pC — A

r (1.2)

where p. is the crack density, L; the length of the i-th crack and A the total area of interest.
Similar to Glud’s algorithm, Just et al. also developed a crack detection algorithm that uses
a fixed threshold instead of Otsu’s threshold for the same reasons as mentioned above [46].
They also used the Gabor filter to detect cracks in a given direction but the crack counting is
done with an eigenvalue decomposition of the inertia tensor of each area detected as a crack.
The length of the major axis of each crack area is used as the crack length. To compute the
crack density the same definition as also used by Glud and Bender is used (see equation[1.2).

Prior to automated crack detection, manual crack counting where simply the number of
cracks in an area or along a given path are counted was often used. This does not take the
length of the individual cracks into account. It has been shown that including the crack lengths
in the computation of the crack density results in a better description of the damage state
[29,/47]. Some efforts have been made to account for the length of the cracks by Quaresimin et
al., grouping the cracks into eight categories based on their length and computing a weighted
crack density based on manual crack counting [31]. The categories are based on the width of
the specimen which could lead to changing distributions of crack lengths for various specimen
widths. Also, for fatigue test campaigns, manual crack counting is extremely time-consuming
because multiple images for each test have to be evaluated. This quickly becomes unfeasible
for bigger campaigns. Therefore, it is apparent that automated crack detection, once the tools
are accessible and easy to use, will replace manual crack counting.

Crack detection algorithms are described in the literature but to the knowledge of the au-
thor, no open source package or commercial programme was available before, CrackDect, an
open source crack detection package was developed in this thesis (see[Paper A). The package
is based on a modular design and includes Glud’s and Bender’s crack detection algorithms

(see|Paper Aland|Paper A2) [35,/45]. Generally, this lack of open and available algorithms or

methods as an easy-to-use package seems to be a common occurrence in engineering as
many methods are presented in the literature but the code is not made accessible or only
developed forin-house use. Since CrackDect was only developed because of the unavailability
of crack detection algorithms, the author hopes that the practice of also providing the code
for the presented algorithms will become the standard in the future.
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1.4 Effects of loading parameters on off-axis cracks

Fatigue can be described as the degradation of material properties due to fluctuating loads.
Real-world load spectra are usually irregular with a changing stress amplitude and frequency.
An example of such a load spectrum is shown in Figure[1.9a] Fatigue experiments on the
coupon scale are usually performed with sinusoidal load cycles as schematically shown in
Figure[1.9b] It is evident that there is a difference between the loads in the tests and for real
applications. It is well known that the evolution of fatigue damage is affected by changing
frequencies and stress amplitudes as well as changing from tension to compression. Here,
the most important effects on the evolution of fatigue damage are discussed in order to give a
basic understanding of what must be covered by a universal fatigue damage model.
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Figure 1.9: Example of a load history for wind turbine blades (a) from [3] and a schematic representation
of the sinusoidal stress cycles for a fatigue experiment (b)

1.4.1 Block loading

A block load is referred to as a block with a certain amount of cycles of the same amplitude,
maximal and minimal stresses and frequency. It is well known that when applying blocks
with changing amplitudes, the fatigue life is affected by the order in which they are applied.
Therefore, the fatigue life is not the same if a block with a low amplitude is applied before or
after a block with a higher amplitude or vice versa. This sequence effect was shown by multiple
researchers [13,/48H50]]. Up to now, studies came to different conclusions about whether the
fatigue life is longer for a high-low sequence or a low-high sequence [51]. Although various
material systems, layups and material combinations might change the block loading effect, it
is agreed that the Palgren-Miner’s damage accumulation is not sufficient for composites. This
damage accumulation method simply sums the damage of each block as given by
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(1.3)

where D is the measure for damage, n,; the number of applied cycles in the it block and
Ny; as the number of cycles to failure for the i*" block [52]. This method was developed for
metals and is widely used up to this day, even for composite materials, because it is easy to
implement and does not require extensive test campaigns with block loading. The use of
simply relating the applied cycles to the number of cycles to failure also has the drawback
that the progression of damage is not considered. In this method, the damage is considered
to grow linearly until failure, which is not the case for off-axis cracks. Also, differing damage
mechanisms are not considered as well as the interactions between them. For matrix cracks,
Bender et al. showed that the crack growth rate is highly dependent on the amplitude of
the loading blocks and that there is a transition phase in the crack density growth rate when
switching from a high amplitude block to a lower amplitude [35]. This is shown in Figurem
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Figure 1.10: Evolution of the crack density for variable amplitude block loads. When switching between
high and low amplitude blocks, the crack density follows a step-like pattern with a trans-
ition phase when switching from high to low amplitude [35].

The crack density for the alternating low-high amplitude blocks shows a step-like pattern.
The low and high amplitude blocks show a relatively constant rate of crack growth. The
transition phase only appeared when switching from high to low amplitude blocks as the
crack growth rate slows down after the end of the high amplitude block. Note that a significant
amount of crack density growth happens during this transition phase. When switching from a
low to a high amplitude, no transition phase is spotted as the crack density growth increases
nearly instantly and stays relatively constant for the duration of the high amplitude block.
Overall, the diagram shows an S-like shape when plotted over the cycles on a logarithmic
scale. Also, there is less absolute gain in crack density per high amplitude block at already
high crack densities compared to the stage with low crack densities. Bender et al. also found
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that the low-amplitude blocks are dominated by crack growth and the high-amplitude blocks
are dominated by the initiation of new cracks. One explanation may be that during the high
amplitude blocks the fracture process zone grows, since it scales with stress, as given by

1 (K ‘
w=— (—) with Kr=ovma f(a/W) , (1.4)

™ Oy

where o, is the yield stress, a the length of the crack and f(a/W) is a function of the
geometry and the crack length. Although this equation for the process zone is strictly only
valid for brittle materials, it shows that the process zone grows with the applied stress. In this
zone, micro-damage grows in front of the crack tip [53]. For modelling fatigue on a macro
scale, the specific micro damage might be not as important as the fact that the material in
front of the crack tip is damaged. So, when the load is reduced and a block with a lower
amplitude begins, the material in front of the existing cracks is already weakened. Therefore,
the crack will grow for a certain distance until it grows out of the pre-damaged area and as it
slowly grows out of this area, the crack density growth rate slowly comes down to the level
of the low amplitude block. This could explain why there is a transition phase in the growth
rate of the crack density. Also, the fact that the process zone is quickly enlarged when a high
amplitude is applied but the crack needs to grow out of the enlarged process zone when
changed to a low amplitude would explain why there is no transition phase for a change from
a high to low amplitude. For a fatigue model that describes off-axis cracks on a macro level,
not each matrix crack can be modelled and therefore, the crack density can be used as average
damage of the material. These block-loading effects however must be implemented into a
universal fatigue damage model.

1.4.2 Stress parameters

As already shown for static loading, the strength of composites is highly dependent on the
stress state of the material. Even though static failure criteria compute a factor of effort
to measure the current stress in relation to allowable stress, more information is usually
needed to assess the type of failure. Puck’s failure criterion provides additional information
if fibre failure or matrix failure is the dominant failure mode. As shown in Figure[1.11]which
shows an example of the well-known Puck diagram, matrix failure is further split into three
distinct modes as three types of matrix cracks can be observed on the meso-scale. For positive
transverse stress 095, the cracks are opened whereas, for negative transverse stress, the crack
faces are pressed together. In the region of negative transverse stress, two types of cracks
develop depending on the ratio o15/09,, as shown in Figure by the straight line that
separates mode B and mode C. In mode B, the crack grows in the z-direction whereas, in mode
C, slanted cracks develop [26]. Compared to Puck’c criterion for fibre and matrix damage,
LaRCO5 differentiates even more failure modes for fibre failure and delamination [27]. The
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three modes for off-axis cracks are also present in fatigue loading. Therefore, the effect of
matrix damage on the laminate is highly dependent on the stress state.

Figure 1.11: Puck criterion for matrix damage and plane stress. The three modes differentiate between
opening matrix cracks, closed matrix cracks and closed but slanted cracks.

As already shown in Figure[1.9b) the fatigue load can be described by the maximum and
minimum applied stress. The R-ratio given by

R = Jmin (1.5)

Omaz

is the ratio between the minimal stress o,,;, and maximal stress o,,,,. By testing at
multiple amplitudes and mean stresses, the effect of tension-tension, tension-compression
and compression-compression on the fatigue life can be described by a constant life diagram
(CLD), as shown in Figure[1.12] However, the CLD does not provide information about the
effects of fatigue damage or the active damage mode. As shown in Figure[1.11] the off-axis
cracks can be opened or closed depending on the stress state. Especially the slanted cracks
that form in Puck mode C acts as a wedge leading to delamination and local buckling [54].
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Figure 1.12: Example of a piecewise linear constant life diagram [3].
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Quaresimin et al. showed that varying R-ratios have a strong influence on the initiation
and propagation of off-axis cracks [55]. Fractographic images for tension-tension tests show
several separate damage mechanisms. For tension-compression tests, no specific damage
mechanisms could be distinguished because the fracture surface was run-down by the com-
pressive part of the cycles. This shows that the off-axis cracks are temporally closed during
compression. Furthermore, they showed that the local hydrostatic and local maximum prin-
cipal stress can be used as fatigue strength for several R-ratios but only for tension-tension
loading, yielding an SN-curve for each R-ratio that is valid for several multiaxial conditions.
For tension-compression tests, the local damage mechanisms are not fully understood yet.
However, experiments have shown that for tension-compression loading, the compressive
part of the cycle has an effect on the initiation of off-axis cracks with higher negative load
ratios accelerating the crack formation in cross-ply laminates [56].

During the compression, stiffness is regained because the crack faces are closed and force
can be transmitted. This was shown by Brunbauer et al. when they compared the influence
of the mean stress on fatigue damage [57]. This effect can be directly observed by looking
at the stress-strain hysteresis for individual cycles, as shown in Figure[1.13|where hysteresis
cycles at increasing cycle counts are shown for R = 0.1 and R = —1. For the tension-tension
test (R = 0.1), the hysteresis cycles show a decrease of the dynamic modulus, which is the
slope of the hysteresis cycle, and a shift to higher strains with an increasing cycle count. The
tension-compression test (R = —1) also shows an increase in strain with the increasing cycle
count and a distinctive kink when the stress changes from compression to tension. Similar
to [55], Brunbauer et al. also observed smoother fracture surfaces for tension-compression
loading compared to tension-tension. In addition, they also observed crushed fibre bundles
when compression was applied.
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Figure 1.13: Stress-strain hysteresis for UD90° specimens with R = 0.1 (left) and R = —1 (right) [57].
The hysteresis cycle for R = 0.1 shows a shift to higher strains over the fatigue life and a
decrease in the dynamic modulus. The cycles for R = —1 show a shift to higher strains
and a distinctive kink when the stress changes from compression to tension.

Based on the work of Carraro et al. [25,28] where they showed that the onset of off-axis
cracks can be predicted with two master SN-curves for any global multiaxial stress state, Van



16 1 Introduction

Paepegem et al. developed a framework to predict the damage onset for any stress ratio and
load level [58]. This phenomenological crack initiation criterion is based on SN diagrams and
uses one equation for tension-tension, tension-compression and compression-compression
loading, respectively. Damage accumulation is assumed to be linear. Although the micro-
damage modes active in the compressive regime are not as well studied and understood as for
tension, local maximum principal stress is also used as the fatigue strength for compression.
Two parameters, namely the contributions of the cyclic and monotonic part of the stress cycle,
are used to compute the allowable cycles. One-parameter approaches like only using the R-
ratio or mean stress have been shown to be insufficient [59]. Overall, the model form Paepegem
et al. requires seven material parameters. Four parameters are needed for the tension-tension
regime, two for compression-compression and one to account for the decreased fatigue life
due to tension-compression loading. These parameters can be calibrated with seven SN
curves for crack initiation. This model has shown good agreement with experimental results
for glass and carbon-reinforced composites.

In addition to models based on SN-diagrams or constant life diagrams for the initiation of
off-axis cracks, modified versions of the Paris-Erdogan law are often used [60,61] to describe
the growth of off-axis cracks. These empirical models create a relationship between the crack
growth rate and a measure of the loading at the crack tip like the stress intensity factor, as
shown in the original Paris-Erdogan law given by

da
N = C(AK)™, (1.6)
where da/dN is the crack growth rate, A K the range of the stress intensity factor in a
cycle and C and m are material coefficients which are obtained by fitting this equation to
experimental data. One such model has been developed by Carraro et al. where they used a
multiscale strategy to describe the damage evolution [62]. After also using the local hydrostatic
and local maximum principal stress to predict crack onset, the crack propagation is described
by relating the crack growth rate (CGR) to the energy release rate (ERR). This model also takes
the synergistic effects of crack initiation and propagation into account. Since each crack
changes the local stress distribution and thereby shields a certain volume of material, new
cracks are less likely to initiate near existing ones. The crack density in the non-interactive
regime can be directly computed. This is only valid as long as the stress field in a ply does not
change from cycle to cycle, i.e. when the crack density is low and the cracks are far enough
apart that their effects on the stress field do not overlap. For the interactive regime, which is
valid for higher crack densities, an iterative process is used to compute the growth of existing
cracks as well as the initiation of new cracks in the vicinity of already existing ones. As shown
in Figure([1.14] this model predicts the crack density as a function of cycles for a given loading
scenario.
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Up to now, no generally accepted model for the evolution of off-axis cracks is available
that fully incorporates all effects of load types and load levels for off-axis cracks. Generally,
empirical models that are based on SN curves and the Paris-Erdogan law are adapted and fit-
ting parameters are used to describe synergistic effects. In contrast to this phenomenological
or empirical approach, a more physical approach to fatigue is developed by Alderliesten [63]
with a focus on delamination. The concept of strain energy balance is used for fatigue crack
growth where the crack increases with each cycle. This leads to the governing equation for
the strain energy release dU to be related to the crack increment da in a cycle N given by

dU  dU da (L7)

dN ~ da dN’ '
where dU/da is the effective strain energy release rate G. ;. In fact, Alderliesten points

out a few compelling arguments against using the stress intensity factor K oritsrange AK

for fatigue crack growth. Firstly, the relationship between K and G

K2

“=F

(1.8)

is derived for fixed-grip conditions and not for fatigue cycles. Therefore, the correlation
between K and G is only valid for quasi-static conditions and the use of AK in fatigue is
not automatically justified as the difference between K,,,, and K,,;, does not reflect the
energy dissipation during fatigue. Secondly, experimental data for aluminium shows that A K
is not an appropriate parameter to describe the similitude in fatigue. Thirdly, it is debated
if fatigue crack growth is governed by stress or by energy. If it is governed by stress, Ao =
Omaz — Omin WoOUld be sufficient to describe the crack driving force. When considering the
applied work to a specimen it is evident that this work is the sum of a monotonic and cyclic
part Uiyt = Upon + Ueye, Which again, is not reflected in AK. It has to be noted that the work
of Alderliesten focuses on deriving a physical theory of fatigue crack growth which should
not be mistaken for a prediction model. Maybe, a better model for predicting the fatigue
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Figure 1.14: Prediction of the crack density by Carraro’s model for several load levels.
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crack growth can be derived from this work. Also, it has to be shown that this theory is also
applicable to matrix cracks, where generally speaking, not one crack but many cracks are
considered in a homogenised way and other factors like the fibres restricting the crack path
must be accounted for. Nevertheless, this theory already shows promising results in giving
the R-ratio effect a more profound physical interpretation [64,65].

1.4.3 Frequency and hysteretic heating

The frequency of load cycles and hysteretic heating, which is the rise of temperature due to
dissipated energy during a hysteresis cycle, are inherently linked. The higher the frequency,
the faster the energy is dissipated. Once a certain frequency is reached, the temperature of
the material rises due to more heat generated than what the material can dissipate away.
The fact that polymers can be considered thermal insulators makes this effect noticeable
even at relatively low frequencies [66]. It has been shown that higher frequencies mostly
affect the polymer matrix of a composite [66,67]. Carbon and glass fibres have high melting
points compared to the glass transposition temperature of polymers [68]. Therefore, if the
temperatures of the material may already get to critical values for the matrix, the fibres are
still mostly unaffected. At these temperatures, the stiffness of the matrix is reduced which
reduces its ability to transfer loads between fibres.

The energy dissipation is caused by the visco-elasticity of the matrix, damage formation
and damage growth as well as internal friction [69]. For sinusoidal cycles without a change in
frequency and amplitude, the visco-elastic part of the dissipated energy can be considered to
be constant as long as the temperature does not significantly influence the viscous properties
of the matrix. Therefore a change in dissipated energy comes from damage formation, damage
growth and internal friction. This makes it possible to use the dissipated energy as a measure
for damage [70]. The downside of this method is that individual contributions of several
damage mechanisms can not be resolved by measuring the dissipated energy alone since
the formation of all damage and internal friction contributes to the total dissipated energy.
Therefore, itis not a reliable way to quantify damage of a specific damage mode. However,
the change in temperature due to hysteretic heating can be used to localise damaged areas
[71], as shown in Figure[1.15]

The energy dissipation due to high frequencies is also dependent on the laminate layup.
Laminates that are subjected to shear stress show higher dissipated energies than stresses in
or transversal to fibre direction [4,[72]. This can be attributed to higher internal friction at crack
faces during shear compared to simply opening and closing crack faces for transverse stresses
[73]. This leads to problems with tests of laminates that are subjected to mostly shear stresses,
like fatigue tests of [+45/-45], laminates. Due to the high dissipated energy and subsequent
rise of specimen temperature, the comparability of test results between other layups that are
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not subjected to shear stresses may be questionable. This was shown by extending the fatigue
life of a specimen simply by using a fan for cooling [74]. Therefore, it isimportant to choose a
test frequency where hysteretic heating does not lead to significantly elevated temperatures
once damage starts to form. For matrix-dominated laminates, the frequency may be reduced
to 5Hz or lower to stay in an acceptable temperature range [75].

The temperature of the material s also influenced by the geometry of the laminate since it
influences heat dissipation. The thicker the laminate, the longer it takes to dissipate heat from
the middle layer to the surface due to the relatively low thermal conductivity of polymers.
This means that the fatigue life is also a function of the shape and size of a composite structure
[76]. However, since composite structures are mostly made from relatively thin laminates
compared to all other dimensions, this effect may be insignificant compared to the effect of
high frequencies on the matrix and other more prominent effects like block loading.

1.4.4 In-situ effect

It is a well-known design rule to avoid stacking plies with the same fibre orientation due to a
reduction of strength by doing so [6]. The effect of the ply thickness on the strength of the ply
is called the in-situ effect and is shown in Figure[1.16|[77].

Over the past decades, several experimental and analytical models to determine the
static in-situ strength have been proposed [77-80]. The in-situ effect can be explained using
fracture mechanics. The initial size of a defect cannot be greater than the thickness of the
ply. Therefore, thinner plies have automatically smaller defects. After the initiation phase,
which is stress-dependent, the crack growth is governed by the energy release rate, which
correlates with the square toot of the ply thickness. This means the thinner the ply, the lower
the energy release rate and the slower the crack growth [81]. Analytical models usually use
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Figure 1.15: Transilluminated white light image and thermal image of a specimen during the fatigue
life by [69]. The localised damage is clearly visible in the thermal images.
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a fracture mechanics approach to predict the in-situ strength based on the critical energy
release rate for crack propagation. The strength of a ply is also affected by the location of the
ply in the laminate. Neighbouring plies change the conditions for crack growth and therefore,
the in-situ effect is dependent if the ply is embedded between other plies or not [27].

When studying the stress distribution in cracked plies in the vicinity of the cracks, it was
found that the maximal reachable crack density is affected by the thickness of a ply, as reported
in [78] for static and [46] for fatigue tests. Thinner plies tend to reach higher crack densities
than thick plies. The distance between cracks is limited by the stress that can be transmitted
from the neighbouring layers, since stresses cannot be transmitted through opened cracks.
The maximal crack density can be estimated with shear lag models which have been shown
to give good estimations of the saturation crack density [27,/82].

Thein-situ effect is well-studied for static loading. For fatigue loads, it has been shown that
the ply thickness has an effect on the maximum crack density. It has to be noted, that testing
the influence of the R-ratio for multiaxial stress distributions already requires an extensive test
campaign. From an engineer’s perspective, testing laminates with comparable ply thicknesses
as the final structures is an easier solution than incorporating the ply thickness into the test
campaign, especially when effects like block loading and the influence of R-ratios, mean
stress and other stress measures must be tested due to a lack of a universal theory for fatigue.
Nevertheless, a universal fatigue model has to reflect the effect of the ply thickness on the
evolution of off-axis cracks.

1.4.5 Environmental influences

Alarge number of possible environmental influences like temperature, moisture, physical and
chemical ageing of the material and other factors are mostly very specific to a particular use
case. Temperature, moisture and UV exposure are common problems for components used in
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Figure 1.16: In-situ effect in laminates from [77]. The trend towards a minimal strength for thick plies
is evident.
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outdoor applications like wind turbine blades, aircraft, automotive or outdoor sports-related
products. Usually, the matrix and the matrix-fibre interface are affected more than the fibres
[4]. This has consequences on the ability of the matrix to transfer loads to the fibres which
can lead to a reduction of strength and fatigue life.

Glass and carbon fibres are mostly unaffected by temperatures up to 300°C, which is
already above the service temperature of most matrix materials [83]. In general, polymers
become softer at high and more rigid and brittle at low temperatures. Therefore, it is usually
the polymer matrix that limits the service temperature of the composite. Changing temperat-
ures, especially temperature cycles has shown to cause off-axis matrix cracks which reduce
mechanical properties [84,85]. This is explained by stresses as a result of differing thermal
expansion coefficients between the polymer matrix and the fibres. On the micro-scale, this
mismatch between the thermal coefficients induces stresses in the fibre-matrix interface. On
the mesoscale, thermal stresses are induced by varying fibre orientations because of the an-
isotropic thermal coefficients of the ply. Thermal stresses can result in a similar crack pattern
as mechanical loads with comparable crack densities [86]. The influence of constant elevated
temperatures on the fatigue life has been shown by Kawai et al. [87]. They showed that
the slope of SN-curves is steeper for higher temperatures but its shape is mostly unaffected.
Also, the hysteretic heating adds to the effect of already high temperatures accelerating the
damage accumulation and shortening the fatigue life even more. A direct measure of the
crack density at the edge of the specimen also showed that the crack growth rate increases
with the temperature and that mechanical and thermal cycles lead to comparable crack dens-
ities [88]. Miyano et al. proposed a method which uses master curves derived from multiple
tests for creep strength, fatigue strength and constant strain rates at varying temperatures to
predict the fatigue strength for any combination of temperature, frequency, and tensile load
for unidirectional composites [89]. A model with less experimental effort to predict the fatigue
life of glass fibre-reinforced composites is presented by Cormier et al. [90]. However, only
tension in the fibre direction can be taken into account. Until now, no sophisticated model to
predict the effects of the temperature on off-axis damage exists.

Similar to temperature expansion, expansion due to moisture also leads to stresses in the
composite laminate. In contrast to temperature, which can rise and fall at relatively high rates,
moisture intake usually happens at a much longer timescale [91]. Therefore thermal and
hygral stresses are usually unrelated. Like thermal stresses, stresses from hygral expansion
on the mesoscale can be accounted for by classical laminate theory by simply adding an extra

h
+ therm + ..., (1.9)
Vh

term for each effect, as given by
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where n and m denote the in-plane actions and bending moments, A, B and D the
tensors of extension, coupling and bending, respectively, e° and x the mid-plane extension
and curvature tensor as well as h and Vh the moisture concentration and gradient of moisture
concentration. In principle, all effects that add to the strain tensor ¢ can be accounted for with
classical laminate theory. The degree of moisture expansion for a given laminate is highly
dependent on the matrix type with epoxy matrices being generally more prone to moisture
absorption than vinyl ester or urethane-based matrices [92]. Besides adding stresses on the
macro level, moisture also affects the strength of the composite. Generally, moisture reduces
the strength of the matrix which leads to damage at lower stress levels for static and fatigue
loading. This effect scales directly with the moisture uptake of the matrix up to a saturation
value, which is material dependent. After this saturation, additional exposition to water does
not further affect the composite [93]]. Because the effects of moisture exposure take usually a
long time to develop, they are often treated similar to ageing of the material. Even though
moisture intake is reversible, it is often linked to irreversible effects caused by the moisture
exposure. Ageing can be defined as the entirety of all irreversible chemical and physical pro-
cesses occurring in the material over time. This has effects on fatigue behaviour, which is the
degradation of material properties due to fluctuating loads. For real-world applications, it is
important to take both effects into account. For example, in tidal turbine blades, it is essential
to account for moisture intake since it has been shown that this severely affects the mech-
anical properties of the composite and shortens the fatigue life [94]. Fatigue models usually
only compute the effects of load cycles at certain stress levels based on the (fatigue-)strength,
stiffness and other mechanical properties. For such models, a first estimation of the effects of
ageing is possible by using mechanical properties for aged materials. However, this usually
does not cover synergistic effects for damage growth. For this, models must be adapted and
calibrated, which further adds to the number of needed tests. For practical use, several effects
are usually deliberately omitted to keep the complexity of the models and particularly its
calibration within reasonable limits [5].

1.5 Cycle counting

Simulating variable amplitude loads as shown in Figure[1.9alin FEM models in detail is only
possible for a few cycles. Therefore, methods to compute the combined effect of cycle blocks
are commonly used. For this, the variable amplitude time series must be converted into
countable cycles which are then categorised into distinct groups. It has to be noted that the
definition of a cycle varies with the counting method. The following cycle counting techniques
are commonly used [95]:

* Peak counting: Peaks and valleys are simply counted. The highest peak is combined with
the lowest valley to form the most damaging cycle. Then, the second-highest values are
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used and so on. After this, the cycles can be categorised into groups. What counts as a
peak or valley is relative to a defined reference load.

« Mean crossing: A variation of peak counting where only the highest peak and lowest
valley are counted per crossing of the mean value. This reduces small amplitude loads.

« Level crossing: A set of load levels is defined that marks the groups for categorising the
cycles. The cycles are counted by counting the level crossings of the defined load levels.
Crossings when the slope of the time series is positive are marked as positive crossings
and the crossings when the slope is negative are marked as negative crossings. Then,
the most damaging cycle is created by combining the highest number of successive
crossings in the positive and negative directions followed by the second highest number
of crossings for the second most dangerous cycle and so on.

« Rainflow counting: This algorithm received its name from water falling onto a pagoda,
an east-Asian tower with successive roof edges. It extracts closed cycles from a variable
amplitude time series by rotating it vertically and mimicking the flow of water down the
time series. Each positive peak can be imagined as a water source. The half cycles are
counted if the flow of water merges with a flow from an earlier peak or reaches the end
of the time series or falls onto another bigger peak. This is repeated for compressive
peaks and the half steps with the same magnitude are paired to get full cycles [96].

Up to now, no consensus of which method is best suited for the categorisation of cycles
has been reached. One of the most commonly used methods for composite materials is
rainflow counting [97]. It has the advantage that hysteresis loops are counted instead of simple
crossings of certain stress values. Also, this method always yields closed loops, which can
be an important feature for practical applications. For isotropic materials, rainflow counting
has been extended to multiaxial load histories by using the relative Mises strain as an indirect
measure of damage [98,99]. Unfortunately, this is not possible for composite materials since
the Mises stress or strain is not sufficient to characterise the effort of the material under
loading. For composites, the critical plane method is often used for multiaxial load histories
[100Q]. For this, a set of planes are defined in the stress space. The multiaxial stress state
is projected onto the defined planes which effectively reduces the stress tensor to a single
measure suitable for rainflow counting. Each of the planes yields a separate damage variable.
The critical plane is then defined as the plane with the highest damage. An example of the
application of this concept is the rainflow counting algorithm for composite materials in the
commercial software FEMFAT [101] where it is combined with Puck’s failure criterion. For
matrix failure, the multiaxial stress is projected onto several predefined planes, which are
depicted as lines in the Puck diagram shown in Figure[1.17] These stress values are then used
to compute the effort of the material with Puck’s failure criterion for each plane. This also
allows to differentiate between the three failure modes of Puck’s criterion [102].
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1.6 Off-axis damage models

When developing a fatigue damage model, the aim is to predict the failure of a structure. The
first obstacle to overcome is that failure can mean various things depending on the application.
This is true especially for composite materials, since they show a progressive damage profile.
For example, damage onset in the form of matrix cracks is already considered to be the point
of failure for fuel and pressure vessels, whereas for wind turbine blades, bicycle frames or
automotive frames, the stiffness and strength must be kept within certain limits even when
damage is present, which allows for a damage tolerant design [103]. This leads to the concept
of "design against failure", where failure is defined depending on the application. Over the
past decades, many models have been proposed to predict the failure of composite laminates
with varying degrees of complexity. It has to be noted that the definition of failure also varies
from model to model. Degrieck et al. categorised fatigue models into the following general
groups [104], which are summarised here.

« Fatigue life models: The number of cycles until failure is predicted based on SN-diagrams
or CLD-diagrams. This type of model does not take individual damage modes or dam-
age accumulation into account. Also, stress redistribution due to damage is ignored.
In general, these models use empiric equations to directly correlate stresses, strains,
energies etc. to the number of allowable cycles. The main advantage is their relative
simplicity. However, for each new stacking sequence, new experiments are required.

« Phenomenological models: The residual stiffness or strength of a laminate or material
is computed based on a proposed evolution law. The model computes the residual
properties directly based on macroscopic properties like stress state and the number
of cycles without taking actual damage and stress redistribution into account. No
information about the damage state in the material can be made with such a model.
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Figure 1.17: Schematic representation of the critical plane concept used in the software FEMFAT. The
stress o (t) is projected onto each plane P; - Ps. The critical plane is the plane with the most
critical stress o p according to Puck’s failure criterion. Here, only two projected stresses
ops and o pg are shown to keep the image simple.
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« Progressive damage models: A damage variable is used to describe the evolution of each
damage mode. Based on this damage, the effect on mechanical properties (strength,
stiffness etc.) is computed. This allows to individually track the progression of each
damage mode. Due to a drastic increase in computational effort, a multi-scale approach
is often applied to simulate effects on several length scales.

Many models are specifically designed for specific stacking sequences. This has advant-
ages because it vastly reduces the complexity of the model. The downside is that these models
must be calibrated for each stacking sequence, which can be practically impossible for big
structures with many local layup configurations [104]. Therefore, any universal fatigue dam-
age model needs to be ply-based for practical applicability. Ply-based approaches also make
multi-scale modelling possible and allow for the optimisation of the stacking sequence.

Progressive damage models are considered to be the best candidates for a universal
fatigue model since they compute the evolution of damage and its effect on mechanical
properties, which can be done separately for off-axis cracks, diffuse delamination and fibre
failure [104]. With this separation of the damage types, synergistic effects between each
damage type can be considered separately. Thisis not possible for fatigue life models, since the
evolution of damage is not quantified. Also, progressive damage models allow components to
be designed with the premise of damage-tolerant design principles, more so than fatigue life
and phenomenological models. As already mentioned, no universal fatigue damage model
exists up to now that fully covers the whole fatigue life of an arbitrary composite laminate
[105]. Thisis stillan ongoing challenge in the field of mechanical engineering but considerable
advancements have been made in the past decade. Most models are empirical in nature as
they build on empirical concepts like SN-diagrams or other empirical models to describe
damage formation and growth [5]. The current work focuses on off-axis cracks and models to
describe their formation and growth. Since there are multiple fatigue damage models, only a
few select are presented in greater detail here. Especially the models currently developed
at the University of Padova and the University of Ghent, which have been in development
for approximately the past decade, show great potential. It has to be mentioned that both
models have a high degree of complexity and multiple material parameters must be tested
to calibrate them for a new material system. Up to now, these models are not available in
commercial programs as they are still in development.

Most progressive fatigue damage models are built from sub-models that perform a specific
function. Many modern fatigue damage models use a multiscale approach to accurately
predict the effects of damage on mechanical parameters at the micro-scale. These parameters
are then used in models at the meso- and macro-scale with the advantage that these meso-
and macro models only need sufficient complexity to compute effects on the meso- or macro
scale [106]]. Most modern fatigue damage models consist of the following sub-models [107]:
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« Damage initiation: A model for damage initiation based on the stress state is needed.
For progressive damage models, SN-diagrams for damage initiation are often used since
they give a direct relationship between stress and cycles until initiation.

« Damage progression: After initiation, damage progression must be modelled. This is
often done by fracture-mechanics-inspired models like da/dN diagrams. Since stresses
have a big influence on the growth of damage, stress redistribution in the laminate must
be accounted for, which is usually accomplished by a subsequent stress analysis.

« Damage effect: The effect of damage on mechanical parameters can be computed with
multiple methods. Often analytical micromechanical models are used to compute the
effect of a specific damage type on stiffness or strength. Analytical micromechanical
models are computationally inexpensive compared to finite element models which is
an important requirement for practical usability.

« Stress analysis: The stress distribution in each ply is the basis for the sub-models that
compute damage formation and growth. However, damage influences the stress dis-
tribution in the plies, which must be accounted for. As the stiffness of damaged plies
degrades, the stresses in the neighbouring plies rise. This changes the boundary condi-
tions for the sub-models that compute the damage formation and growth. Therefore,
fatigue models usually incorporate an iterative computation scheme.

1.6.1 Padova

The Composite Group at DTG-University of Padova is developing a fatigue damage model.
This is mostly driven by P. A. Carraro and M. Quaresimin, with the goal to develop a design
framework for the prediction of fatigue damage from initiation to final failure [103]. Over the
past decade, their advancements and building blocks of the framework have been published
in multiple papers [28,162,/108,[109]]. The backbone of the framework is the so called "optimal
shear lag model" for computing the effect of off-axis cracks on the stiffness of a laminate. This
model combines the stress analysis and the damage effect. A shear lag model is a model where
the stress transfer between an interface is described with shear stresses [110]. In this particular
bi-dimensional shear lag model, stresses are transferred between uncracked and cracked plies.
The model is applicable to symmetric laminates made from 2n — 1 plies of arbitrary thickness
and orientation. Another prerequisite is that all plies are of the same material. Cracks can
be introduced into the 2n plies and the symmetry condition is applied to the middle layer.
The basis is a shear lag analysis of a single cracked ply where the displacement in the plies
is assumed to be a parabolic function. The system of equilibrium equations for the stresses
results in a system of homogeneous differential equations. It has to be mentioned that the
solutions to these equations are not trivial. In the case of a ratio between longitudinal and
transverse Young’s modulus of 0.1, the solution can be expressed as a linear combination
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of the undamaged laminate and the perturbation of the stress field from the cracks. Since
this solution is used for further derivations of the stiffness of the damaged laminate, this
makes the model only applicable to materials with a longitudinal Young’s modulus of at
least ten times the transverse Young’s modulus. Although this might be not a problem for
carbon fibre-reinforced polymers, it could limit its usability for composites with less difference
between “ longitudinal and transverse stiffness. From the solution of the system of differential
equations and a set of boundary conditions, the averaged ply stresses are computed. The
plane stress compliance matrix is then computed directly from the global strains, which are
part of the boundary conditions and therefore known, and from the ply stresses. This allows
to directly compute the plane stress stiffness matrix of the laminate as a function of the crack
density. For laminates with more than one cracked ply, an interaction model based on the
work of Kachanov is used [111]. It is based on the superposition of various configurations of
cracked and uncracked laminates. One advantage of the interaction model is that it can be
used with any model that can calculate the effect of cracks on the stiffness of a single ply and
not only the optimal shear lag model for a single cracked layer [108]. This shear lag model
has also been extended to include diffuse delamination by assuming that no shear stress is
transferred in the delaminated areas [109]. The resulting system of differential equations is
similar to the model without diffuse delaminations and the same prerequisite for Young’s
moduli applies. The authors report a good agreement between the model and experimental
results for [0,,/90,,]s laminates and finite element models for laminates with 0°, 90° and +45°
plies in various layup configurations.

For the part of damage initiation, the damage-based model for crack initiation is used [28],
which was already discussed in section[1.4.2] It is based on computing the local hydrostatic
stress o, and local maximum principal stress o; at the micro-scale. With the stresses at the
micro-scale, the cycles for crack initiation are determined from SN diagrams for o}, and o/,
respectively.

Damage progression is computed with an iterative process. The model is mentioned in
section|1.4.2|as an example for computing the evolution of damage based on a Paris-Erdogan
relationship [62]. A schematic representation of the model for crack density evolution is shown
in Figure[1.18] The crack propagation model is separated into a non-interactive and interactive
region. In the non-interactive region, the crack density is low and cracks are on average
far enough apart that the perturbation of stresses from one crack does not affect the stress
distribution of another. In the interactive region, the influences of the stress perturbations
between cracks must be accounted for. The model starts with a representative laminate that is
divided into elements. Each element is assigned a strength according to a Weibull distribution.
The parameters of the Weibull distribution must be calibrated to the material. This reflects the
statistical distribution of strength in a real laminate due to imperfections in the material and
ensures that during the iterative procedure, not all elements of the representative laminate
crack at exactly the same time. For the non-interactive and an interactive regions, separate
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crack propagation laws are used. As shown in Figure[1.18] the damage state for each ply is
updated in eachiteration, where the damage state of each element and each ply is recomputed.
If an element already contains a crack, the growth of this crack into adjacent elements is
computed based on the energy release rate. If the element does not contain a crack, it is
checked if a crack will initiate. If this is the case, a crack with a defined initial length is added
to the element. The authors report a good agreement between the model and experimental
results, as shown in Figure[1.14]

A
y(/% X Macro-scale ply stresses
L n f ‘| ply-by-ply analysis
NN >10000
Q000
4 ERR CYoJeJe)
cGrt Micro-scale stresses
N =N+AN | —
crack
propagation
EVRR
LHS or LMPS

Ceff A

crack initiation

Figure 1.18: Schematic representation of the model for off-axis crack propagation from [62].

Even though the shearlag modelis capable of computing the effect of diffuse delamination
and off-axis cracks, no model to compute the onset and propagation of diffuse delamination
similar to the off-axis cracks is proposed yet. An experimental campaign targeted at the effects
of off-axis cracks on diffuse delamination has already been published [112].

Overall, this fatigue damage model focuses on off-axis matrix cracks with the capability
to be extended to diffuse delamination. The sub-models for crack initiation and propagation
are empirical since SN diagrams and a Paris-Erdogan law is used. Nevertheless, a strong focus
is put on modelling physical phenomena in a multi-scale approach. For the computation
of the stress concentration factors for local hydrostatic stress and local maximum principal
stress, a finite element model is needed. The advantage is that the concentration factors are
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only dependent on the material and fibre volume fraction and can therefore be computed in
advance [28]. Without this, iterating over multiple elements in multiple plies for multiple time
steps and computing the local stresses would be not feasible. The advantages of this model
can be summarised as:

+ An analytical model to compute the effects of off-axis cracks and diffuse delamination
directly from the crack density without any calibration is used.

« The point of crack initiation is computed based on stresses at the micro-scale. Only two
master curves for multiaxial laminates with positive transverse stresses are needed,
which reduces the number of tests needed for material characterisation.

« The sub-models can be used separately as they have only weak dependencies on each
other.

Up to now, the model is only tested against tension-tension fatigue data (R-ratio > 0). In
the crack propagation model, the effects of tension-compression or compression-compression
are not included and not discussed in the publications. It has to be shown if the model can
still predict the effects for other loading scenarios than tension-tension or if the model must
be extended. Even with the reduction in necessary tests for the model for crack onset, the
testing effort for the calibration of all material parameters is high.

1.6.2 Ghent

At the department of materials science and engineering at the University of Ghent, a vari-
ational model to compute the stress and displacement fields in laminates with cracks is under
development [113]. A variational approach means that the complementary energy in a system
is minimised. Same as the optimal shear lag model discussed in section[1.6.1], this model com-
bines the stress analysis and damage effect. The basis of the current model was developed by
M. Hajikazemi et al. at the Amirkabir University of Technology, Tehran [114]. The goal is to find
the stress and strain field in a laminate with a cracked layer. The variational method computes
the unknown functions of the perturbation stress from the cracks based on a set of boundary
conditions. This results in a set of differential equations for the stress field, which is solved
numerically. From the stress field as a function of the load case, the effective engineering
constants of the cracked laminate can be computed [115]. The first model was published
in 2014, which was only applicable to symmetric laminates and has since been extended to
arbitrary, non-symmetric laminates [113], cracks and delamination [116] and the effect of free
edges on the stress field [117]. It has to be mentioned, that the extensions for delamination
and the free edge effect are only applicable to symmetric laminates. Also, the model is only
capable of computing the effect of cracks in one direction. However, compared to the optimal
shear lag analysis which can predict the effects of cracks in multiple directions, the variational
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model can predict the in-plane and out-of-plane thermo-elastic properties. Another closed-
form analytical model has been developed by H. Ahmadi et. al. at Ghent to compute the
mechanical properties of a laminate with cracks in multiple plies [118]. Contrary to the shear
lag or variational models, this takes a simpler approach by computing the effects of cracks
in multiple plies with a finite element model and using these results to fit the curves for the
engineering constants of the laminate. However, it is also limited to symmetric laminates and
each stacking sequence and configuration of cracks in the plies basically needs a new analysis
of the finite element model.

For damage initiation, a model for the initiation of off-axis cracks for arbitrary load ratios
and load levels has been developed by Van Paepegem et al. [58]. As already discussed in
section[1.4.2] this model basically extends the crack initiation approach by Carraro et al. [28].

Recently, a model for damage progression was presented by M. Hajikazemi et al. [119],
which uses an extended energy-based criterion. However, it was only demonstrated for static
loads and no extension to fatigue is available up to now.

1.7 State of Art - summary and conclusion

The Ghent model shows a lot of similarities with the framework currently developed in Padova
(see section[1.6.1). Both focus on an analytical model to predict the mechanical properties of
a laminate with off-axis cracks and delamination. The restrictions for both are also similar,
as the model from Padova is fully restricted to symmetric laminates with damage in both
symmetric plies, as most of the models from Ghent. From the published works, it seems that
Padova is more focused on a framework designed to be applied at the component level as an
extension to currently used engineering software. Overall, both models are not complete, as
damage progression, especially for tension-compression and compression-compression is
still not fully covered. For both models, it is assumed that the faces of the off-axis cracks do
not carry any load. In fact, the condition of a stress-free crack surface is part of the boundary
conditions to solve the systems of differential equations for the stress fields. This means that
the stress fields for compressive loads can not be predicted, since the load-carrying capacity
of the closed cracks (as discussed in section is neglected. Besides their similarities in
general approach, the two models also show similarities in their restrictions and demonstrate,
how far progressive fatigue damage models have come in the past decades, but also what is
still missing. This is most prominent by their restriction to symmetric laminates with damage
in both symmetric plies. Parts of the Ghent model are already extended to arbitrary laminates,
but only with damage in a single orientation. The restriction to symmetric laminates with
damage in both symmetric plies fundamentally prevents the use of such models for real-world
applications, as it not only restricts their use to symmetric laminates but also for laminates
subjected to bending loads. As shown in Figure[1.19] a bending load results in a non-symmetric
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stress distribution, even if the laminate is symmetric. This means that the stress states in the
upper and lower plies are different, which affects the formation of damage. Therefore, damage
in the two symmetric plies will develop differently, which is not covered by the model, since
both symmetric plies must have the same damage. For non-symmetric laminates, bending
loads are unavoidable and therefore, the restriction to symmetric laminates with damage in
both symmetric plies is a problem for real-world applicability.
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Figure 1.19: Schematic representation of the stress state for a [0/+45/-45/90] laminate transverse
to fibre direction in the ply-coordinate system for an in-plane tension load and bending.
As shown, even for symmetric laminates the stress state is not symmetric for load cases
involving bending.

There are other progressive damage models aimed to predict the effect of fatigue on com-
posite laminates, but to the author’s knowledge, none of them provide a complete framework
for efficient fatigue damage modelling like the two models currently developed in Padova and
Ghent. Zhou et al. presented a progressive damage model based on finite element analysis
[120]. For each fixed amount of cycles, the whole finite element model must be recomputed,
which is feasible for smaller models like specimens, but not for large structures [106]. A similar
approach was used by E. N. Eliopoulos, who implemented an algorithm called FADAS, which
stands for Fatigue Damage Simulator for various finite element formulations to be used in
commercial finite element software [121]]. This approach is based on Puck’s failure criterion
and the degradation of strength and stiffness is computed with empirical formulations.
The fatigue life is predicted with CLD diagrams, which requires extensive experimental cam-
paigns to fit all parameters. Another approach often seen is to adapt static progressive damage
analysis based on the finite element method to fatigue. Engelstad et al. [122] compared nine
analysis methods that are based on discrete damage analysis for static and fatigue loads [123].
For static loads, most methods showed consistent results. The results for fatigue showed sig-
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nificant inconsistencies and predictions of incorrect failure modes. The models often needed
considerable recalibration with experimental data to reach satisfactory results [124]. The
authors of this study concluded that the accuracy of the compared methods is quite low for
fatigue. Also, algorithmic errors were found in some methods, which shows that potential
users should be cautious with methods that are not well-established and thoroughly verified.
It has to be mentioned that this comparison was made for open-hole tension specimens with
multiple layup configurations and only for constant amplitude loading at an R-ratio of 0.1,
which can be considered one of the simplest fatigue load cases.

This summarises that there is still considerable engineering effort necessary to push
progressive fatigue damage models to a point where they can be considered well-established
and proven for real-world use. However, promising models are currently under development.
Even though they have still major restrictions which will prevent them to become widespread
engineering tools in their current form, important progress has been made in the past decade
towards multi-scale progressive fatigue damage modelling. This may allow damage-tolerant
designs to further optimise components made from composite laminates in the future.
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2 Objectives of the thesis

As already discussed, one of the biggest challenges of fatigue damage models for composite
laminates is the lack of applicability as universal engineering tools. Many currently used
methods rely on extensions of the finite element method to discrete damage. A comparison
of such models showed that even for simple fatigue load cases, the predictions resulted in
significant errors and wrong damage modes [124]. Other models like the models currently
under development in Padova and Ghent show great potential in transferring the computation
of the effect of damage to analytical models. However, up to now, they impose restrictions
which fundamentally prevent them from being used as engineering tools for real-world ap-
plications. The objective of this thesis is to investigate the effects of matrix cracks on the
mechanical properties of composite laminates and the development of a general ply-based
fatigue damage model for composite materials with a focus on applicability.

The fatigue damage model builds upon the ply-based static damage model for matrix
dominated damage in composite laminates from Schuecker et al. [125,[126] and extends it
to fatigue loading. The model consists of two parts. In the first part, a measure of damage
is computed based on the stress state of each ply and the cycle count. The second part
computes the effect of damage on the stiffness based on the current damage. The schematic
representation of the model is shown in Figure[2.1]

The main part of this thesis consists of the adaptation of the second part of the model,
which computes the stiffness degradation due to fatigue damage. The stiffness degradation is
based on the Mori-Tanaka method [127,[128], which is an analytical homogenisation scheme.
The presented method uses crack-like inclusions to mimic the effect of matrix cracks. With this,
the effect of off-axis cracks on the stiffness of the laminate is computed for each ply. Compared
to the optimal shear lag analysis of the model from Padova, this method requires a calibration
step. In the author’s opinion, the fact that this method does not impose the restriction of
symmetric laminates, the calibration step can be seen as a minor drawback. All data necessary
for the calibration comes from standard fatigue tests, which must be performed for each new
material system anyway. The general layout of the computation of the effect of damage is
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Figure 2.1: The fatigue damage model for off-axis damage. The measure of damage is computed from
the stress state and cycle count of each ply and subsequently, the effect of damage on the
stiffness. The laminate is updated with a new stiffness for each damaged ply which in turn
changes the stress state in the plies.
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shown in Figure[2.2] The effect of matrix cracks is computed for each damaged ply. After the
homogenization of the damaged plies, the effect on the whole laminate is computed with
classical laminate theory. Stress redistribution caused by the weakened plies is automatically
accounted for by the laminate theory. In the next step, the new stress state is taken to compute
the evolution of damage. It has to be noted that the perturbation of the stress field in plies
adjacent to damaged plies due to stress concentrations at the crack tips is currently not
accounted for. It has yet to be shown if the simplification to a fully homogenized model at the
mesoscale is appropriate. As of now, crack detection is used to quantify the damage which is
the base for the computation of effect of damage on the stiffness.

A significant part of the thesis is dedicated to the detection of matrix cracks. For this, an
automated crack detection software was developed to help quantify matrix cracks in fatigue
experiments. With this information, the correlation between matrix cracks and loss of stiffness
could be studied in detail. Also, dissipated energy, secant modulus and dynamic modulus
from evaluations of the hysteresis cycles were studied in order to get a deeper insight into the
damage process.

The focus of the model is to compute the effect of damage based on evaluations of
standard fatigue tests. This underlines the objective of developing a model for practical
application, asthe modelis designed to be incorporated into commercial engineering software.
Therefore, it mus be applicable to whole components without extensive test campaigns for
each slightly new type of material. On the component level, the complexity of the model
must be adequate for its use case. Nevertheless, the model is developed by considering the
actual damage mechanisms. For this, the effects of micro-damage on the stiffness loss are
studied and implemented with the premise, that the adaptation to new ply materials does
not require experiments on the micro-scale. Overall, this work combines existing models
from micromechanics, static damage and laminate theory to a fully ply-based fatigue-damage
model.
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Figure 2.2: Homogenization of a damaged ply. The effect of matrix cracks is computed with the Mori-
Tanaka homogenization method. Crack-like voids are used as inclusions to mimic the real
cracks. The redistribution of stresses caused by the weakened ply is computed with classical
laminate theory.
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3 Compilation of thesis

This thesis consists of the following appended papers. is an update to the open-
source crack detection package introduced in[Paper Al However, it is important as the updated
crack detection algorithm is used throughout the following papers. The contributions of the
author to each paper are listed in Table[3.1}

M. Drvoderic, M. Rettl, M. Pletz, und C. Schuecker, CrackDect: Detecting crack dens-
ities in images of fiber-reinforced polymers, SoftwareX, Bd. 16, S. 100832, Dez. 2021, doi:
10.1016/j.s0ftx.2021.100832. published

M. Drvoderic, J. J. Bender, M. Pletz, und C. Schuecker, ,Version 0.2 - CrackDect:
Detecting crack densities in images of fiber-reinforced polymers®, SoftwareX, Bd. 19, S.
101198, Juli 2022, doi: 10.1016/j.s0ftx.2022.101198. published

M. Drvoderic, M. Pletz, und C. Schuecker, Modeling Stiffness Degradation of Fiber-
Reinforced Polymers Based on Crack Densities Observed in Off-Axis Plies, J. Compos.
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published
. Paper
Activity
A A2 B C D
Conceptualisation 80% 100% 60% 60% 70%
Method development & implementation | 80% 100% 80% 90% 70%
Numerical and experimental study 100% 100% 100% 100% 50%
Writing - Original Draft 100% 100% 100% 100% 80%

Table 3.1: Contributions of the author to the papers listed in this thesis.
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4 Conclusion

This work presents the early stages of the development of a progressive and fully ply-based
fatigue damage model, which aims to provide sufficient accuracy at the macro-scale. A multi-
level approach is used to include effects at the micro-scale that influence the initiation and
progression of off-axis cracks. The effects of these cracks on the stiffness of each ply are
homogenised using a micromechanical approach which enables the use of classical laminate
theory for computation of the stress state in the plies. The intention of such a model is
to provide a usable and efficient solution which can be implemented into bigger numerical
models. The proposed model does not impose any restrictions to the stacking sequence which
eliminates one of the biggest problems with current progressive fatigue damage models (see
section[L.7

The papers listed in chapter[3|show the progression of the thesis over the course of four
years. As already discussed in section(1.3.1} it is essential to quantify the damage in composite
materials in order to develop fatigue damage models. For this, CrackDect has been developed.
It enables efficient and reliable crack detection for the specific case of transilluminated white
light images. Due to a lack of open-source tools, the project of crack detection has been
developed from its early stages as an in-house tool to an open-source package which provides
a modular structure for pre-processing of large image stacks and crack detection algorithms,

as described in|Paper Al [Paper A2|shows the addition of new crack detection algorithms

that have been developed after the first version of CrackDect. The evaluation of the crack
density for whole fatigue test series was only possible due to the investment in efficient crack
detection methods early in the thesis. As shown in Figure[1.4] each image of damaged off-axis
plies shows multiple cracks. Fatigue tests produce a large number of similar images where the
progression of off-axis cracks is evident. It is easy to understand that tracking the progression
of the cracks for not only one test but a series of tests quickly becomes infeasible. Besides the
new possibilities of automated crack detection, it has to be mentioned that the evaluation of
whole test series still requires a certain amount of experience. The algorithms in CrackDect
are built upon signal processing algorithms and require input parameters, which must be
determined manually. [Paper B|shows the necessary pre-processing of the raw images and the
determination of the input parameters.

The necessary calibration of the damage model is shown in[Paper B] The effect of damage
on the stiffness of the specimens is compared with experimental data. It is shown that the
model can predict the effect of damage but effects on the micro-scale must be considered. This
shows that a multiaxial approach is necessary to accurately predict the stiffness degradation
of a laminate in an analytical fatigue damage model.
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The findings of[Paper B|are used as a starting point for|Paper C, where the influence of
biaxiality ratio A on the onset of off-axis crack is studied. A closer look is taken on the dissipated

hysteretic energy which reveals that the biaxiality ratio A of the transversal and in-plane shear
stress has a big influence on the amount of dissipated energy. This was interpreted as evidence
for the confirmation of Carraro’s model for off-axis crack initiation (see section[1.6.1). The
explanation is that the two micro-damage driving forces that drive the formation of micro-
cracks at an angle between the fibres or fibre-matrix interface fracture, respectively, result in
different dissipated energies. In this paper, this hypothesis could not be fully confirmed due
to a lack of experimental data. Furthermore, the stiffness degradation model is calibrated to
both micro-damage regions which shows a significant improvement in of the predictions.

[Paper D|is focused on comparing the dissipated energy and the crack density in detail,
which directly addresses the questions that arose in[Paper C| Also, Carraro’s model was used to
compute the critical damage driving force at the micro level. The predictions are compared to
experimental data and fractographic images which show good agreement. To the knowledge
of the authors, this is the first paper where the model proposed by Carraro et al. is verified
form a independent group. The hypothesis first formulated in[Paper C, namely that the micro-
damage modes correlate with the level of dissipated energy is confirmed in this paper. Also,
the results show that the formation of off-axis cracks correlates well with the beginning of the
stiffness degradation.

The problem of predicting the initiation, progression and effects of fatigue loads on
composite laminates will not be tackled in a single thesis due to its complexity and amount of
experimental data. Instead, incremental progression has been made over the past decades.
This work extends Schuecker’s static progressive damage model to fatigue and provides a
basis for further development. It shows that the effect of damage on the stiffness of the
laminate can be computed with an improved micromechanical model. For the initiation of
off-axis cracks, SN diagrams are used. However, the model still lacks a method to predict
the progression of damage. For this, the framework from Padova (see section[1.6.1) might
be a promising candidate. Combining their model for damage progression with the here
presented model for stiffness degradation could potentially yield a fully ply-based framework
for a progressive fatigue damage model for off-axis cracks.
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1. Motivation and significance

The increasing use of unidirectional fiber-reinforced polymers
in structural components requires models that predict not only
their static failure but also fatigue damage. Due to their complex
micro-structure, different damage modes may occur in their ser-
vice life [1]. One of the most common and earliest damage modes
is the development of through-the-thickness matrix cracks. These
cracks propagate along fibers of one ply and are called tunneling

* Corresponding author.
E-mail address: martin.pletz@unileoben.ac.at (Martin Pletz).

https://doi.org/10.1016/j.s0ftx.2021.100832

or off-axis cracks. Over the past decades, much research has been
conducted on initiation, growth, and the effect of this damage
mode since it is responsible for the first big drop in the stiffness
of a laminate [2-8]. The accumulation and effect of these off-
axis cracks is schematically shown in Fig. 1. Often, the observed
off-axis cracks are counted manually to calculate the crack den-
sity [6,8], which is then used as a measure for damage. This is
not only a very tedious process but also prone to human errors.
Phenomenological models that predict the stiffness degradation
due to off-axis cracks for static and fatigue loading have been
proposed [9-11], but to use them, calibration parameters related
to the crack state are required. This step is labor-intensive when

2352-7110/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Off-axis cracks initiate due to dynamic loading (1) and accumulate along the service live (2). The stiffness drops with the accumulation of damage and
eventually, these cracks and a combination of other damage mechanisms lead to final failure (3).

cracks are counted manually. Therefore, the development of phe-
nomenological models is limited by the difficulty of evaluating
large experimental campaigns.

The prerequisites for counting off-axis cracks can range from
a simple camera setup to extensive imaging techniques like com-
puted tomography (CT), depending on the material of the speci-
men. Transmitted or transilluminated white light imaging (TWLI)
is an option for transparent composites like glass fiber-reinforced
polymers (GFRPs). The TWLI setup consists of a light source
placed behind a transparent specimen and the light that is trans-
mitted through the specimen is captured with a camera. Since
cracks in the specimen scatter the transmitted light, they appear
as dark lines in the images [6,12]. For non-transparent compos-
ites, CrackDect can be used for images obtained by a suitable
imaging technique such as computed tomography. Considering
that the manual evaluation of multiple images for each specimen
in the experimental campaign is labor-intensive, a few attempts
on developing an automated algorithm for crack detection using
images of the cracked specimen can be found in literature but
they are either limited to special and expensive imaging tech-
niques like x-ray [13], poorly documented, or the software is not
publicly available. An advanced and broadly applicable automated
crack detection algorithm for off-axis cracks was presented by
Glud et al. [14]. Up to now, however, no software is publicly
available for this specialized crack detection algorithm.

The CrackDect package provides this algorithm and the nec-
essary framework for pre-processing whole image stacks. It is
meant as an automated evaluation tool for fatigue experiments
to determine increasing crack densities. CrackDect thus aids in
the development, validation and calibration of new and better
damage or fatigue models for composite materials. The package
can be implemented in evaluation processes where, generally,
only the paths to the image storage location needs to be changed.
CrackDect is not limited to one class of materials or imaging
technique. The only prerequisite is an imaging technique where
cracks appear with a different intensity than uncracked regions.
The method is independent of mechanical properties since it only
relies on the images of the cracked material. To compute the crack
density, the scale of the image is needed in the post-processing
to compute the crack density as crack length per area instead of
cracks per pixel.

2. Software description

CrackDect provides high level classes and functions to handle
large image stacks and pre-process them to meet the prereq-
uisites to finally apply the crack detection algorithm. The focus
is to provide a modular and expandable framework for crack

detection but it can also be used as an image processing tool
only. Its strength is the efficient handling of large image stacks.
Since loading a lot of images can lead to excessive RAM usage, it
provides container objects dedicated to track used RAM of loaded
images and manage loading and unloading of preliminary results
to out-of-memory databases. The pre-processing for the crack
detection is designed such that other image processing libraries
and custom functions can be easily applied to a whole image
stack.

2.1. Software architecture and functionalities

CrackDect is divided into independent modules. The process-
ing pipeline is linear for nearly all cases. The user loads images,
processes them and at the end performs the crack detection.
Fig. 2 shows a typical example of the process pipeline. The main
modules are:

o imagestack: Classes to efficiently handle large image collec-
tions.

e stack_operations: Processing image stacks, coordinate trans-
formations and the detection of changes in image series.

e crack_detection: Core functionality of the crack detection and
implementation of the automated crack detection algorithm.

An _io module with convenience functions as well as a viewer
for image stacks (visualization) is included. Bottom-level functions
to process single images are collected in image_functions. Fig. 3
shows the structure of the package with functions and classes
of the main modules. The package builds on the functionality
of NumPy [15], SciPy [16], Scikit-image [17] and Numba [18].
Matplotlib [19] is used for visualization.

2.2. The ImageStack

Image stacks behave like Python lists for accessing and ma-
nipulating images. The only difference is that there is no such
thing as nested image stacks and addition, subtraction, and other
comparison methods (e.g. greater than) are not implemented. The
images of a stack are represented as NumPy arrays. Currently, two
classes handle image stacks:

o ImageStack: Light wrapper around a Python list with addi-
tional methods for image processing.

o ImageStackSQL: Connects to a database to store and load
images. This is done fully automated by taking advantage of
lazy loading from the object-relational mapper SQLAlchemy
[20]. It tracks allocated RAM of the images and starts to save
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Fig. 2. Pipeline example for the crack detection. The pre-processing is optional and modular so custom image processing functions can be used on the image stack.
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Fig. 3. Structure of the main modules. (Sub)modules are blue, classes yellow, class methods gray and functions pink. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

all changes in the connected database when a set RAM limit
is exceeded. Images persist in RAM until RAM is needed
and expired images are only loaded the next time they
are directly accessed. This allows to create and manipulate
image stacks that exceed the available RAM. It can also be
used to save preliminary results or for data transfer since
an image stack object can be created from previously saved
stacks.

All these classes have the same base methods for accessing
and setting images. Therefore it does not matter from which
class the image stack object originates when using pre-processing
functions on an image stack. All images in one stack must have
the same data type (e.g. np.float32) which can be selected by the
user. If an image is added to the stack or modified, the data type
is automatically adjusted if it does not fit. This ensures similar
behavior of image processing functions for all images in the stack.

2.3. Stack operations

All stack operations can act on an image stack or a simple
list of images. The basic pre-processing for images captured with
TWILI is included. All the functions change the images in the
stack they act upon. If the state prior to a stack operation should
be preserved, the image stack can be copied before the stack
operation. Currently, there are functions to detect the change
between two images, shift corrections and cropping to desired
regions implemented.

2.4. Crack detection

The crack_detection module provides all parts of the crack
detection algorithm as well as top-level functions for convenient

access. The algorithm searches for cracks only in one given direc-
tion at a time. Therefore it is possible to detect the cracks for plies
with fibers in one direction without detecting the cracks of other
plies. The crack detection module performs the following steps:

1. Gabor filter: The Gabor filter is applied to an image. This
recognizes edges in a given direction [21].

2. Threshold: The result of the Gabor filter is divided into
foreground and background. Foreground is considered as
cracked area. The default in this package is Yen's method
[22]. Glud’s algorithm uses Otsu’s threshold [14,23] but for
images with blurry areas, artifacts and high crack densities,
Yen'’s threshold has been found to give better results and
less false detections in the examples tested.

3. Skeletonizing: The resulting pattern is then reduced to

lines of 1 pixel width by a skeletonizing algorithm [24].

. Crack detection: The skeletonized image is then rotated
until the cracks point in the vertical direction. Then an
algorithm scans each row of pixels. Upon finding a crack
(white pixel) it follows the crack to the end, deletes it
from the pattern and saves start and endpoint of the crack.
This is repeated until all cracks are detected. Based on the
coordinates of start and endpoints, the crack density is
calculated as

T oL
lel («1)

with L; denoting the length of crack i and A denoting the
area of the input image.

Pc =

An example of what these steps look like for a real image with
cracks is shown in Fig. 4. It shows the steps from the original
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Fig. 4. The filtering steps and final result of the crack detection algorithm. The result shows the detected cracks with the original image in the background.

image to the resulting detected cracks for an example image.
Intermediate steps after applying a Gabor filter, using a threshold,
and skeletonizing are shown for this image.

3. Illustrative examples

The CrackDect tool is here used for detecting cracks in a set of
example images that had been taken during fatigue experiments
of glass fiber-reinforced composite laminates (see Fig. 5). The
laminates consist of 12 layers with orientations of +60° relative
to the (vertical) loading direction. Details about the tests are
reported in [25]. The folder example_images in the repository
contains all images for this example. This is the complete script
for producing the results shown in Fig. 5(b):

import numpy as np
import crackdect as cr

# read image paths for *.bmp images

paths = cr.image_paths(’example_images’,
image_types=[’bmp’])

6 # create image stack from paths

7 stack = cr.ImageStack.from_paths(paths, dtype=np.

float32, as_gray=True)

1
2
3
4
5

9 # align the images in a global coordinate system

10 cr.shift_correction(stack)

11 # cut to desired region

12 cr.region_of_interest(stack, x0=100, x1=1400, yO
=20, y1=850)

14 # crack detection for the pre-processed images
15 rho, cracks, _ = cr.detect_cracks(stack, theta=60,
crack_width=10, ar=2, min_size=20)

In this script, all images are bulk-loaded into an ImageStack.
The last image of the stack is shown in Fig. 5(a) and the detected
cracks in Fig. 5(b). The images of the stack are not aligned per-
fectly so a shift correction is necessary. Furthermore, the region of
interest is defined as the area of the specimen above the black bar
because such markings or artifacts could lead to false detections.
White background must not be included in the crack detection
since the computation of the crack density is based on the area of
the input image. As shown in Fig. 5(b), only cracks aligned with
the specified orientation are detected. The crack detection does
not alter the image so that cracks in a range of directions (defined
by 6;) can be detected by repeatedly running the detection tool
with the angle 6; as input.

Since the crack detection relies on the Gabor filter, a few
settings are needed to create a suitable filter kernel. The following

parameters are set to default values but should be adjusted to
reliably detect cracks in a given image:

o theta: The angle 6 between the search direction and a ver-
tical line.

e crack_width: Approximate width of the cracks to be detected
in pixels. This value is taken as the wavelength of the Gabor
kernel.

e ar: The aspect ratio of the Gabor kernel. Since cracks are
usually long and thin, an aspect ratio larger than 1 should
be chosen, howerver, choosing the aspect ratio too high may
lead to false detection. A good compromise between speed
and accuracy has been found to be a value of 2.

e min_size: The minimum length of detected cracks in pix-
els. Since small artifacts or noise can lead to false detec-
tion, this parameter provides an additional filter to exclude
unrealistically small detections.

The accuracy of the crack detection is determined by the
quality of the input images. A clear image in terms of focus and
contrast will result in fewer false detections or missed cracks. The
prerequisite for a successful crack detection is always a crack that
has contrast to the background. Delamination interferes with the
crack detection since it also appears as dark areas in the images.
Also, the cracks in the image must be separated by at least a
few pixels. Otherwise, two cracks will only get detected as one
crack. This can lead to an underestimation of the crack density
for images with very high crack densities and delamination.

4. Impact

Characterization of the fatigue behavior of fiber-reinforced
polymers and the development of phenomenological damage
models is an increasingly growing research topic. This package
aims to provide an efficient and easy-to-use toolkit to quantify
off-axis cracks based on an automated crack detection algorithm.
The main advantages are:

e The evaluation of off-axis cracks is easy to set up. Only
a few lines of code (see the example in Section 3) will
provide the user with an accurate and reproducible crack
density. This speeds up the process enormously compared to
manual crack counting and enables the evaluation of large
experimental campaigns.
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Fig. 5. Original image (a) and the detected cracks (b) with an angle of 60° to the vertical direction. The dashed blue line indicates the selected region of interest,
where the white background and black bar are excluded to avoid artifacts in the crack detection. The shown cracks are the result of the parameters shown in the

code example in line 15.

e CrackDect not only provides a powerful crack detection al-
gorithm but also tools to efficiently handle image stacks that
would overload RAM when loaded at once. The container
objects presented in Section 2.2 can be used in all sorts
of image processing applications. Batch image processing
with complex functions that take the information of mul-
tiple images and require several steps can be implemented
without needing to worry about memory limits. Multiple
image stacks can be stored in one database for easy data
transfer.

e CrackDect is developed for scientific use. With a free license
model and fully written in Python, the package is accessible
for everyone but especially reaches out to the composite
fatigue community. The used crack detection algorithm has
been described before [14]. CrackDect, however, is the first
free and open-source crack density detection tool that effi-
cient handles large image stacks. This efficiency is crucial for
large experimental campaigns.

Even if designed and optimized for the specific case of crack
detection, CrackDect can be used as a general line detection tool.
The modular pre-processing pipeline can be adapted to other
image capturing techniques or completely different applications
where multiple line-shaped objects with distinct orientations
should be detected in images.

5. Conclusions

In this work, a modular crack detection and batch image
processing toolkit is introduced. It is optimized for the detection
of matrix cracks in transparent composite laminates to obtain
crack densities. The tool is implemented in an efficient way for
the evaluation of large experimental campaigns. The package
puts special focus on efficiency and easy implementation for
other researchers. The authors intend to motivate others to use
automated crack detection since the extra effort in experiments
is low and it provides an direct measure of damage. With this
we hope to further accelerate the development of fatigue damage
models for composites.
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1. Description of the software-update

The main additions to CrackDect are:

e Implementation of ].J. Bender’s crack detection method [1].
e General shift-distortion correction as addition to the exist-
ing shift correction methods for coherent image series.

The crack detection method from ].J. Bender is added to CrackDect.
It is optimized for crack detection of straight off-axis cracks

DOI of original article: https://doi.org/10.1016/j.s0ftx.2021.100832.
* Corresponding author.
E-mail address: martin.pletz@unileoben.ac.at (Martin Pletz).

https://doi.org/10.1016/j.s0ftx.2022.101198

2352-7110/© 2022 The Author(s). Published by Elsevier B.V. All rights reserved.

in images of semi-transparent specimen. Originally, it was de-
veloped for images captured with transilluminated white light
imaging (TWLI), but can be applied to any image as long as
there is sufficient contrast between cracks and background. Same
as the already implemented algorithm, the purpose is to de-
tect multiple straight cracks in an image. The prerequisites are
an image series of a specimen where the first image is used
as the reference/background image. This method relies on the
history of the images (difference with the prior and reference
image) and therefore, it is only applicable to a whole series
of images and not to a single image. The main advantage is
the capability of an improved crack detection at already high
crack densities. It also shows improvements in terms of reduced
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false-detections and can handle images without any cracks. Com-
pared to the already implemented crack detection algorithm,
it is also more robust to changes in illumination and general
image noise. This robustness mainly originates in incorporating
the history of each image and subsequent elimination of image
noise.

Since Bender’s crack detection method is only applicable to
image series with perfectly aligned images, a general shift and
distortion correction is added to CrackDect. This allows to cor-
rect images where the specimen shows significant shift and/or
distortion throughout the series. The prerequisite are features on
the specimen that can be used as markers to trace their relative
movement.

The detailed documentation of the new crack detection
method as well as the shift-distortion correction with exam-
ples is available in the official documentation https://crackdect.
readthedocs.io/en/latest.
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Abstract: A model that predicts the stiffness degradation in multidirectional reinforced laminates
due to off-axis matrix cracks is proposed and evaluated using data from fatigue experiments. Off-axis
cracks are detected in images from the fatigue tests with automated crack detection to compute
the crack density of the off-axis cracks which is used as the damage parameter for the degradation
model. The purpose of this study is to test the effect of off-axis cracks on laminate stiffness for
different laminate configurations. The hypothesis is that off-axis cracks have the same effect on the
stiffness of a ply regardless of the acting stress components as long as the transverse stress is positive.
This hypothesis proves to be wrong. The model is able to predict the stiffness degradation well for
laminates with a ply orientation similar to the one used for calibration but deviates for plies with
different in-plane shear stress. This behavior can be explained by the theory that off-axis cracks
develop by two different micro damage modes depending on the level of in-plane shear stress. It is
found that besides influencing the initiation and growth of off-axis cracks, the stiffness degradation is
also mode dependent.

Keywords: crack detection; fiber-reinforced polymers; fatigue damage model; composite fatigue;
off-axis cracks

1. Introduction

Components made from multidirectional fiber-reinforced composite laminates experi-
ence several distinct damage mechanisms when exposed to fatigue loads. The macroscopic
damage mechanisms are matrix cracks, delamination, and fiber failure. This sequence of
damage mechanisms during fatigue loading can be categorized into characteristic damage
states [1]. The first fatigue-damage state of multi-axial laminates is matrix cracking in
off-axis plies where multiple matrix cracks develop and grow in number and length. These
so-called off-axis cracks typically span the whole thickness of a ply and propagate along the
fiber direction. One of the main effects of off-axis cracks is a significant stiffness reduction
of the laminate but not immediate failure of the component [2-8].

Since multiple similar cracks form under fatigue loading, the crack density is used
as a measure for the amount of damage in the material in many progressive damage
models [9-17]. These models describe the evolution of off-axis cracks as well as their
effect on the stiffness of a laminate. Therefore, off-axis crack densities are often used
in the development and calibration of these models or to compare their predictions to
experimental data. Transmitted or transilluminated white light imaging (TWLI) can be
used for transparent composites like glass fiber-reinforced polymers (GFRPs). It is an
efficient, reliable and relatively simple method to capture off-axis cracks [2,10,18-20]. TWLI
uses a light source placed behind a transparent specimen and a camera on the other side.
An undamaged specimen appears bright as it only absorbs a small portion of the light.
Cracks, on the other hand, scatter the light and therefore appear as dark lines in the images.
For non-transparent laminates, more sophisticated techniques like computed tomography

J. Compos. Sci. 2022, 6, 10. https:/ /doi.org/10.3390/jcs6010010
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stiffness
crack density

may be used [21]. Up to now, a few methods have been developed to compute the crack
density from TWLI images. The simplest is to count all cracks along a straight line normal
to the fiber direction and divide the number of counted cracks by the length of the line.
This method only takes the number of counted cracks and not their length into account
and the results are influenced by the selection of the path. As shown in Refs. [17,22,23],
including the crack length results in an improved description of the average damage state
of the material. A better approach that includes some information of the crack length is
the weighted crack density used by Quaresimin et al. [7]. It clusters the cracks into eight
groups of crack lengths and then computes a weighted average. Still, manually counting
and categorizing the cracks is labor intensive and prone to human errors. An automated
algorithm that takes the images as input and detects all cracks in a given direction has
been developed by Glud et al. [24]. Based on this algorithm, we have developed CrackDect,
an open-source package for evaluating crack densities [25]. With this package, even large
fatigue test series can be evaluated efficiently. Figure 1 qualitatively shows the evolution of
off-axis cracks and the associated stiffness degradation as well as examples of images taken
during fatigue tests. CrackDect takes these images and computes the crack density.

cycles n [-]

Figure 1. Evolution of off-axis cracks during fatigue tests. The stiffness stays constant as long as there
are no cracks (1). After the onset of matrix cracking (2), the cracks grow in number and size and the
stiffness starts to decrease due to the damage. (3) The last stage of matrix damage in composites is
crack saturation and finally total failure usually due to other damage mechanisms like fiber failure
and delamination.

Many fatigue models have been developed to describe the effect of fatigue damage in
composite laminates. Degrieck and Van Paepegem [26] sorted them into three categories:
fatigue life models, phenomenological models, and progressive damage models. To accu-
rately describe the effect of distinct damage modes, progressive damage models are the
most promising candidates since they take the actual cause of the degradation of a mechan-
ical property—the damage—into account. Usually, this is done in a two step approach. In
the first step, a damage model describes the evolution of a damage variable with respect to
the undamaged material. The second step computes the effect of this damage on mechan-
ical properties. Many models have been developed that establish a connection between
off-axis cracks and laminate stiffness [9-17,27]. Often, the Finite Element Method (FEM) is
used to compute the elastic response of a laminate. One widely-used approach is to model
a representative volume element of the laminate with cracks in one or more plies [17,19].
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Resolving the laminate into its plies and computing the effect of cracks on the ply-level has
the advantage that the elastic response of any laminate can be computed. The drawback of
FEM is that it is time-consuming when implemented as a sub-model for evaluation of large
composite structures. Carraro et al. [9] further compared several modeling techniques and
developed an analytical model based on shear lag analysis with the capability to compute
the elastic response of any symmetric laminate. One drawback of this model is that the
laminate must be symmetric and the elastic response is computed for cracks in both sym-
metric plies. This means that bending loads which yield unsymmetrical stress distributions
in the laminate cannot be accounted for. Schuecker et al. [27] proposed a static damage
model that computes the stiffness degradation based on the Mori-Tanaka method. The
Mori-Tanaka method is a micro-mechanical approach to compute homogenized material
properties of a material consisting of a matrix and an embedded inclusion [28]. This allows
to compute the stiffness degradation for each ply separately and then combine all plies
using classical laminate theory to compute the overall stiffness of the damaged laminate.
In Schuecker’s approach, the effect of crack-like void inclusions on the stiffness of a ply is
computed. Even though this model has been developed for static load cases, it should also
be applicable to fatigue since the stiffness degradation is only dependent on the amount of
cracks. The main advantages of this model are:

1.  The Mori-Tanaka homogenization scheme computes the effect of damage on the
stiffness. The resulting stiffness tensor is positive, definite and symmetric. Therefore it
meets the thermodynamic limits of the engineering constants of the damaged material
without having to develop individual correlations for all the independent engineering
constants [29].

2. The model can be calibrated easily to a new material. All data to calibrate the model
can be obtained with standard static and fatigue tests.

3. The stiffness degradation is ply-based. Classical laminate theory is used to compute
the overall stiffness of the laminate. Therefore, stress-redistribution to other plies
is automatically accounted for. The model builds on well-established methods and
focuses on efficiency.

Naturally, the model has limitations and prerequisites arising from classical lami-
nate theory and the Mori-Tanaka method, but it has proven to provide an overall rela-
tively simple yet effective approach to compute stiffness degradation of laminates due to
cracks. Also, it does not consider delaminations or other damage mechanisms of composite
laminates [27,30].

In this work, Schuecker’s degradation model is combined with crack detection by
replacing the evolution function for static loads by the crack evolution detected from
experimental data. Based on the off-axis crack density from experiments, the stiffness
degradation computed by the degradation model is compared to experimental stiffness
data. Opposed to other works like [31], where crack densities of similar specimens have
been averaged, we take the crack density of each individual test and compute the result-
ing stiffness degradation. This enables a comparison of experimental stiffness data and
predictions based on experimental crack density data for individual specimens. Also, a
mostly-automated procedure to fit experimental crack density data from the automated
crack detection is presented.

2. Methods
2.1. Experimental Fatique Data

Experimental data from fatigue tests of £6; GFRP laminates from [32] is used for
comparison with computations of the damage model. The specimens with a gauge length
of 100mm, a width of 20mm, and a thickness of 2mm (12 layers) had been cut from
GFRP laminate plates produced from a unidirectional glass fiber weave and epoxy resin.
The plates had been produced by vacuum pressing manually-impregnated glass fiber
layers. The stacking sequence of the laminates is [4+63/ — 603]5. For the fatigue tests, stress-
controlled sinusoidal load cycles with an R-ratio of 0.1 and a frequency of 5 Hz had been
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periodically interrupted to perform displacement-controlled quasi-static tensile tests. The
servo-hydraulic material testing system MTS 810 by MTS Systems Corporations had been
used for all tests with an optical displacement measurement system (CV-X100 by Keyence)
to provide a free field of few for the images taken during the tests. This procedure allows
to track the change in stiffness as a function of the number of cycles and take images for
the crack detection. For a more detailed description of the experimental setup, the reader is
refered to [32]. In addition to the stiffness of the laminates, the crack density is evaluated
from TWLI images with crack detection. For this work, the results of the fatigue tests for
£45°, £60°, and £75° laminates are used. Laminates with a ply orientation of less than
+45° show delamination as the main damage mode and only little off-axis cracks. The
unidirectional 90° laminates show hardly any cracks before final failure.

For each laminate type, two fatigue tests had been conducted. Table 1 lists the static
stiffness, transverse strength R, and in-plane shear strength Ry, of the material. In the
referenced data from [32], a miscalculation had happened in the evaluation of the in-plane
shear strength and in-plane shear modulus Gy, which is corrected in this work. Addition-
ally, the static ply properties are corrected with respect to the fiber volume fraction of the
individual specimens. The procedure is described in Appendix A. The aforementioned
miscalculation does not effect the validity of the tests since only the evaluation had to
be redone. The load level of the fatigue tests, which is the ratio of the maximum load
in the fatigue test to the static strength of the laminate, is computed by the Puck failure
criterion [33]. The exact computation is given in Appendix B. The load levels of the tests are
75% for +45°, 78% for £60°, and 74% for +75° laminates. The slight differences between
load levels arise from the corrections done in the evaluation.

Table 1. Elastic constants of the composite ply material from static tests.

Eq [GPa] E, [GPa] v12 [—1] G12 [GPa] R, [MPa] R1> [MPa]
35.6 10.9 0.27 3.2 57.9 58.3

2.2. Crack Detection

The Python package CrackDect is used to to automatically evaluate the crack density
from the TWLI images [25]. This package includes a sightly modified crack detection
algorithm compared to [24]. Example pictures of a specimen at the beginning, during,
and at the end of the fatigue test prior to image processing are shown in Figure 2. The
processing pipeline of the images is as follows:

1.  Shift correction: Since the individual images from a fatigue test are not aligned
perfectly due to increasing strain and unavoidable inaccuracies of the test rig (see
Figure 2), the shift of the specimen in the images must be corrected.

2. Region of interest: Only the area of the specimen without edges or other features like
the black line that is used for optical strain measurement (see Figure 2), is evaluated
by the crack detection since they might cause false detections.

3. Crack detection: Cracks are detected in a cumulative way. Cracks detected in the nth
image are added to the n + 1st image.

The exact procedure of this processing pipeline is explained in [25] where the open-
source code of all functions can be obtained. The input parameters are listed in Table 2 for
each test series. It is observed that the crack width of the first major visible cracks varies
slightly with the fiber orientation. Cracks in the +45° specimens appear to be thinner than
in +75° specimens. Therefore, the average width of cracks that should be detected by the
crack detection is set individually for each test series to get comparable results between
the test series. To avoid artifacts in the crack detection or false detection due to inherent
noise in the images, cracks of less than 50 pixels (0.7 mm) in length are excluded from the
evaluation. The crack density is defined as

n
L
_ i=1
Pc - A 7 (1)
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with L; as the length of crack i and A as the area of the region of interest (evaluation area).
Since the crack detection only computes the crack density based on pixels, the conversion
from pixel to millimeter is also listed in Table 2.

Table 2. Input parameters for CrackDect. The coordinates of the region of interest x to y; are given
in pixel.

Test Ply Angle [°’] = Crack Width [px]  Pixel per mm X0 X1 Yo Y1

+45°T1 45 8 69.2 200 1500 O 900
+45° T2 45 8 70.3 200 1500 O 950
+60° T1 60 8 68.8 100 1400 O 850
+60° T2 60 10 70.2 100 1400 O 1000
+75°T1 75 15 69.6 200 1400 O 1000
+75° T2 75 12 70.2 200 1450 O 900

Figure 2. Example of TWLI images taken from a £45° specimen with a load level of 75% before the
test (a), after 254 cycles (b), and and after 4013 cycles (c). In (a), the evaluation area is shown for the
crack density (region of interest) marked with the blue rectangle. In (b), a typical crack pattern for a
+45° is laminate shown and (c) shows the last image taken before failure. The shift of the specimen
can easily be observed by the drift of the black line at the bottom from (a—c). In (c), delamination
between the plies can be spotted as dark areas.

Instead of using the extracted densities directly, a crack density function is defined by
fitting a cumulative Weibull distribution function to the experimental crack density data.
The Weibull function is used since it has a form similar to the experimental crack density
plotted over the number of cycles in logarithmic space. A direct fit of such a crack density
function to the experimental data resulted in convergence problems, even with non-linear
least squares algorithms (scipy.optimize.curve_fit) [34]. Therefore, a two-step approach
was used to achieve a satisfactory quality of the fit. This fitting process is qualitatively
illustrated in Figure 3. The first step is a linear regression in the region where the crack
density increases linearly. For experiments that reach crack saturation, the linear fit is done
from 30% to 85% of the maximal crack density. If crack saturation is not reached because
the specimen fails prior to that, the region for the linear regression extends to 100%. In
the second step, the following three-parameter cumulative Weibull distribution function is
fitted to the linear regression

. k
ol () = [1 —ex;o(—(”;””) )] o @

with A and k as scale and shape parameters respectively, and g to shift the fitted curve
along the x-axis. Note that 1 is a fitting parameter and does not correlate with the cycles to
damage initiation n"* defined later in Section 3.1. Since the Weibull distribution function
has a span of 0-1, the fitted crack density function is scaled with the saturation crack
density p5%.
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Figure 3. The experimentally obtained crack densities are fitted with a two-step approach. The first
step is a linear regression from 30% to 85% of the saturation crack density. In the second step, a
cumulative Weibull distribution function is fitted to the linear regression.

2.3. Damage Model

To compute the stiffness degradation of a laminate for a given damage state, Schuecke’s
damage model is used [27]. Like most progressive damage models, it consists of a part that
describes the evolution of a damage variable and a part that computes the effect of this
damage on the stiffness of the material. The first part computes the damage variable as
a function of the loads for each ply. Then, in the second part, the degradation of stiffness
based on the damage variable is computed using the Mori-Tanaka method. Here, only the
second part of the model is used since the evolution of the damage variable is obtained by
calibration to the fitted crack density functions. The damage variable in the model represents
the volume fraction of crack-like inclusions in the Mori-Tanaka formulation, which for void
inclusions, is given by

-1
Emtiooid = E™ | T+ L(I ) ®)
’ 1-V
where V is the inclusion volume fraction, I is the identity tensor, E (m) i the initial stiffness
tensor of the ply, and S is the Eshelby tensor [35,36]. To compute the Eshelby tensor for
transversely isotropic materials, the numerical computation scheme by Gavazzi et al. [37]
is used.

The Eshelby tensor for an inclusion depends on the surrounding material and the
shape of the inclusion. It is assumed that the inclusion geometry is the same for all cracks
and independent of the orientation of the ply. Often, an extremely sharp or disk-like
inclusion geometry is used when the effect of cracks in a material is computed by the Mori-
Tanaka method. Experimental evidence shows that off-axis cracks are often not straight but
have a crooked path since the crack has to find the way of least resistance between the fibers.
Cracks sometimes even split and merge on the way through the ply [20,38]. Here, the
introduction of an orientation tensor to give idealized penny shaped cracks an orientation
distribution similar to the crooked paths of the real cracks is avoided. Instead, one oblate
ellipsoidal pore that represents the homogenized effect of these cracks qualitatively is used.
It has been reported in [39,40] that this approach gives satisfactorily results. In this work, an
aspect ratio of 100,1,10 in the 1,2,3-direction of the ply is chosen. The reasoning is as follows:
The cracks are substantially longer in fiber direction than in out of plane direction so the
1-direction is set to 10 times the 3-direction. Also, cracks are relatively flat compared to the
thickness of the ply so the 3-direction is 10 times the 2-direction. A schematic representation
of this idealized inclusion is shown in Figure 4a and its effect on the ply properties is shown
in Figure 4b. The curves of Eq, Ey, v1p and Gy, as function of to the inclusion volume show
that E, is reduced the most relative to its initial value. The stiffness in fiber direction E; is
reduced only slightly up to an inclusion volume fraction of 0.1. This behavior qualitatively
agrees well with the stiffness degradation of a ply due to off-axis cracks. The degradation
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of Eq, Ep, v12 and Gy, could be fine-tuned by adjusting the aspect ratios if additional data
from static tensile tests were available that allows to relate the engineering constants of a
ply directly to off-axis cracks.

1.0 5 V12
o B
2081 .
C0.6F .

e

o

To4r 8
o

0.000 0.625 0.650 U.d?-S 0.1007
Inclusion volume fraction [-]

(@) (b)

Figure 4. Representation of off-axis cracks in one ply (a) looking in fiber direction. The crack path

is often not straight and can branch or merge. Therefore, an oblate ellipsoid is chosen as a single

inclusion shape to compute the homogenized effect of these cracks. The effect of this inclusion is

shown in (b) with the aspect ratios of 100,1,10 in 1,2,3-direction, respectively.

2.4. Calibration

The Mori-Tanaka method uses inclusion volume fractions to compute the effect of an
inclusion in a surrounding matrix material, but since the crack density is analyzed, the
model needs to be calibrated to experimental data. A link between the crack density and
the inclusion volume fraction for the analyzed stiffness degradation must be established.
For this, the £45° tests are used to calibrate the model. The following equation links the
crack density (p.) to the inclusion volume fraction (V) with a simple correlation factor ().

V=upc (4)

The calibration process is illustrated in Figure 5. First, the experimental stiffness data
is smoothed to reduce scatter using a lowess filter [41] with a window length of 40% the
range of cycles. Then, the stiffness degradation relative to its initial value up to crack
saturation (see Table 3) is calculated from this smoothed curve. Parallel to this, a model of
the laminate is built with classical laminate theory. For each ply, the stiffness is reduced
according to the damage model (see Equation (3)) as a function of the inclusion volume
fraction. The inclusion volume fraction to reach the experimental stiffness degradation is
optimized with the minimization algorithm from SciPy (scipy.optimize.minimize) [34]. From
this, the correlation factor y can easily be computed from Equation (4). This procedure is
carried out for the two £45° tests and the average is used as the global calibration constant
for the material.

Table 3. Results of the crack detection. The cycle number to damage initiation ni"t saturation n*,

and crack density growth rate in semi-logarithmic space dp./d(log(n)) are listed to compare the

laminates.
Test P [mm~1) ninit nset dpc/d(log(n)) [mm~1]
+45°T1 3 140 4000 2.8
+45° T2 3 30 1500 2.7
+60° T1 2.1 304 2100 3.2
+60° T2 1.7 487 2200 2.3
+75°T1 1.3 93,086 - 29

+75° T2 1.3 68,314 - 27
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Figure 5. A schematic representation of the correlation process. The stiffness and crack density is
evaluated in fatigue tests. The needed inclusion volume fraction is optimized to yield the same
stiffness degradation as observed in the experiment. With Equation (4), the correlation constant is
then computed from the experimental saturation density.

3. Results and Discussion
3.1. Crack Detection Results

The results of the crack detection are shown in Figure 6. An example of the cracks
detected in +60° direction for the £60°T1 specimen after 759 load cycles is shown in
Figure 6a. At this state, the crack density is 0.8 mm/mm?. The bigger cracks are detected
well while cracks smaller than 50 pixel or 0.7 mm in length are filtered out. Since the
laminate consists of 12 plies, cracks in the bottom layer will appear fainter and not as
sharp as cracks in the top layer. Therefore, the detection is less reliable for cracks in the
bottom layer. Cracks in negative fiber-direction are not included because the noise, blur and
overlap with cracks in positive fiber direction from the top plies resulted in too many false
detections. Since the plies in negative direction develop approximately the same amount of
cracks as in positive direction (see Figure 2), only the positive direction is analyzed.

0p . 45T
F45T2

. 160 I'1

§ ' L60T2
g K 75T
N L7572

(a) (b)

Figure 6. Results of the crack detection. An example of the detected cracks for +60° T1 is shown at
759 cycles (a). Cracks are only detected in the chosen direction of +60°. (b) shows the crack density
results for all tests and the crack density functions.

Figure 6b shows the evolution of the crack density over loading cycles and the corre-
sponding fitted crack density functions for all specimens. In the £45° laminates, off-axis
cracks initiate earlier than in £60° and +75° laminates. The +45° laminates also show
the highest crack saturation density. The +75° laminates do not reach the state of crack
saturation because they fail before. The growth rate of the crack density seems to be
approximately constant for all tests when plotted on a logarithmic scale.
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The results of the crack detection are listed in Table 3. The point of damage initiation
n"it, crack saturation 7°" and the crack density growth rate of the linear region are used
to compare the crack detection results. The saturation density p2* is taken manually at
the point where the crack accumulation reaches a plateau. Since the 75° laminates do
not reach crack saturation, the maximum crack density of £75°T1 is used for the fitted
curves. In the +45° tests, the crack density increases again after reaching a first plateau due
to delaminations that cause problems with the crack detection. Therefore, the saturation
density is taken at the first plateau. The point of damage initiation n™"* is defined as the
first point with a crack density above 0.1 mm~! and the point of crack saturation n°* are
the cycles needed to reach the saturation crack density p$*. For £:75° tests, crack saturation
is not reached. The crack density growth rate is the slope of the linear regression, the first
step of the fitting process.

These results show that the automated crack detection is suited to efficiently obtain
off-axis crack densities of multidirectional GRFP laminates. Damage initiation is easily
detected and the crack density function can be modeled by a three-parameter cumulative
Weibull distribution by fitting it to the linear regression of the region of constant crack
density increase in semi-logarithmic space (see Figure 6b). The number of cycles until the
saturation density is reached are also captured by the crack detection. It should be noted
that the accuracy of the crack detection decreases when approaching saturation due to
delamination and merging of cracks (see Figure 2c). From our experience, almost all cracks
are detected up to approximately 80 percent of the saturation level. From there on, the
merging of side-by-side cracks into one black line and delamination leads to misses and
false detections. To improve the accuracy of the crack detection near saturation, image
differencing techniques that allow to see only changes from one image to the next could be
used (see [24]). The prerequisite to this is an extremely precise shift correction. This can be
achieved with position markers on the images that allow a precise tracking of image shift
and distortion. Since our images did not have these markers, a simpler version of the shift
correction had to be used.

3.2. Stiffness Degradation Model

The calibration of the damage model for the material from [32] yields a correlation
constant of 0.011 mm for the chosen inclusion aspect ratios of 100,1,10. Note that the
correlation constant depends on the chosen aspect ratios. The results of the computed
stiffness degradation are shown in Figure 7 along with experimental data for all laminates.
The comparison between model and experiments for the +45° laminates and +60° T2
shows good agreement. Since the calibration constant is computed from the £45° tests,
good agreement of the stiffness drop is expected for £45° specimens. Nonetheless, the
curves follow the same shape as the experiments which is determined by the inclusion
geometry. This indicates that the chosen inclusion geometry describes the effect of off-axis
cracks for this laminate and our assumptions on the inclusion geometry are reasonable. For
+60°T1, the detected crack density is higher than for £60° T2. Therefore, the computed
stiffness degradation is also higher compared to £60° T2. The trend of experimental data
and the shape of the curves from the degradation model for £45° and +60° laminates is
similar. Contrary to the £45° tests, the experimentally observed stiffness degradation does
not stop at the saturation of the off-axis cracks for the +60° laminates (see Figure 7). As
listed in Table 3, crack saturation is reached at around 2000 cycles for the +60° tests. The
computed stiffness of the £75° laminates drops earlier than the experimental curves. It
seems that off-axis cracks in +75° laminates do not have the same effect at the local ply
coordinate system as for +45° laminates.
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The error of the model increases from the +45° laminates, where the calibration is
carried out to the £75° laminates. Carraro et al. [42] have shown that the macroscopic
damage initiation is driven by two damage modes that depend on the level of in-plane
shear stress. For plies with mostly in-plane shear stresses ¢y, in the ply coordinate system
shown in Figure 4a, the driving force for damage evolution at the micro scale is local
maximum principal stress (LMPS). For plies with mostly positive in-plane transverse stress
022, local hydrostatic stress (LHS) is the driving force. The shift between LMPS and LHS
in GFRP occurs at a fiber direction of around 60° [42]. Fractographic images also show
different crack patterns for off-axis cracks depending on the in-plane shear stress. It has
also been found that shear stress significantly reduces the number of cycles for damage
initiation [7,43]. With differences in the micro-structure of the fracture plane between
the two damage types, the effect of cracks on the ply stiffness can also be expected to be
different for the LMPS/LHS damage types. For our model, this would require a separate
correlation for the +45° and £75° tests, since these tests correspond to LMPS and LHS
type damage, respectively. The presence of these two separate damage types would also
explain the large difference in the number of cycles to damage initiation from $45° to £75°
laminates (see Figure 6). The £45° and £60° tests show damage initiation at less than 500
cycles with £45° being a bit lower than +60°. On the other hand, the +75° tests show
damage initiation at more than 50,000 cycles, although the fatigue load level for all tests has
been set to about 75% of the static strength. These findings back the theory of two distinct
microscopic damage types controlled by in-plane shear stresses.

+45° +60° +75°

.
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Figure 7. Stiffness degradation for the individual tests and damage model results. Comparison for
(a) +45° tests, (b) +60° tests, and (c) +75° tests.

In Figure 8, the experimental stiffness is plotted over crack density up to saturation.
At the beginning, a small drop in stiffness without an increase in the crack density is visible
for some specimens. After this initial drop in stiffness, all curves except +75°T1 show a
linear correlation up to saturation. Note that this does not conclude that the degradation of
stiffness is linear since the crack density follows a S-shaped curve. For £75°T1, a distinctive
kink compared to the linear regression is visible. Also, the scatter of the experimental data
for +75°T1 (see Figure 7) is higher at the beginning. At around 200,000 cycles, this scatter
nearly vanishes. This could be an indication of a problem in the evaluation or experimental
procedure for this specimen. The linear relation between crack density and stiffness shows
that the crack density is a good choice as a damage parameter.
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Figure 8. Relationship of the experimentally determined stiffness and crack density up to saturation.
For the +45° and +60° specimen, the stiffness degradation correlates linearly with the crack density.
Note that the fact that the stiffness for the +75° specimen is higher compared to -60° is a result of
the given ply material properties and in accordance with classical laminate theory.

4. Conclusions

In this work, the effect of off-axis cracks in GFRP laminates is studied by using test
results of the crack density and computing the effect of these cracks on the stiffness of the
laminate. It is shown that crack detection can be used to efficiently evaluate images of
off-axis cracks from fatigue tests and the fatigue crack density function can be modeled
by a three-parametric cumulative Weibull distribution function. A mostly-automated
scheme is presented for the calibration of the crack density functions from experimental
data. Furthermore, the stiffness degradation model for multidirectional fiber-reinforced
polymer laminates from Schuecker, which uses Mori-Tanaka homogenization on the ply-
level, is tested against experimental fatigue data. The results suggest that it is necessary to
distinguish the effect of off-axis cracks on the stiffness of a ply depending on the microscopic
crack type. This requires a separate calibration for cracks formed under LMPS and LHS
conditions, respectively. This observation agrees well with the theory by Carraro and
Quaresimin which also distinguishes the evolution of off-axis fatigue cracks based on the
micro-damage mechanisms driven by LMPS and LHS. A distinct jump in cycles to damage
initiation is also found where the micro-damage mechanisms change. A new test campaign
is under way to further test the damage model for both microscopic damage types.

Author Contributions: Conceptualization, C.S., M.P. and M.D.; methodology, M.D., C.S. and M.P;
software, M.D., validation, M.D.; formal analysis, M.D.; investigation, M.D.; data curation, M.D.
and C.S.; writing—original draft preparation, M.D.; writing—review and editing, C.S. and M.P.;
visualization, M.D.; supervision, C.S. and M.P,; project administration, C.S.; funding acquisition, C.S.
All authors have read and agreed to the published version of the manuscript.

Funding: Part of this work has been performed within the COMET-project Experimental and numeri-
cal analysis of the damage tolerance behavior of manufactured induced defects and bonded repairs in
structural aerospace composite parts (project-no.: VI-3.04) at the Polymer Competence Center Leoben
GmbH (PCCL, Austria) within the framework of the COMET-program of the Federal Ministry for
Transport, Innovation and Technology and the Federal Ministry for Digital and Economic Affairs with
contributions by Montanuniversitdt Leoben (Chair of Designing Plastics and Composite Materials)
and MAGNA Powertrain Engeneering Center Steyr GmbH CO KG. The PCCL is funded by the
Austrian Government and the State Governments of Styria, Lower Austria and Upper Austria.

Data Availability Statement: The data presented in this study are available upon request from
the corresponding author. The algorithms of the crack detection are available at GitHub (https:
//github.com/mattdrvo/CrackDect, accessed on 28 December 2021).



72

6 Papers

J. Compos. Sci. 2022, 6, 10

12 of 15

Acknowledgments: Special thanks go to René Rieser and the Chair of Materials Science and Test-
ing of Polymers, Montanuniversitaet Leoben for providing experimental data and images for the
crack detection.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Abbreviations

The following abbreviations are used in this manuscript:

GFRP  Glass fiber-reinforced polymer

TWLI  Transilluminated white light imaging
FEM  Finite element method

LMPS  Local maximum principal stress

LHS Local hydrostatic stress

Appendix A. Quasi-Static Material Parameters

The basic characterization of the quasi-static material parameters is done with UD0°
specimens for E; and v, UD90° specimens for E; and £45° specimens for Gj,. In the
referenced data set [32], a miscalculation has happened in the evaluation of the in-plane
shear modulus G, which is corrected here according to DIN EN ISO 14129. Additional
measurements of the fiber volume fraction revealed differences between the specimens.
Therefore, the ply stiffness of each laminate is corrected to a fiber volume fraction of
45%. For this, the semi-empirical Chamis model is used to approximate the engineering
constants as a function of the fiber volume fraction since it showed good agreement with
experimental data for GRFP [44]. This modified rule of mixture (ROM) replaces the fiber
volume fraction in the iso-stress model (Reuss) for E5 and G{, with the root of the fiber
volume fraction. The iso-strain model (Voigt) for E{ and v{, is not altered. For isotropic
matrix and fibers, this leads to the following set of equations:

ES = (1-VHE"+ V/E]

VvVl Vv
E. o
- k| (A1)
V5, = (1= vHiv" 4 viuf
vVl Vv
Gn | G

c _
GlZ_

For the correction, the elastic constants of the matrix E" and v must be known. Since
the elastic constants for each laminate at a certain fiber volume fraction are tested, the
elastic constants of the fibers can be estimated. This estimate is then reinserted in the same
equations to obtain the elastic constants of the composite as a function of the fiber volume
fraction. In Table A1, the fiber volume fractions for each laminate and the tested elastic
constants are listed. With this data, the elastic constants at a fiber volume fraction of 45% in
Table 1 are computed. In the degradation model, the stiffness is corrected for each laminate
individually.
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Abstract: Unidirectional fiber reinforced composites develop matrix cracks in off-axis plies as
the first form of damage in fatigue loading scenarios. Crack detection is used to quantify this
form of damage and its resulting stiffness degradation is computed with a micromechanical
model based on the Mori-Tanaka formulation. It is shown that the model predicts the stiffness
degradation well when the calibration is based on the ratio of in-plane shear to transverse stress.
Furthermore, a distinct separation into high and low dissipated energy of the fatigue cycles is
found based on the in-plane to transverse stress ratio. This behavior links the dissipated energy
to the two damage driving forces in Puck mode A stress space. All fatigue tests that show a high
dissipated energy form a distinct cluster in SN diagrams whereas tests with low dissipated energy
fall into a second cluster.

Keywords: crack detection; fiber-reinforced polymers; fatigue damage model; composite
fatigue; off-axis cracks

1. Introduction

The process of fatigue damage growth in multidirectional fiber-reinforced composite laminates
comprises of distinct damage mechanisms which can be categorized into the characteristic
damage states starting with matrix cracks followed by delamination and fiber failure [1]. Matrix
cracks propagate along fibers and usually span the height of the whole ply as they grow in
number and size during the fatigue life. The result of those cracks is a significant loss of ply-
stiffness leading to a reduction of the global laminate stiffness [2—5]. For glass fiber-reinforced
polymers (GFRPs), the density of matrix cracks can be directly computed from images of a
specimen taken during fatigue tests. It is widely used as damage variable in progressive damage
models or to calibrate numerical or phenomenological damage models [6—11]. Therefore,
computing the crack density in an efficient way has become a vital part in experimental
campaigns and algorithms have been developed to replace error prone and inefficient manual
crack counting [12-14].

In the present work, Schuecker’s progressive damage model [9,15] which is based on Mori-
Tanaka homogenization is used to compute the stiffness loss of a laminate due to off-axis cracks
from fatigue loading. As shown in [16], the calibration of this model to experimental data can be
done with standard fatigue tests combined with crack detection. However, the effect of off-axis
cracks on the stiffness seems to depend on the microscopic crack type. Carraro et al. [17] have
shown that off-axis matrix cracks are the result of two different damage driving forces. Local
hydrostatic stress (LHS) or local maximum hydrostatic stress (LMPS) are identified as the critical
stress depending on the biaxiality ratio of shear to transverse stress (1 = 71,/0,5). This is also
supported by fractographic images that show different crack patterns for off-axis cracks

©2022 Drvoderic et al. doi:10.5075/epfl-298799 978-2-9701614-0-0 published under CC BY-NC 4.0 license
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depending on the level of in plane shear stress [18]. Therefore, the model has to be calibrated
for both microscopic damage types. For this, the stiffness during fatigue tests as well as crack
density is evaluated from an extended experimental campaign. The influence of the load level
on the point of damage initiation is compared for different ratios of shear vs. transverse stress.
The hysteresis of the fatigue cycles is also evaluated and compared against quasi-static stiffness
data. Since the fracture surface is rather smooth for biaxiality rations smaller than one but shows
shear cusps at biaxiality ratios higher than one, the dissipated energy should also be higher at
higher biaxiality ratios since uneven fracture surface should result in more internal friction of
the material.

2. Methods
2.1 Experimental Fatigue Data

Quasi-static stiffness, crack density and hysteresis cycles are evaluated from fatigue tests. The
GFRP plates from which +6 specimen are cut were produced with vacuum pressing according
to [19] with unidirectional (UD) glass fiber weave with an aerial weight of 220 g/m? (Porcher
Industries Germany GmbH) and EPIKOTE™ MGS® LR160 as resin and EPIKURE™ MGS® LH160 as
curing agent (Hexion Inc.). The stacking sequence of all specimens is [+93/—03]S. All specimens
except UD90° have a gauge length of 100 mm, a width of 20 mm and a thickness of 2 mm. For
the UD90° specimen, a dogbone-like shape is used to prevent failure near the tabs with a gauge
length of 200 mm [20].

To test different biaxiality ratios, +45°, +60°, 75° as well as UD90° specimen are tested at load
levels from 50% to 85%. The load level is the ratio of the maximum load in the fatigue test to the
static strength of the laminate computed by the Puck failure criterion [21]. For a detailed
explanation of the load level, the reader is referred to [16]. The elastic stiffness from static tests
as well as the transverse strength R, and in-plane shear strength R;, of the composite ply
material which is needed for the computation of the load level is listed in Table 1.

The fatigue tests are performed with stress controlled sinusoidal load cycles with an R-ratio of
0.1 and a frequency of 3Hz for +£45° specimen and 5Hz otherwise. The servo-hydraulic material
testing system MTS 322 by MTS Systems Corporations is used for all tests. Additionally, the
cycles had been periodically interrupted to perform displacement-controlled quasi-static tensile
tests to track the degradation of the laminate stiffness. Images for the crack detection are made
during the quasi-static tensile tests. Transilluminated white light imaging is used as imaging
technique to achieve a high contrast between background and cracks.

Table 1: Elastic constants and strength of the composite ply material from static tests.

E; [GPa] E, [GPa] vy [ G1, [GPa] R, [MPa] Ry, [MPa]

31.7 10.7 0.27 3.3 47.6 53.1

2.2 Crack Detection
The crack density as a function of the cycles is computed for each test according to

— Z?:l Li

pe = == (1)
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with L; as the length of the i crack and A as the evaluation area. This method also accounts
for the length of cracks as it computes an average crack density weighted by the crack lengths
instead of only accounting for the number of cracks. The algorithm form J.J. Bender [14] is used
for the crack detection since it shows a high resilience against false detections or artefacts and
showed good performance even near the point of crack saturation. The shift-distortion
correction necessary for application of this algorithm as well as selecting the region of interest
(evaluation region) is done with the python package CrackDect [13].

2.3 Damage model and calibration

The stiffness degradation part of Schuecker’s progressive damage model is used to compute the
effect of the off-axis cracks based on experimentally obtained crack densities. The stiffness
degradation is computed with a Mori-Tanaka homogenization where crack-like voids are used
to mimic the effect of cracks in the ply-material. The Mori-Tanaka formulation for void inclusions
is

m v -1 -1
Evrmyoia = E [[ +E([ -5) ] (2)

with E™ as the elasticity tensor for the ply material, V as the inclusion volume fraction of the
crack-like voids and S as the Eshelby tensor. The aspect ratios for the crack-like inclusion are
100, 1, 10 in X, Y and Z-direction of the material coordinate system. This choice for the aspect
ratios has shown to mimic the evolution of the engineering constants of the ply material as off-
axis cracks grow [16].

Since the stiffness degradation of the damage model is based on a Mori-Tanaka homogenization,
a calibration is necessary to map from the experimentally obtained crack density to the inclusion
volume fraction of crack-like voids. For this, the crack density curves from the tests are fitted
with a cumulative Weibull distribution function since the experimental curves show an S-like
evolution when plotted over the logarithm of the number of cycles. The fitting approach with a
correlation parameter u from [16] is used since it has shown good results and is easy to
automate. For the tests used in the calibration it is important that the crack density and the
stiffness degradation correlate well and crack saturation is reached since the calibration
incorporates an optimization routine which will yield wrong results otherwise. Therefore, the
calibration curves are manually selected.

3. Results and Discussion

In Figure 1, the dissipated energy for the +45°, +60° and +75° laminate is shown for two load
levels. There is a substantial jump in dissipated energy from the +75° and+60° to the +45°
laminate. The biaxiality ratio A for +45°, £60° and +75° is 1.7, 0.5 and 0.2, respectively. This
jump could be a sign of the shift of damage driving force from LHS to LMPS. This corresponds to
the findings of Quaresimin and Carraro [4], that for biaxiality ratios higher than 1, the damage
driving force switches from LHS to LMPS and shear cusps start to develop resulting in an uneven
and coarse fracture surface. This is expected to generate more internal friction with cyclic
loading and therefore result in a higher dissipated energy. The dissipated energy also increases
slightly with the applied load level, but this effect is much smaller than the gap between the
+45° and +60° specimen.

©2022 Drvoderic et al. doi:10.5075/epfl-298799 978-2-9701614-0-0 published under CC BY-NC 4.0 license
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Figure 1: Dissipated energy Eq4 (scatter) for +45°, +60° and +75° at 60% load level (a) and 70%
load level (b) with overall trend for each test (dotted line). The pictogram shows the
computation of the dissipated energy as integral over the hysteresis cycle.

Figure 2a shows the fitted curves for the crack detection for +45° and +60° tests at a load level
of 55%, 60% and 70% as well as +75° at 60% and 70% load level. Each series shows a clear trend
to damage initiation at lower cycles counts for higher load levels. Also, the crack density curves
show similar shape aside from +60° at 55% and +75° at 60% load level where the tests were
stopped at 10° and 1.5-10° cycles, respectively. Figure 2b shows SN-data for damage initiation
of the tests. The damage initiation is defined as the cycle where a crack density of 0.2 mm™ is
reached. It is clearly visible that the damage initiation for the +45° tests and the other tests form
two clusters in an SN-diagram. The SN-data for +45° shows that no other tests fall into its scatter
band (95% confidence interval) and all tests for +60°, +75° and UD90° form their own scatter
band without interfering with the +45° tests. This suggests that the dissipated energy can
indeed be used as a criterion to separate the damage mechanism.
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Figure 2: Fitted crack density curves (a) for +45°, +60° and +75° laminates for various load
levels and cycles to damage initiation (b).

To calibrate the stiffness degradation model, the method described in Section 2.3 is used. For
the calibration one of the +45° tests (1 > 1) and one of the UD90° tests (A < 1) is selected which
results in the calibration parameters 45 =0.012 and pgq = 0.004. The correlation parameter py5
computed for A > 1 is similar to the one obtained for a different test series in [16] as 45 = 0.011

©2022 Drvoderic et al. doi:10.5075/epfl-298799 978-2-9701614-0-0 published under CC BY-NC 4.0 license
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where the same matrix material and fibers had been used. Figure 3 shows the results of the
stiffness degradation model and the experimental data for various load levels.
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load level AT load level Vo ™
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Figure 3: Experimental stiffness degradation (scatter) and computed stiffness degradation
(lines) for the four tests for +45° (a), +60° (b), +75° (c) and UD90° (d) at different load levels.

For the +45° tests (Figure 3a), the computed and experimental degradation in stiffness fits well.
A discrepancy between the model and experiments after crack saturation is visible. This is
expected since other damage mechanisms like diffuse delamination will degrade the laminate
further which is not accounted for in the model. The +60° tests (Figure 3b) show a good model
fit only for the load levels below 70%. At higher load levels, the discrepancy between model and
experiments grows as the model underpredicts the stiffness degradation. In the £75° tests
(Figure 3c), the start of the computed stiffness degradation correlates well with experimental
data but the experiments also show significant stiffness degradation after crack saturation. The
model predicts the stiffness of the UD90° tests well. Note that the UD90° tests do not reach
crack saturation due to prior failure of the specimen.

Figure 4a shows the predictions of the stiffness degradation model for the 60° tests with pqq
used for load levels below 70% and and p,5 for higher load levels. It seems that for the +60°
tests, the separation by load level gives better predictions than the separation between the
damage mechanisms based on the biaxiality ratio proposed from Quaresimin and Carraro [4].

Figure 4b shows the stress space of Puck mode A with the directions of the various laminates.
As shown by the red dotted line, the separation of the damage modes intersects the +60° tests

©2022 Drvoderic et al. doi:10.5075/epfl-298799 978-2-9701614-0-0 published under CC BY-NC 4.0 license
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at a critical shear stress o7, . whereas with a set biaxiality ratio (black dotted line), this is not
possible. Using a critical shear stress oy, . instead of the biaxiality ratio as a separation between
the damage modes would mostly yield the same result. Low biaxiality ratios never reach oy,
before the static strength is reached and the tests for high biaxiality ratios the separation is at
very low load levels which is usually not tested since the fatigue life until damage initiation is
extremely long or no damage starts to initiate at all. To further test this hypothesis, more
experiments are necessary since it cannot explain the stiffness drop after crack saturation for
the +75° tests (see Figure 3c) and +60° tests fall into the cluster for A < 1 for the cycles to
damage initiation (see Figure 2b) and not into both clusters.

+60° Puck mode A failure surface
T T T 60 T T T
v load level
1.0 Ly v 50%
fage A 80%
—_— 40 . =
S c ———— A=l
w 0.8 2 4 NEEETEY O12,c
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) L e ]
——  60%, 4=0.004 7 ©20 P
0, - 2 ,/' """""""""""""
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1 s u : 1 1 M/ 0 Z 1 ' Al UD90T
102 103 104 10° 106 0 20 40 60
(a) cycles [-] (b) 022 [MPa]

Figure 4: Experimental stiffness (scatter) vs. computed stiffness degradation (lines) for +60°
with the correlation constant for A > 1 for load levels above 70% (a) and Puck mode A stress
space (b) with the directions of the different laminates and the two criteria for the separation
of the damage mode.

4. Conclusion

In this work, the effects of off-axis cracks in GRFP laminates are studied with automated crack
detection of specimen in fatigue experiments. The dissipated energy is computed from
hysteresis cycles and shows a substantial jump between +60° and +45° laminates, which
correspond to a biaxiality ratio of 1.7 and 0.5, respectively, for the material used. SN-curves for
damage initiation show two distinct clusters also separating the +45° laminates from tests with
a biaxiality ratio of less than 1. Quaresimin and Carraro [4] have shown that for positive
transverse stresses combined with in-plane shear stress, the damage mechanism changes from
in-plane shear dominated to transverse stress dominated at a biaxiality ratio of approximately
1. Our findings show that the dissipated energy is a useful tool to track the change between the
damage mechanisms. A jump in dissipated energy for higher in-plane shear stresses also makes
sense since fractographic images show shear cusps that result in an uneven and coarse fracture
surface, which is expected to generate more internal friction in the fatigue loading cycles thus,
a higher dissipated energy.

The stiffness degradation from Schuecker’s progressive damage model shows good prediction
results when using different calibration parameters for A > 1 and A < 1. Nevertheless, it seems
that the model underpredicts the stiffness degradation for the +60° laminates at higher load

©2022 Drvoderic et al. doi:10.5075/epfl-298799 978-2-9701614-0-0 published under CC BY-NC 4.0 license
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levels. The hypothesis, that the damage mechanism is only dependent on the in-plane shear
stress and not the biaxiality ratio could explain this behavior but more experiments are needed
to confirm it.
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To investigate off-axis cracks in composite laminates and their effect on stiffness and hysteretic energy
dissipation, fatigue tests were instrumented with automated crack detection to test damage onset and
progression. It was found that the onset of stiffness loss correlates well with the onset of matrix cracks, but not
with the dissipated energy. To study the transition between experimentally observed damage modes occurring
at the micro-scale, the experimentally obtained dissipated energy was compared with Carraro’s model, which
predicts this transition based on local stresses. The results show a correlation between the absolute level of
dissipated energy and the micro-damage modes.

1. Introduction

The importance of testing and modelling the fatigue behaviour of
fibre-reinforced composites grows with its use in components designed
for long service lifes, like wind turbine blades, car frames or airplane
components, just to name a few examples. Due to the microstructure
of fibre-reinforced composite laminates, several distinct microscopic
and macroscopic damage mechanisms interact during the fatigue life.
The first characteristic damage mechanism is matrix cracking where
cracks grow in number and size parallel to the fibre direction. These
matrix cracks, also referred to as off-axis cracks, result in a significant
reduction of stiffness, but usually do not cause ultimate failure [1-6].
Depending on the layup of a laminate and loading conditions, fibre
failure and delamination in later stages of the fatigue life usually lead
to ultimate failure [7].

Although many fatigue models have been developed in the past
decades, there is still a lack of general and reliable progressive damage
models that can predict damage accumulation and its effect on mechan-
ical properties [8,9]. The development of these progressive damage
models is driven by the ability to accurately quantify individual damage
mechanisms in fatigue experiments. Therefore, Non-Destructive Test
(NDT) methods with the capability of continuously monitoring damage
progression are highly relevant. Common NDT methods for this purpose
are acoustic emission, ultrasonic testing, digital image correlation,
X-ray tomography and infrared thermography, just to name a few

* Corresponding author.
E-mail address: martin.pletz@unileoben.ac.at (M. Pletz).
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examples [10]. The main drawback of these methods is that they are
expensive when applied to large test campaigns and require specialized
equipment.

For glass-fibre reinforced polymers (GFRP), another method to di-
rectly detect off-axis cracks is crack detection from images. The trans-
parent nature of GFRP makes it possible to shine light through a
laminate so that cracks appear as distinct dark lines [1,11]. Because of
the relatively simple and inexpensive test setup for crack detection from
images, this method is often used in the development of damage models
for off-axis cracks [2,6,12,13]. For fatigue test campaigns with multiple
tests where each test results in numerous, often hundreds, of contiguous
images, automated crack detection algorithms have been developed to
make an evaluation of the crack density at this scale possible [14-16].

The reliable detection of off-axis cracks makes quantification of
this damage mechanism on a macroscopic level possible, but does not
capture the stages of micro-damage leading to those macro-cracks. It
has been found that in the region of positive transverse tension o,,
and in-plane shear ¢,, the macroscopic off-axis cracks are the result of
two independent micro-damage modes (see Fig. 1 for the definition of
ply stresses). For plies loaded in transverse tension o,,, failure initiates
parallel to the fibres ether by fibre-matrix interface failure or matrix
failure, depending on the material system [17,18]. On the other hand,
if the in-plane shear stress o}, is dominant, shear-induced micro-cracks
between the fibres develop in a distinct local fracture plane.
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(64,.) or parallel fracture (o)) occurs.

This local fracture plane is not parallel to the fibres as all micro-
cracks form in a specific angle of approximately 45° relative to the
fibres as reported in [6,19,20]. Carraro et al. found that the local
hydrostatic stress o, ;,, and local maximum principal stress o, ,. at
the micro-level can be used as the fatigue strength of the material for
parallel fracture and shear induced fracture, respectively (see Fig. 1).
These stresses are the maximal hydrostatic and principal stresses in the
matrix between the fibres. Carraro et al. also developed a model to
predict the transition between the two micro-damage modes of shear-
induced and parallel fracture based on SN-diagrams of o, ;,. and oy .,
respectively. Crack detection of the macroscopic off-axis cracks cannot
differentiate if fracture was caused by ¢, or oy ,.. A focus of this
work was to find other measures which correlate to the micro-damage
modes.

Besides the crack density, which is a direct measure for off-axis
damage, laminate stiffness is one of the preferred damage indicators
since it is relatively easy to monitor and the correlation between
laminate stiffness and damage is well documented [1-6,21]. Another
approach for monitoring damage in a standard fatigue test setup is
computing the dissipated energy from the hysteresis loop [22-24].
Although stiffness and dissipated energy cannot be correlated directly
with a single damage mechanism, a comparison with other methods for
direct damage detection, like crack detection, is possible.

Even though a lot of work on the influence of matrix cracks on
the stiffness exists, the aim of this study is to further investigate the
effects of matrix cracks. Up to now, the effects of the two micro-damage
modes on mechanical properties has not been studied in detail. Images
of fracture surfaces of the two damage modes show a relatively smooth
fracture surface for parallel fracture and a rough surface with shear
hackles for shear-induced micro-cracks between the fibres [6,19,20,
25,26]. According to studies on toughening mechanisms in heteroge-
neous materials [27,28], one key characteristic of a damage mode is
its dissipated energy. Therefore, we take a closer look at hysteresis
cycles in this work and investigate whether they can help distinguish
between the two common damage modes. Our hypothesis is that a
difference in the dissipated energy between the micro-damage modes
should be visible, since it can be expected that the energy needed
by each damage mode to grow is different. For this purpose, we also
evaluated the dissipated energy from hysteresis data and compared it
to the predictions from Carraro’s model.

The focus of this work is to compare stiffness, dissipated energy,
dynamic- and static modulus from the hysteresis loops to the crack
density obtained by image analysis. With an understanding of the
relation of those parameters, additional information such as occurring
damage modes can be extracted from standard fatigue tests. This can
avoid using extensive test campaigns and thus save costs.

2. Experimental
2.1. Material and specimen preparation

For the test campaign, symmetric laminate plates with a fibre
orientation of +45°, +60°, +75° and UD90° were produced with a
stacking sequence of [+6;, —65],, which corresponds to a symmetric
layup of 3 layers with a fibre orientation of ¢ on the outside and 6 layers
of —0 inside the plate. From these plates, the specimens with a gauge
length of 100 mm were cut with a geometry of 200 x 20 x 2.6 mm for
the +6, specimens. For UD90° specimens, a special dogbone geometry
according to Drvoderic [29] was selected to avoid failure near the
clamping area. Tapered aluminum tabs with an angle of 14° and a
thickness of 1 mm were bonded to all specimens.

All specimen were cut from GFRP laminate plates produced from
UD-fabric of type UD 92145 (Porcher Industries Germany GmbH, Er-
bach, Germany) and epoxy matrix of type EPIKOTE™ MGS® LR160
with the curing agent EPIKURE™ MGS® LH160 (Lange + Ritter GmbH,
Gerlingen, Germany) in a ratio of 4:1 (weight proportion). The UD-
fabric (10% weft yarns, 220 g/m?) was manually impregnated with the
epoxy matrix and subsequently pressed in a hydraulic press at 80 °C for
1 h at 1 MPa to reach a fibre volume fraction of approximately 40%.
After initial curing in the hydraulic press, the plates were post-cured at
80° for 15 h.

2.2. Testing procedure and parameters

Fatigue testing was conducted at a servo-hydraulic testing machine
of the model MTS 322.31 (MTS Systems Corporations, Minnesota,
USA), which was equipped with hydraulic clamping grips and a 250 kN
load cell which shows an accuracy of 0.5% within the relevant mea-
suring range of 0-5 kN. For the evaluation of the quasi-static Young’s
modulus, the stress-controlled sinusoidal load cycles with an R-ratio of
0.1 were periodically interrupted to perform displacement-controlled
quasi-static tensile tests at a cross-head speed of 0.5 mm/min [30].
The load history is shown in Fig. 2. Additionally, the camera system
CV-X420 A (Keyence Corporation, Osaka, Japan) was triggered during
the periodic stops to generate pictures for the crack density evaluation.
The test-frequency was set to 5 Hz for all specimen except +45° , which
were tested at 3 Hz to avoid excessive hysteretic heating. Since off-axis
matrix cracks usually occur in the first stages of the fatigue life, the
spacing between the quasi-static tensile tests was adapted to provide
a sufficient resolution of data points. This was achieved with small
blocks at the start and larger at higher cycle counts (see Table 1 in
the Appendix).
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Fig. 2. The fatigue tests are periodically interrupted for the evaluation of the
quasi-static Young’s modulus E*“ and to take images for the crack detection.

The load level of the fatigue tests is defined as the ratio between
the maximum ply-stress o,,,, and the static strength o of the ply (see
Eq. (1)) computed by Puck’s failure criterion [31].

load level = Timax (@D)]
OR

Ply-stresses are computed with classical laminate theory. Static
stiffness and strength values for the computation of the load level are
listed in Table 2 in the Appendix. Tests were conducted at load levels
between 50% and 85% (see Fig. 3(a)).

The quasi-static Young’s modulus E*'%" was evaluated between
0.05% and 0.25% absolute strain during the quasi-static tensile tests.
The maximum applied stress during tensile tests never exceeded the
maximum stress during cyclic loading in order to minimize additional
damage. Young’s modulus is evaluated at 0.05% and 0.25% strain. The
maximal strain is used if a test does not reach 0.25% strain. Parameters
evaluated from the hysteresis loop during cyclic loading are dissipated
energy e,, dynamic and secant modulus, E?”" and E*¢ respectively (see
Fig. 3(b)). The crack density p, is defined as

_ XL
===—
with L; as the length of the ith crack and A as the area of interest. For
the automated evaluation of p, from the images recorded during the
tensile tests, the open-source software CrackDect is used [32].

In order to evaluate S-N curves for oy, and oy ., Carraro’s ap-
proach [33] was applied. It uses finite element analyses of a unit cell
with a square fibre arrangement to compute the stress concentration
matrices for the critical points. From this, o}, and oy, for any
combination of ply loads can be computed using superposition of the
stress fields, since linear elasticity is assumed in the model. From the
S-N curves for oy, ;,. and oy ,., the transition of the critical damage-
driving force for flat coupon specimens can be computed. For details
of the unit cell see Appendix A.2.

Pe . @

3. Results and discussion
3.1. Off-axis cracks and stiffness degradation

The in-depth comparison of the crack density and stiffness degrada-
tion plotted over the cycle number for three +75° specimens at distinct
load levels is shown in Fig. 4 to point out the important trends. It was
found that the trends of crack density and stiffness degradation for all
tested laminates are qualitatively similar. Therefore, the full results for
all fibre directions are shown in Fig. 12 in the Appendix.

As shown in Fig. 4, the crack density grows as the stiffness decreases
during the fatigue life. The images of the detected cracks show this
growth in number and size. At the later stages, a lot of diffuse delami-
nation is already visible in the form of grey areas between the cracks.
This type of delamination starts for all tested [+6], laminates before

International Journal of Fatigue 169 (2023) 107486

crack saturation is reached, as shown in crack image 5 in Fig. 4. When
substantial diffuse delamination sets in, the growth of crack density
slows down up to crack saturation. The point when crack saturation
is achieved is determined manually for all tests. A test reached crack
saturation if the crack density curve has a clear S-like shape. The images
of the specimen during the fatigue test in Fig. 4 also show the capability
of the crack detection algorithm [32] to detect cracks even at high crack
densities. The UD90° specimens fail mostly prior to crack saturation at
lower crack densities. Tests exceeding 1.5 million cycles were stopped
and may not show full crack saturation. All crack density curves that
reach saturation show an S-like shape when plotted on a logarithmic
x-axis (see Fig. 12 in the Appendix). Crack onset, which is shifted to
lower cycles for higher load levels is detected accurately by the crack
detection. It seems that the crack density growth for each fibre direction
is relatively constant when plotted on a logarithmic axis.

For further evaluations, the crack onset is defined at the point
where the crack density p, reaches 0.2 mm™'. This threshold was
determined by manually comparing the crack density curves with crack
images and is set to the cycle number where the first major cracks are
visible. Smaller values showed inconsistent results for crack onset due
to small artefacts, which lead to a low, but non-zero crack density.
Above this value, the crack density shows a nearly linear increase in
the logarithmic diagrams. For the used material system, this method
has shown to be a practical way to automatically detect the crack onset.

The correlation between the crack onset and the stiffness degrada-
tion of the laminate is shown in Fig. 5.

By normalizing fatigue cycles to the crack onset n,, it shows that
hardly any stiffness degradation occurs before crack onset for all tested
laminates. This indicates that the off-axis cracks are the cause for the
stiffness degradation, which agrees well with already published results
from a number of research groups [1-3,6,21].

3.2. Micro-damage modes

The SN-diagrams for ¢, and o, ;. are shown in Fig. 6. In each
diagram, several laminate angles fall into one scatter band, as already
observed by Carraro. The SN-diagram for ¢, ,. (see Fig. 6(a)) shows
that +60°, +75° and UD90° specimens reach critical o), before the
+45° specimens. The SN-diagram for o ;,. shows that for +45° and
+60°, oy, is the critical stress for micro-damage initiation. Since all
tests fall into the scatter band of this two SN-curves, it shows that only
two master curves are needed to characterize the fatigue strength of
the material for crack onset in the Puck mode-A region.

Based on Carraro’s method [33], the predicted transition angle
between o,,,, and oy, for flat +6 specimens as critical damage-
driving is +62° (see Fig. 7). This agrees well with an angle of +60°
published by Carraro for a similar material system. As also discussed by
Carraro, there will be no single transition point, but a transition zone.
With a predicted transition at 62°, +60° specimens are expected to fall
into this transition zone which explains the overlap in the SN-diagram
for oy ,. (see Fig. 6(b)).

Fig. 8 shows microscopic images of the crack surfaces of UD90°
and +45° specimens. The UD90° crack surface reveals large smooth
regions where matrix and fibres are separated. In resin-rich regions,
peel fracture cusps, which are typical for mode I fatigue cracks, are
visible [25]. The shear induced cracks between fibres were only found
in +45° specimens, which agrees with the predictions of Carraro’s
model. The fracture surface of the +45° specimens is rather rough
compared to UD90° and larger smooth areas are rare. It should be
mentioned that the shear induced cracks were only found in a few spots
in the +45° images. This can be explained with the fact that images of
the crack surface were taken after the fatigue tests and show the state
of final separation. At this state, the saturation crack density for the
+45° specimens has already been reached (see Fig. 12), which means
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(b) Schematic representation of hysteresis cycles
from the start to the end of fatigue life and their
evaluation. For the evaluation of multiple tests with
thousands of cycles each, the evaluation was auto-

mated using Python.

Fig. 3. Stress state for each fibre direction and load level in comparison to the strength computed with Puck’s failure criterion (a) and schematic representation of hysteresis cycles
from the start to the end of fatigue life and their evaluation (b). For the evaluation of multiple tests with thousands of cycles each, the evaluation was automated using Python.
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Fig. 4. Comparison of crack density and stiffness degradation for three +75° specimens at different load levels. The trend of an earlier start of macroscopic off-axis cracks at
higher load levels is evident. The right images (1-6) show the detected +75° cracks at different stages of the fatigue life.
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Fig. 5. Normalized stiffness reduction over normalized cycle count for all fibre
directions at a load level of 0.6. The cycles are normalized to the start of off-axis
cracks.

that the majority of micro-cracks had already formed a continuous
macroscopic crack. Therefore, it is reasonable to expect micro-cracks
only in areas with lower local stresses, thereby surviving up to specimen
failure without forming a macroscopic crack.

3.3. Hysteresis results

The fatigue experiments are interrupted at periodic intervals (see
Fig. 2) for the evaluation of the quasi-static Young’s modulus E*%. It is
important to note that the first few cycles when restarting the sinusoidal
load cycles cannot be used for hysteresis evaluation due to swing-in
effects of the testing system. One objective was to get rid of this periodic
interruptions since they complicate the test setup and use the dynamic
or secant modulus, E%" and E*¢ respectively, instead of E¥“ as a
measure for the stiffness. Brunbauer et al. [34] also compared E** and
E®" with the result that the periodic interruptions are necessary for
an accurate measure of the quasi-static stiffness, since E*'% and E9"
do not correlate well. However, in their work the specimens showed
significant hysteretic heating compared to the here presented tests.
Fig. 9 shows two examples of E¥%, E?" and E** for a +45° and a
+75° specimens tested at 65% load level.

In general, E" and E*'* show a good correlation both in absolute
values and shape of the curves, whereas E**“ shows a similar shape but
shifted to lower values. The mean difference of all tests is 5% between
Es' and E®" and 16% between E*“ and E**‘ (see Appendix A.3
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Fig. 7. Constant-life diagram for 10* cycles. For flat laminate specimens, the model
predicts a transition from LHS-to LMPS-driven micro-damage at a fibre angle of +62°.

for details of the error computation). This shows that E*¢ and E%"
correlate well when hysteretic heating is not significant, which was
assured with the test design by lowering the frequency of the +45°
tests (see Section 2.2). This underlines the importance of controlling
hysteretic heating for better comparability. If this is accomplished with
the test setup, the periodic stops can be omitted when mainly the
relative reduction in stiffness is of interest.

Fig. 10 shows a comparison between evaluated crack densities p,
and dissipated energy e, evaluated from hysteresis cycles. The cycle
number is again normalized to crack onset. A significant difference
in absolute dissipated energy between +45° and +75° specimens with
substantially higher levels of dissipated energy for +45° is visible. The
dissipated energy generally starts to increase at higher cycle numbers
compared to the crack density and continues to rise even after crack
saturation has been reached. A plausible explanation for this delay
could be that the dissipated energy is a result if internal friction at
crack faces and thereby a consequence of the increasing crack density.
Also, the fact that the dissipated energy increases further after crack
saturation can be explained by additional damage due to other damage
mechanisms like delamination, which are not considered here. This
means that dissipated energy cannot be used as a reliable measure of
crack density. It is expected that higher load levels lead to a higher
dissipated energy. The +45° specimens follow this trend but the +75°
do not. It has to be noted that the absolute value of dissipated energy
for the +75° specimens is small. With a dissipated energy of under
2 mJ/cm? at crack start, the hysteresis cycles are extremely thin and
therefore more sensitive to slight measurement errors (see Fig. 3(b)).
Fig. 11 shows a comparison of the dissipated energy between all tested
fibre directions at 60% and 70% load level.

A clear difference in absolute dissipated energy between +45° and
the other fibre directions is apparent. This implies that the dissipated
energy also correlates with the micro-damage modes, since the pre-
dicted transition between the micro-damage modes lies around +60°
laminate angle (see Fig. 7) for the used material system. Compared

to the S-N curves for o), and oy, (see Figs. 6(a) and 6(b)), the
+60° specimens fall into the transition zone between the two micro-
damage modes. If the dissipated energy would solely be used as the
determining factor for the transition, the +60° specimens would fall
into the ¢, region. Its dissipated energy is similar to +75° and
UD90° laminates, which are also firmly in the ¢, ;,, dominated region
predicted by Carraro’s model. The o, ;,.-driven micro-cracks result in
rougher crack surfaces than oy, -driven failure (see Fig. 8). These
rougher surfaces result in more friction which can explain the higher
amount of dissipated energy.

Multiple factors like viscoelastic and plastic dissipation, friction
between crack surfaces, and crack growth contribute to the dissipated
energy. The various contributions cannot be separated from the global
evaluation of the dissipated energy, but it is reasonable to assume
that the major part is caused by damage-related phenomena, since the
dissipated energy begins to rise after damage is detected. With the crack
density as a function of the cycles an estimate of the contributions to
the dissipated energy due to newly formed crack area compared to
friction is possible. For the upper estimate of dissipated energy due to
newly formed crack area, the crack area per cycle is computed based
on the maximal crack growth rate and multiplied with the fracture
energy. For this estimation, a fracture energy of 100 J/m? [35] is
used and the maximal growth rate of crack surface is 81075 mm~!
and 2:10~3 mm~' for UD90° and +45° specimens, which form the
lower and upper limits for all tests. Based on these assumptions, the
energy due to newly formed crack area is 0.01 mJ/cm? to 0.2 mJ/cm?
per cycle for the UD90° and +45° specimens, respectively. Although
this is only a rough estimation, it shows that the dissipated energy
due to new crack surface must be low compared to friction and other
factors. Nevertheless, it is not important for the differentiation of micro-
damage modes whether the dissipated energy is a result of the damage
phenomenon itself or its secondary effects. Since the difference in
dissipated energy already exists before delamination can be spotted, the
difference in the dissipated energy before delamination must arise from
the two separate micro-damage modes. Therefore, it can be concluded
that the difference in dissipated energy can be used as an indicator of
the underlying micro-damage mode.

4. Conclusions

Fatigue tests at several load levels were conducted on +45°, +60°,
+75°, and UD90° laminates with a focus on detecting off-axis cracks
and comparing evaluated crack densities to the laminate stiffness and
the dissipated energy. Additionally, the effects of micro-damage modes
which trigger the off-axis cracks, were investigated in detail. The
following points summarize the main findings.

« The evaluation of the crack density with an automated crack de-
tection algorithm is a suitable tool for monitoring off-axis cracks
in fatigue experiments. The start of visible off-axis cracks is cap-
tured well and correlates with the beginning of the degradation
of laminate stiffness.
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“peel fracture cusps

-cracks between fibers

Fig. 8. Crack surface of UD90° (left) and +45° (right) specimen. The UD90° specimens show large smooth sections where matrix and fibres separated and in resin-rich regions,
peel fracture cusps are visible. Micro-cracks between fibres and matrix at a distinct nucleation plane of around 45° were only found in +45° specimens. The images were recorded

with the digital microscope VHX-7000 (Keyence Corporation, Osaka, Japan).
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Fig. 9. Quasi-static laminate modulus, dynamic and secant modulus for a +45° and +75° specimen at 65% load level. Quasi-static and dynamic modulus correlate well both in

absolute values and shape of the curves.

+ The evolution of quasi-static Young’s modulus and the dynamic
modulus evaluated from hysteresis cycles correlate well, as long
as the specimen temperature does not rise significantly during the
test. Therefore, it is possible to omit periodic interruptions during
fatigue testing for quasi-static modulus evaluation. This would
reduce test complexity if the relative reduction of stiffness is of
interest.

The dissipated energy from hysteresis cycles is not a good mea-
sure for off-axis damage. Dissipated energy starts to increase at

higher cycle numbers than crack onset in the fatigue life and does

not stop to rise after crack saturation.
Carraro’s model for the prediction of the critical driving forces

of micro-damage was used with the here presented experimental
data. The results agree well with Carraro’s observations for a
similar material system. For multiaxially loaded plies, SN-curves
of local hydrostatic stress ¢, and local maximum principal
stress oy, indeed fall into two master curves. This confirms
Carraro’s hypothesis that only two SN-curves are sufficient to
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Fig. 10. Crack density p, and dissipated energy e, for +45° and +75° specimens at different load levels.
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Fig. 11. Dissipated energy per volume e, for a load level 60% and 70%. Specimens with a fibre direction of 60° or higher show little dissipated energy compared to +45°.

characterize the crack onset for laminates with positive transverse
stress and non-negative load ratios.

Micro-cracks between fibres with a distinct fracture plane of
approximately 45° with respect to the fibres can be occasion-
ally spotted in microscopy images of specimens where o, is
the damage driving force. The infrequent appearance can be
attributed to the fact that only in areas with lower local stresses,
these micro-cracks can survive until global failure. In all other
areas, micro-cracks already formed macroscopic cracks. In spec-
imens where o, is the dominant damage driving force, no
such micro-cracks were found and the crack surface is gener-
ally smoother, with peel-fracture cusps in resin-rich regions and
smooth matrix-fibre separations. This agrees well with the con-
cept of two distinct micro-damage modes.

The separation of the underlying micro-damage modes correlates
well with the level of dissipated energy in experiments. Therefore,
the dissipated energy can be used as an indicator for the micro-
damage mode. All tests with ¢, ,. as main damage-driving force
showed dissipated energies at significantly lower levels compared
to oy j,.-driven micro-damage at all tested load levels.

These findings provide a good basis for further improvements of
reliable methods for fatigue prediction. On the one hand, the exper-
imental procedure to provide the data for parameter calibration can
now be performed more efficiently. On the other hand, more reliable
fatigue prediction models can be achieved based on the distinction
of the micro-mechanisms. Further work will be necessary to develop
an appropriate interpolation for multi-axial load cases and arbitrary
R-ratios in order to provide a generally-applicable fatigue model. Addi-
tionally, the role of other dissipative mechanisms (e.g. viscous effects

and plasticity) needs to be investigated to gain a better understand-
ing of the underlying physical phenomena contributing to dissipated
energy and hysteretic heating.
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Fig. 12. Comparison of crack density and stiffness degradation for all fibre directions (a—d). The trend to an earlier start of off-axis cracks for higher load levels is observed for

all fibre directions. Nearly all specimen except UD90° reached crack saturation.

Appendix

A.1. Material and testing details

Material data from static tests and block lengths used to control the
periodic stops in the fatigue tests.

A.2. FEM-model details
To compute the stress concentration matrices needed to map ply-

stresses to local stresses as in Carraro’s model [33], a unit cell with
a square fibre arrangement is loaded with the three basic load cases

Table 1
Block lengths for the periodic stops during the fatigue tests.
Block 1 Block 2 Block 3
Cycles 0-1000 1000-10000 10000-End
Block length 25 100 1000
Table 2
Elastic constants and strength of the composite ply material from static tests.
E, [GPa] E, [GPa] vy, [ G,, [GPa] R, [MPa] R,, [MPa]
31,7 10,7 0,27 3,3 47,6 53,2
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Table 3
Material parameters for the FEM simulations.

Poisson’s ratio [-]

0,22
0,43

Young’s modulus [GPa]

Fibre 70
Matrix 3,5

of stress in fibre direction o, stress in transverse direction o,, and in-
plane shear o/,. For the FEM analysis, the commercial software Abaqus
(Dassault Systems, 2020) was used. The full unit cell with periodic
boundary conditions and 40% fibre volume fraction was generated with
a mesh size of 0.01 at a height and width of the cell of 1 and a depth of
0.01. Note that for this kind of unit cell, the FEM-model is independent
of the length-scale as all lengths are relative. The material parameters
for fibres and matrix are listed in Table 3. For any ply load case, o,
and oy, can be computed from superposition of the stress fields of
the basic load cases and subsequently computing the hydrostatic and
principal stresses. A Python script for the creation of the unit cells
in Abaqus and evaluation of the resulting stress fields is available on
request from the corresponding author.

A.3. Difference of moduli curves

To compute the difference between whole curves of quasi-static
Young’s modulus, dynamic and secant modulus, the mean absolute
percentage error of the smoothed curves is used (Eq. (3)). The relative
difference is used as a measure for similarity.

100%
e = —
n

3

Y1

n

|y1 )
i=1
where y, is the quasi-static modulus and y, is either the dynamic or
secant modulus. Smoothing of the experimental curves is performed
with a locally weighted scatterplot smoothing (lowess) algorithm with
a fraction of 0.1 [36]. This is necessary since the data points of the
different curves must have the same cycle count to compare the curves.
This is not possible from raw data, because the quasi-static modulus
is evaluated during the periodic interruptions and dynamic and secant
modulus are evaluated from cyclic data. Therefore, interpolation and
smoothing are necessary.
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