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Abstract

As the demand on new lightweight materials increases due to economic and environmental
reasons, fiber reinforced plastics seem an interesting solution. In order to maximize their
potential, ways have to be found to introduce damage tolerant designs. To this end, in the
present exercise, the damage caused by cyclic loading is investigated.

Cyclic loading causes loss of stiffness and strength of composite structures. In the present
work a progressive damage analysis model has been built. Damage is tracked by a macroscopic
failure criterion. Failure occurring at levels below the macroscopic level are captured by a
degradation theory which requires S-N curves as input. An attempt is made to use S-N curves
derived from static tests only. Stress solutions are obtained using a finite element package.
In order to bring the macroscopic damage, degradation and stress solution parts together,
a cycle jumping algorithm has been developed which minimizes the amount of FEM stress
solutions required and the required amount of function evaluations.

In its current form, the model is able to properly predict the trend of stiffness and strength
behavior. Showing that a model like this has potential. For the proper predictions of mag-
nitudes, additional failure modes should be modeled and the usage of S-N curves obtained
from large specimens for applying on smaller geometries (elements) should be reconsidered.
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Chapter 1

Introduction

1.1 Background

The aviation industry is in an era where it is continuously growing. Associated with this
growth is the increased use of energy. Not only for manufacturing the aircraft, but especially
in the form of fuel for keeping the aircraft in the air. Fuel usage can be associated with 12%
of the total operating costs of an aircraft according to Swan and Adler [1]. They also state
that fuel consumption is linearly related to the weight of the aircraft. Moreover, it is known
that fossil fuels (currently the fuel of choice for most modern aircraft) negatively impact the
environment. Hence, it seems logical to reduce fuel consumption or to explore alternative
types of fuel, for example electricity. A quick look at the the specific energy (in Wh/Kg)
of jet fuel versus a lithium battery finds values of 11889 and 500 respectively. The direct
effect of this difference is a reduction in the payload carrying capacity of the airliner, for the
case of using a lithium battery as fuel. Concluding, a reduction of aircraft weight will reduce
the energy required and allow for reduction in fuel consumption or increase the feasibility of
alternative fuels. Reduction of aircraft weight may thus be a requirement for the continued
growth of the aerospace industry.

To this end, composites are becoming increasingly popular, due to their high stiffness/strength
to weight ratio [2] and are currently being applied in significant parts in commercial and
military applications, [3]. As of today, the most notable usage of composites in commercial
aviation industry might well be the Airbus A350 and the Boeing 787 where more than 50% of
the structural parts are made of carbon-fiber reinforced plastic (CFRP), [4]. Composite usage
is not exclusive to the aviation industry. Other industries in which the usage of composites
might not be neglected are the wind energy sector (wind turbine blades), civil engineering
(bridges) and the automotive industry, [3]. The way in which composites are used throughout
all these industries varies. In general however, all the composite parts are subjected to cyclic
loads. These cyclic loads may range from 1E5 cycles for fuselage parts, [5], up to 1E9 cycles
for wind turbine blades, [3]. For parts subjected to the lower range of cycles, static designs
might govern the design, but as the amount of cycles increase, so does the dependency on a
fatigue (cyclic loading) governed design increase.
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Figure 1.1: General behavior of strength and stiffness as a function of cycles (n)

With the introduction of composites, new design methodologies have to be introduced. One of
the reasons for this is the anisotropic properties of CFRPs compared to the isotropic behavior
of conventional design materials (aluminum). Moreover, complex damage mechanisms occur
in composites, which at the macro-meso level can be roughly divided into three categories;
delaminations, fiber failures and matrix failures, [6]. One source of damage is the previously
mentioned cyclic loading (fatigue). Currently, the effect of cyclic loading is assessed by costly
full-scale models [7] and hence, knockdown factors are applied early in the design process such
that large changes are not required at this stage (testing-stage) [8]. This design philosophy
may lead to inefficient designs and does negatively contribute to the reduction of weight. An
improvement in the knowledge of fatigue behavior of composites could improve the design
capabilities such that the effects of fatigue can be considered in preliminary design stages.
Moreover, better understanding of fatigue in composites might reduce maintenance costs by
increasing the reliability of damage predictions. This is favorable since maintenance is another
13% of the operational costs of aircraft, Swan and Adler [1].

In the present work, a model is to be built that can be used as an assessment tool for
parameters influenced by fatigue, in order to reduce the usage of knockdown factors and to
increase the efficiency of the design. To do such, deeper understanding is required of the
effects of fatigue. In general, the effect of fatigue on the mechanical properties of a composite
part is the reduction of stiffness and strength. These effects are shown on figure 1.1. This is
just a general trend-line. For example, for high amplitudes, the strength degradation will tend
to be more sudden, whereas for low amplitudes it might be more of a wear-out behavior, [3].
The reduction of strength and stiffness is the result of damage which is accumulated during
cycling. This damage may occur as early as the first cycle and may for instance be driven
by manufacturing flaws, [5]. The way in which these defects evolve during fatigue will be a
complex process involving multiple types of damages which will probably interact to introduce
even more complexity. Another factor which has to be considered is the previously mentioned
anisotropy of composites, which will lead to different S-N curves for different fiber orientations,
whereas for metals only one S-N curve is sufficient due to their isotropic behavior.
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Figure 1.2: Modeling scales, source: Forghani et. al. 2015

It is thought that in order to make a generalized model, which could be applied on different
cases, the use of progressive damage analysis (PDA) might be a possible solution. PDA is one
of the three methods of performing fatigue analysis according to Degrieck and Paepegem [9].
By additionally applying discretization to the model, the resolution and accuracy of such
a PDA can be increased. In general, discretization is done by using finite elements. The
modeling of damage can then be performed on the element level. Kassapoglou [6] suggests
an approach to model fatigue damage, which will be adopted in the present work. In the
approach, it is suggested to make a distinction between scales. There should be a point on
that scale for which there is a model available which can accurately predict damage for that
scale and higher scales. For the scales below that point, a second model is required to degrade
the inputs of the first model such as to account for damage at these lower scales. A schematic
of this idea is depicted on figure 1.2. Where the different modeling scales are depicted. The
red line marks point which distinguishes between damage or degradation in this exercise.

1.2 State of the art

As has been pointed out in the previous section, fatigue is a complex phenomenon. In the
present work, an attempt is made to model fatigue with a progressive damage analysis model
(PDAM). This is not the first work attempting to do such. A literature study has been carried
out in which PDAMs by other authors are investigated, section 1.2.1. In order to use the
approach suggested by Kassapoglou [6], a damage model and a degradation model should be
found. According to Philippidis and Passipoularidis [10], damage models on the micro-scale
are not yet mature enough. Since then, a lot of advancements have been made in micro-scale
modeling however, implementing such models in FEM is complex and time consuming. As will
be shown, the currently chosen macro/meso scale already is very computationally intensive.
In general, there are many failure criteria available for the macroscopic level. If one takes a
macroscopic criterion and applies it on an element level, meso-scale modeling is the result.
The macroscopic failure criteria considered here are of the stress-strain type, which makes
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them well suitable for a finite element package, since stresses and strains are easily extracted
at the element level. An investigation of such criteria is presented in section 1.2.2. Finally, the
scale below macro/meso scale, for which a degradation rule has to be found will be discussed
in section 1.2.3. Due to choosing stress-strain based failure criteria, the degradation rules can
act on strength properties and stiffness properties of the element.

1.2.1 Progressive damage analysis models

A PDAM method aims to predict the damage state of a composite after loading. In this
review, only methods which predict the state after repeated loading (fatigue) will be con-
sidered. The PDAM capabilities vary from residual strength prediction, residual stiffness
prediction, life prediction, to damage propagation prediction. The reviewed PDAMs will be
discussed in order of year of appearance. From the perspective of the approach to be fol-
lowed (Kassapoglou [6]) the PDAM is the model that brings the damage and degradation
laws together.

Shokrieh and Lessard [11,12] presented one of the earliest papers on PDAM in fatigue. The
PDAM work is an expansion on their work on modeling the multi-axial fatigue behavior using
experimental data of unidirectional (UD) [13,14]. In which they developed degradation rules
and failure criteria (damage), discussed later (1.2.2 and 1.2.3). Their work is characterized
by high experimental effort according to Tserpes et al. [15], ply-to-laminate approach (i.e.
characterization is performed on ply level), usage of Hashin [16] type failure criteria, usage of
Adams et al. [17] based degradation rules and a cycle jump which is defined by the user at
the initialization phase. Their verification was extensive, and good correlation was achieved.
Additionally, their model was able to capture initial strength increase of pin/bolt loaded
specimens after adding additional fitting parameters to the degradation rules.

Paepegem and Degrieck [18] have performed the damage assessment using a single step which
was defined as a damage growth rate theory, described in their previous work [19]. This
theory combine stiffness- and strength degradation with a modified Tsai-Wu [20] failure crite-
rion. They did use a proprietary cycle jump theory described in Paepegem et al. [21], which
calculates finite elements (FE) solutions at predefined intervals and extrapolates results in
between. The PDAM has its restrictions, it does not take into account delamination modeling
and it can only deal with a 1 dimensional (1D) applied load. At last, the only verification was
performed on a [0]g specimen in bending, where bending was said to cover multiple stress R.

Tserpes et al. [15] proposed a PDAM for rectangular CFRP. Their failure analysis was 3
dimensional (3D) and included delamination modeling. Moreover, the stress ratio (R) con-
sidered was -1, hence Tensile-Compression (T-C) regime. They tried to implement initial
damage of specimens using a C-scan of the experimental specimens. The observed damage
(found by the C-scan) was simulated using sudden degradation rules at initialization. Their
cycle jump was created by Papanikos et al. [22]. The idea was to only do a stress analysis
for the high and low stress (which are critical), and to jump cycles after applying only grad-
ual degradation for a predefined number of cycles. Good agreement with test results were
obtained especially at low loads, which was thought to be caused by the failure criteria used
(mix of Hashin [16] and Ye [23]).

Lian’s and Yao’s [24] method was special in the way the element properties are initialized.
They used a statistical distribution method to mimic material scatter. They used an imple-
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mentation of Hashin and Rotem [25] failure criteria and performed simulations at a R ratio
of 0. By choosing such a ratio, the risk of getting wrong experimental data is increased, since
it can be possible for the specimen to go into compression due to control errors of the fatigue
machine. Since composites are sensitive to compression, the results might be affected. Never-
theless, they are the only one who used a true cycle-by-cycle simulation and good results were
obtained. However, the quasi-isotropic laminate test-case did not yield satisfactory results,
probably because of not modeling delaminations.

Eliopoulos and Philippidis [26, 27] were the ones who did include a more sophisticated failure
criterion. It was based on Puck et al. [28]. The model implements non-linear theory and is
based to a greater extent on physical phenomena. Delamination modeling however was not
included but cycle-mix effects were taken into account. The cycle jump was implemented
on the basis of user input. Finally, decent correlation was obtained to a large experimental
campaign of various loads, stress ratios and laminate stacking sequences. As with other
methods, results for lower maximum stresses (0,q,) tended to improve.

Nikishkov et al. [8] tried a different approach too. They used a cycle jump method which
tried to predict the number of cycles till failure of an element. Then, a predefined number of
elements with the lowest cycles to failure were failed and the cycle counter advanced with the
largest cycles to failure of the failed elements. To predict the cycles to failure, a combination
of Miner’s rule and failure criteria of Hashin [16] and LaRCO03 [29] were used. The method
was verified on a 88-ply thick specimen and a 16-ply Open-Hole (OH) specimen. Predictions
were of varying quality.

Naderi and Maligno [30] extended the PDAM of Shokrieh and Lessard [11] by including the
effects of material scatter. They did this by using a Gaussian distribution to assign engineering
constant (EC) to the elements. Moreover, they excluded delamination modeling i.e. they only
considered 2 dimensional (2D) stresses. A cycle jump method was implemented which judged
the amount of cycles to be jumped on available fatigue data. Good predictions were obtained
for residual strength, residual stiffness and fatigue life. Results tended to become worse for
increased loads. It was thought that the increased error was caused due to not taking into
account delaminations in the model.

Final remarks on current PDMs The reviewed PDA methods show little correlation in their
usage of failure criteria and degradation rules, from which can be concluded that there is no
generally accepted way in which fatigue can be modeled for a general case using PDA. In cases
where delaminations are neglected, no clear reasoning or restriction is given based on physical
phenomena, except in the work of Degrieck and Paepegem [18]. The biggest similarities were
found in the cycle jump implementation, where the method of determining the cycle jump by
user input was most used and is not based on any physical meaning. This method is clearly
not a sophisticated one. Improvements in accuracy and efficiency might be obtained if a more
advanced algorithm is developed. The reason for using cycle jumping is because in general,
modeling a cycle takes longer than it take to apply such a cycle experimentally. Hence, if a
model is to be feasible, cycle jumping will have to be applied. For example, in the present
work, one cycle can take at least 30 seconds to be modeled. Whereas in an experimental way,
10 cycles can be applied every second (10Hz).
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1.2.2 Macroscopic failure criteria

The failure criteria predict if failure occurs (damage) at the macroscopic scale and above of
that. For increased performance of the PDAM, the failure criterion should also predict the
mode of failure and the failure plane angle. This is such that a proper (sudden) degradation
rule can be applied. The (sudden) degradation rule here is different from the degradation
rule mentioned in 1.1. The (sudden) degradation is used depending on the judgment of the
failure criterion, whereas the degradation rule mentioned in section 1.1 is used on the inputs
of the failure criterion A large amount of failure criteria exist. As has already been said, only
stress-strain based criteria are reviewed. Here, only four criteria are discussed which were
chosen due to them being recommended for the load cases considered in the present work.
The recommendations come from the world-wide failure exercise (WWFE)-I by Soden et.
al. [31] and the WWFE-II of Kaddour and Hinton [32].

Hashin [16] developed the most simple failure criterion of the four criteria reviewed here.
The criterion is quadratic, the reason for this was that it yielded good results (no physical
meaning). No increased accuracy was obtained for higher order models, compared to the
additional complexity induced. Four failure modes can be predicted: Fiber tensile or com-
pression failure and matrix tensile or compression failure. The performance of the criterion
drastically decreases when used in the compression regime. The criterion is not able to predict
the fracture plane angle.

Puck and Schirmann [28] presented a failure criterion which distinguishes between two
modes: Fiber Failure (FF) and Inter-Fiber Failure (IFF). Both modes can happen in ten-
sile and compression. The model is based on brittle fracture mechanics and makes use of
Mohr’s theory. Moreover, it uses the aforementioned fracture plane angle. The criterion
shows improved compression failure prediction compared to the previously discussed Hashin
criterion. The criterion was made for static situations. However, Eliopoulos and Philip-
pidis [26] successfully implemented the criterion in fatigue.

LaRC04, Pinho et al. [33] criterion is increasingly based on physical phenomena (compared
to Puck and Schiirmann [28]) as they tried to model in-situ strengths and fiber kinking. Six
failure modes can be predicted, using 3D stress states. The criterion’s characteristics are that
it includes non-linear matrix shearing, in-situ strengths and the modeling of fiber kinking.
In-situ strengths are strengths based on nearby ply interaction. The criterion does however
need energy release rates to be determined experimentally (where usually only stiffnesses and
strengths are required). The performance seems to be comparable to the criterion of Puck
and Schirmann [28], they both show increased compression prediction performance compared
to Hashin. The criterion was verified using data from the WWFE.

LaRC05, Pinho et al. [34] was introduced as part of the second WWFE. The criteria include
non-linear modeling of shear, transverse and through-the-thickness response of the material.
Mohr-Coulomb was used as the basis for the matrix failure. Although it did not seem to
be the best theory according to the original authors, it was required for prediction of the
fracture plane angle which is an important parameter. Additionally, the model relies on some
numerical calculations to find angles. This may slow down the process if applied on a large
scale (many elements). Notable is that for tensile fiber failure the maximum stress criterion
was used.
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Final remarks failure criteria The amount of existing failure criteria is very large. In this
review a small subset is discussed based on results of WWFE-I and WWFE-II. In total about
30 different failure criteria were tested in the WWFEs. What has been found is that until
today there is no criterion which is best at everything (generality). Instead, a user of failure
criteria should carefully make a choice depending on the application. Where important factors
are loading conditions (low/high, compression/tension, mix etc.) and material such as UD
and multi-directional (MD).

The criteria presented in this review, are the ones which were the best all-round performers,
in terms of different test cases, except for the criterion of Hashin, which was chosen for its
simplicity. The differences in the reviewed criteria lie in their theoretical background and
usage. The Hashin criterion is the only one which does not have a physical basis. The theory
of the LaRC criteria are both quite similar. Moreover, LaRC criteria require more than only
strength parameters as input. Numerical searching procedures are required for all criteria
except the criterion of Hashin. For plane stress cases, the criterion by Puck can also be used
without numerical search of the fracture plane angle. Finally, all theories proposed to use the
maximum stress criterion to predict fiber tensile failure.

1.2.3 Degradation rules

The degradation rules modify the material’s EC due to failure or cyclic loading. There are
two types of rules. Sudden degradation rules act if failure is predicted by the failure criteria.
Notice that failure does not necessarily mean final failure of an element, it can also be partial
failure. The second type, gradual degradation rules, are a function of cycles and are used
in order to account for damage which cannot be captured by the macroscopic failure criteria
reviewed in the previous section. The gradual degradation rules cannot distinguish between
damage modes, instead, they act on specific types of ECs used by the macroscopic failure
criteria.

Sudden degradation rules

As has been said, sudden rules act on the failure mode predicted by a failure criterion. Hence,
the sudden rules should be adapted to the failure modes of the used failure criterion. Typically,
the sudden degradation rules are developed as the PDAM is built. Examples of these can be
found in sources [8,11,15,24,26] which have already been discussed in the previous section.
The most notable characteristics of these rules are that they typically distinguish between
fiber and matrix, and between compression or tension failure. In some cases the rules act on
the basis of the fracture plane angle.

The sudden degradation rules presented in the references previously mentioned have two main
characteristics in common. Fiber failures always causes catastrophic failure and reduce all
ECs on the element on which the failure happens to zero (or near zero due to numerical
considerations). Second characteristic is that failures related to the matrix always cause a
partial loss of transverse stiffness. The amount of loss varies between theories, although Liu
and Tsai [35] argued that the exact amount is not that important since the predictions of
failures is already not exact. Moreover, by decreasing the element on which the failure acts,
the importance of the degradation value is reduced even more. Finally, the sudden rules do
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not depend on experimental data and the the degradation values of matrix failures are often
not well substantiated.

Gradual degradation rules

Gradual degradation rules act as a function of cyclic loading. Requirement is that there is no
catastrophic failure (on element or ply) predicted by the failure criteria. The rules may then
act on the basis of one cycle, or can be modified to capture more cycles at once. In the present
review, two types of gradual degradation rules are considered, gradual stiffness degradation
and gradual strength degradation. Gradual stiffness degradation should be modeled as to
track stress redistributions. Stress redistributions will influence the accuracy of the stress field.
Since the stress magnitude is the main driver for both gradual degradation rules considered
here, an accurate stress solution is desired. Gradual strength degradation is required to
properly fail elements and to eventually predict the residual strength.

Strength degradation rules were reviewed in Philippidis and Passipoularidis [10], they com-
pared various theories, and concluded that there is no rule that is capable of performing well
in all cases (material, loading, geometry etc.). Moreover, they found that simple rules did
perform better than more complex rules, this is if you take into account the increased exper-
imental effort required for the complex rules. The gradual degradation rules found will now
be discussed in order of year of appearance.

Broutman and Sahu [36] proposed a linear strength degradation rule. It is a simple equa-
tion and requires as only inputs the initial static strength and the parameter N which is
the fatigue life and in general is obtained from S-N curves. Modifications to the original
equation were made by Philippidis and Passipoularidis [10] to include the cumulative den-
sity function (CDF) and by Eliopoulos and Philippidis [26] to include the ability to predict
under compression loads. The equation can be applied on element, ply and laminate level.
All works mentioned in this paragraph tried to verify the equation. Good correlation was
obtained between predictions and experimental results. Again, lower stresses yielded better
predictions. At last, this theory was one of the recommendations made by Philippidis and
Passipoularidis [10] due to the low experimental effort required.

Adams et al. [17] proposed an interaction model of stress ratio and cycle ratio. These two
ratios may be combined using two additional experimental fitting parameters. Advantage of
the theory is that after characterization it may be used for various R ratios and that it is
able to adopt to wear-out and sudden behavior. Elaborating on this, wear-out means more
gradual final degradation and this behavior is noticed on low-level stress. Whereas sudden
behavior has a more sudden final degradation and happens in general at high-stress levels.
The theory was used in the work of Shokrieh and Lessard [11]. Although, they did modify the
equations in two ways, one of which was including an additional term which should be able
to catch the initial strength increase in pin/bolt loaded specimens. The modification required
an additional three experimental parameters. Moreover, they translated the theory in a way
that it could be used as stiffness degradation. Both the modified strength degradation and
stiffness degradation of Shokrieh and Lessard [11] were adopted in the work of Naderi and
Maligno [30]. Implemented in their PDAM methods the theory was verified by Shokrieh and
Lessard [12] and by Naderi and Maligno [30] and it provided good predictions. Again, the
high-level stresses proved to be more difficult to predict.
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Paepegem and Degrieck [19] introduced a hybrid method to track damage growth. The
equation incorporates stiffness degradation, strength degradation and failure criteria theories.
The idea was to catch the stiffness degradation as it physically seems to occur. Hence, initial
degradation, then slow degradation and at last rapid degradation. This was achieved by
implementing a damage variable D acting on stiffness and strength. The residual strength
was incorporated in the failure criterion of Tsai-Wu [20]. The failure criterion is then used
to predict the reserve factor. Finally, the theory seemed to predict reasonably, especially at
lower stress levels. As has been mentioned, the theory however has its restrictions. It can
only be applied on 1D loading and is not capable of modeling delaminations.

Tserpes et al. [15] used experimental fits to predict property degradation. For stiffness degra-
dation a linear relation was used and for the strength degradation a second order polynomial
fit was used to be able to catch the steep final degradation. The rules were applied on element
level.

Kassapoglou’s [37] model looks similar to that of Broutman and Sahu [36], however it is non-
linear. It does only require N (fatigue life) and the static strength as inputs. In previous work,
Kassapoglou [38] established a method to derive the S-N curve from statistics of static strength
tests only. The theory is based on his proposed residual strength equation (although it can be
used with other residual strength equations too). In Kassapoglou [6] the models of Broutman
and Sahu [36] and Kassapoglou [37] were compared and verified against experimental data.
There was not a single equation which did perform best. Discrepancies of maximum 10% were
found for the model of Kassapoglou [37] and 8% for the model of Broutman and Sahu [36].

Lian and Yao [2/] thought that stiffness and strength could be related to each other since
they happen due to the same accumulated damage. Hence they related the two with a single
exponential parameter. Four experimental parameters are required (for every longitudinal,
transverse and shearing direction) for modeling both residual strength and stiffness, although
one parameter can be approximated. The theory was used in a PDAM and showed good
predictions except for quasi-isotropic laminate. However, it was said that this happened due
to neglecting delamination modeling.

Eliopoulos and Philippidis [26] used a non-linear regression fit on experimental data to predict
stiffness degradation, where tension and compression modes required different experimental
parameters. Their implementation in PDAM yielded slightly optimistic results for residual
stiffness.

Concluding remarks gradual degradation rules The presented theories are quite different.
They do not show any remarkable similarities in terms of modeling principle. What they do
have in common is that they all require N as input. This is a problem since the determination
of S-N curves is not well understood and requires a large experimental effort. One promising
method to obtain the S-N curve is the method proposed by Kassapoglou [38], however it must
be determined if this method is applicable. There is no clear 'winner’ among the proposed
gradual degradation methods, the recommended method has to be assessed on a case-by-case
basis. One thing that was remarkable, but can not be admitted per-se to the degradation
rules is that in general increase of ya2 /0wt O Opmin /0w yielded worse predictions compared
to predictions at lower load ratios.
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1.3 Outline

In what follows, the structure of the present work is established based on the reviewed litera-
ture and the guidelines proposed in chapter 6 of Kassapoglou [6] for the modeling of fatigue,
as has already been mentioned. It can be noted that the same approach was used by the
previously reviewed PDAMs. From the background, a main research question can be derived:

How can fatigue be modeled using PDA in combination with FE?

Additionally, some sub-questions can be formulated from the conclusion drawn in the litera-
ture review (section 1.2):

How should the macroscopic damage law be implemented?
What type of degradation theories should be applied?

Can an algorithm for cycle-jumping be developed relating damage and degradation to find
the amount of cycles to be jumped?

How should such a cycle-jumping be implemented in a fatigue modeling framework?

The research questions will be addressed in this thesis. To realize this, various topics will be
discussed in this work. The subjects are shown below:

e Build a model which judges failure at the macroscopic level by building a PDA model
for quasi-static determination of strength (chapter 2).

e Develop a sophisticated cycle-jumping algorithm which is based on the relations between
the damage and the degradation model (chapter 4).

e Carry out an experimental campaign to obtain input and validate the models (chapter
3).

e Implement a fatigue degradation theory to track damage created below the macroscopic
scale (chapter 4).

The model will be developed for OHT specimens. There were three reasons to choose such
a geometry. First reason is that not much research is known to the author on open hole
specimens regarding fatigue (except maybe for the work of Shokrieh and Lessard), hence it is
interesting to investigate behavior of such a geometry in order to investigate effects of the hole
on fatigue. Second reason is the interesting stress distribution around the hole, which will
cause various values of 0,4, throughout the specimen. Finally, the stress concentration will
ensure that failure will occur around the hole, eliminating the need to take into consideration
modeling the effect of tabs. The use of tabs in general is required in order to reduce the
stress concentrations caused by the machine clamps. The proper selection of tabs however
is more an art than a science according to American Society for Testing Materials (ASTM)
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standard [39]. Experimental specimens failed near the clamps should be disregarded, which
especially for fatigue can increase the duration of the experimental campaign.

The developed model should be able to complete within 24 hours, this is a requirement by the
project initiators. Some constraints are induced due to the length of this project (9-months).
The experimental campaign should be limited as much as possible. The selection of a failure
criterion and degradation theory will be influenced by this since these two parts depend to a
large extent to experimental input. However, the model developed in this work is built in a
way such that the user may use any type of failure or degradation laws (subjected to some
limitations which will be discussed later). In this way, depending on the experimental data
available to the user, proper laws can be selected.
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Introduction




Chapter 2

Quasi-static progressive damage model

In this chapter, a quasi-static progressive damage model will be developed. The model is
used to predict the (residual) strength in the modeled specimen by making use of macroscopic
failure theory which predicts damage based on the stress state. The stress state is evaluated
by finite element (FE) theory. These two parts of the model (stress solution and macroscopic
failure analysis) will be built upon in the upcoming fatigue model, chapter 4. The model is
static in the sense that the stress analysis is based solely on static theory, but quasi-static
since multiple load increments are analyzed.

The model will be presented by first looking at the flow chart which describes the methodology
of the model (section 2.1). The FE model will provide stress analysis and its setup is described
in section 2.2. The macroscopic failure theory used to predict damage propagation is based on
the original failure criterion by Puck and Schiirmann [28] and its implementation is described
in section 2.3. Finally, in section 2.4 the model parameters are identified such that an efficient
model is built which is validated and converged.

2.1 Flow-chart

The flow-chart diagram of the model is presented in figure 2.1. The flow-chart represents the
methodology of the PDA. This section is divided into sub-sections according to the blocks of
the flow-chart.

2.1.1 Initialize FE model

The PDA is performed on a 3D model of the specimen. The model creation is automated
using a Python script which instructs ABAQUS commercial code how the model should
be built. Every element is assigned a unique material, such that property degradation can
be performed on the element level. The detailed description of the model can be found in
section 2.2 where modeling parameters are discussed. The objective is to make the finite
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Figure 2.1: Flow-chart diagram of the quasi-static PD model
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element model simulate the experimental setup as accurate as possible (regarding, boundary
conditions, mesh refinement, damage pattern, etc) so as to obtain a stress solution being close
to the real stress state, while keeping computational effort as low as possible (i.e. within the
required 24 hours).

e Output is the finite element model including BC’s and mesh parameters.

2.1.2 Stress analysis

Stress analysis is performed based on FE theory using the solver of ABAQUS commercial
code. The input model for the stress analysis changes every iteration due to the load increase
(section 2.1.6) and material property degradation (section 2.1.5). The stress solutions are
required as input for the failure analysis and final failure criterion. The details are discussed
in section 2.2 and section 2.4. It has to be emphasized that FE are solely used for the
determination of the stress state, all other procedures are performed in Python.

e Output is the stress solution at every element (average of integration points).

2.1.3 Final failure?

The final failure decision is included such that the iteration ends. The final failure criterion
(or global criterion) should correctly predict if a crack is present which causes fracture in in
a plane perpendicular to the load and parallel to the width. Hence, failure is defined as the
moment where the specimen is unable to carry load. It should be noted here, that for the FE
model, there will not be a moment where the specimen is not able to carry load. This is due
to not being able to degrade properties to zero for numerical reasons. Moreover, it is assumed
that there is no deflection limit. The details of the global failure criterion are described in
section 2.3.

e Qutput is the decision to continue or stop the analysis.

2.1.4 Failure analysis

The failure analysis uses the stress solution to predict failure on the element level. Addition-
ally, the failure criterion used is able to distinguish between modes of failure and the failure
plane angle. This output is needed for proper material degradation. An elaborate discussion
on the failure analysis and its theory is given in section 2.3. The element failure state is
passed on to the material property updater for further processing.

e Output are/is the location(s) of failure(s), type of failure(s) and the fracture plane
angle(s) (if applicable).
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2.1.5 Update material properties

Using the results of the failure analysis as input, the material properties are updated. The
approach used is to degrade certain stiffnesses. Which stiffnesses are degraded depends on
the failure mode. The method of determining which stiffnesses are to be degraded are based
on physical reasoning. The details are discussed in 2.3.

e QOutput is updated engineering constants on the element level.

2.1.6 Increase load

Finally, the specimen load is increased. This direct increase of load requires an assumption.
Since the failure of elements will cause a stress redistribution, one could argue that the load
should not be increased until no more failures happen (requiring multiple stress analysis at the
same load level). However, here it is assumed that failure is a dynamic process and can not
happen instantaneous (which involves viscoelastic effects, beyond the scope of this research).
Thus, as long as the load increment is chosen small enough the model will be able to simulate
the failure process properly. The size of this increment is to be determined in the convergence
study, section 2.4.

e Output is an increased load/displacement.

2.2 Finite element modeling

The FE model is used to provide stress solutions/states. These stress solutions are to be
used for failure prediction and sudden property degradation of each element. The choice was
made to perform the PDA implementation outside of the ABAQUS environment utilizing the
Python programming language. The reasons were two. The model generation can be auto-
mated using the same Python script. Moreover, to implement such routines inside ABAQUS
would require the use of FORTRAN, which is not further pursued in this work. Drawback
of this decision was that analysis time will probably increase. More on the automation and
model creation is described in section 2.2.1.

Due to the geometry of the tested specimen, it is expected that out-of-plane stresses will
occur. These out-of-plane stresses arise due to edge effects (Kassapoglou [40]). Since edges
occur at the critical location (hole) it was thought to be good practice to create a model which
is capable of providing out-of-plane stresses, resulting in the choice of brick elements. The
element choice is further discussed in section 2.2.2. Non-linear behavior has been observed on
shear elastic properties. According to Lagace [41], non-linear effects should be accounted for
when modeling parts with stress raisers (such as OHT specimens). Thus, a constituent model
is written to include the non-linear shearing effect, section 2.2.3. The boundary conditions
for the model were chosen with two things in mind, proper simulation of the real world
environment and increase of computational efficiency. The boundary conditions are described
in section 2.2.4. Finally, the load introduction is described in section 2.2.5.
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2.2.1 Automatic model generation

A script file, written in Python was created to automate the FEM and PDA process. The
Python scripts pursues a routine similar to the flow-chart presented in the previous section
(figure 2.1). Before running the script, the user has to provide geometry, lay-up, displacement
step and meshing parameters. The script then creates a 3D deformable body. What is
important in particular, is that every element gets assigned a distinct material. This is
required such that during the progressive damage (PD) analysis properties can be updated
per element. The distinct material per element will also be exploited in the fatigue analysis.
Other important aspects of the model creation are described in the subsequent sections. When
the model has been set-up, the model is submitted for analysis by the same script. After
analysis completion, the script calls the failure analysis (section 2.3), updates the material
properties accordingly and increases the load by the given displacement step if final failure
has not occurred.

2.2.2 Element choice

Element selection was based on the ABAQUS user documentation, Dassault Systemes [42]. A
large library of elements is available in ABAQUS, applicability depends on the case studied.
In general, composites are modeled with shell or continuum elements. Shell elements are
used in 2D situations where only in-plane stresses are expected, continuum elements extend
the stress spectrum to 3D and are used on more complex stress states. The area of interest
in this thesis is mainly the hole, since damage is expected to start there due to the stress
concentrations, Lekhnitskii [43]. The edges of the hole will cause out-of-plane stresses and
hence, the choice was made for continuum elements since these elements are advised (by the
documentation) when out-of-plane stresses occur. The shape of the element is chosen as brick
(hexahedral) since it is advised by the documentation for better accuracy and efficiency [42].
Shear and volumetric locking were not expected since no bending is applied and the material
is compressible (i.e. poisson’s ratio smaller than 1). Therefore, it is possible to use full
integrated elements. Reduced integration was also considered but these elements could suffer
from hour glassing. Due to the implementation of non-linear shear stress it is a tedious task to
implement hour glass control since updating the hour glass stiffness is not as straight forward
as updating the other stiffnesses. Therefore reduced integration elements are omitted.

Two element strategies were considered. The first method results in a single element through
the thickness of the model with output at various section points, one for every ply. The various
plies are added by using a composite layup section. This method reduces computational cost
and model complexity. However, the aspect ratio of the elements near the hole increase and
therefore it was thought not to be good practice to use this strategy. The second method was
giving every ply its own element through the thickness. It was thought that this method would
give better stress predictions due to the increased amount of nodes. Second geometrical order
elements were also considered since they are advised for problems with stress concentrations.
Analysis time however increased in a way that the 24 hour requirement could not be met. The
reason for this is probably the mesh refinement. In general, second order elements require less
mesh refinement. However, for the progressive damage analysis, small elements are favored
since they can give a higher resolution picture of the damage development. The reason for
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Figure 2.2: Example shear stress strain curve of AS4/8552 material

this is that failure is judged element wise, and hence if an element is smaller, the pattern
obtains an higher resolution.

2.2.3 Non-linear shear behavior

According to Lagace [41], non-linear behavior happens in two modes. Stiffening due to lon-
gitudinal tension in the ply (in a ply oriented axis, so longitudinal is parallel to the fibers)
and softening due to shearing. The largest non-linearity is that of shearing, with a modulus
change of 105% versus 13% effect on longitudinal tension according to the source. Puck and
Schiirmann [28] suggest an additional non-linearity is present in the transverse compression
stiffness. Only shear stress is accounted for in this thesis, the transverse compression mainly
happens outside of the critical area and will thus be neglected. An example shear stress-strain
curve is shown on figure 2.2. The data-points are obtained by DIC and are truncated just
before final failure. As Lagace [41] states, just before final failure the tangential modulus
turns negative. It could be argued that the shown non-linearity is caused by partial or total
ply failures. In that case however, large discontinuities should be visible.

A plot such as shown on figure 2.2 is typically obtained from an in-plane shear test such
as ASTM D3518. Before using the data in finite element analysis (FEA), it has to be pre-
processed. To obtain a smooth function, a polynomial interpolation is performed. The order
of interpolation depends on the data and the required accuracy (R?). In general, a fourth
order polynomial is accurate enough (i.e. R? =~ 1). Finally, to ensure that the failure criterion
is able to catch the failure, the shear-stress is not allowed to go bellow the failure stress after
the strain has passed the point of maximum shear stress. Implementation of this material
behavior was achieved through a UMAT subroutine utilizing FORTRAN. Although it has
been previously mentioned that using FORTRAN was avoided, for the the implementation of
material non-linearity the use of FORTRAN was straight forward and hence it was favored.
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Figure 2.3: Comparison between simulated and experimental shear stress-strain data of an ASTM
D3518 experiment (in-plane shear)

In this subroutine, the tangential in-plane shear modulus is calculated by equation 2.1.

T Tj12 = Ti12

Gl = Yj12 — Vi,12 21
Where the shear stresses are calculated using the polynomial fit of the data points as explained
earlier. As input, the respective strain (i,j) is inserted in the fit. The strains are provided
by ABAQUS. In case of 7,12 being zero, equation 2.1 gives the secant modulus. Using the
secant modulus yields better results according to Puck and Schiirmann [28]. Therefore, the
maximum step in ABAQUS is set to 1 (from zero load to maximum load in one increment)
such that, if possible, the secant modulus method is used with multiple iterations instead of
using the various smaller increments in combination with the tangent modulus. The choice
of method is determined by ABAQUS solely.

To validate the implementation, the ASTM D3518 test was simulated in ABAQUS using the
FORTRAN subroutine. Results were compared to the actual experiment, shown in figure
2.3. For the simulated model, a model was made with 3600 elements, a geometry according
to ASTM and clamped at the short edges. Figure 2.3 shows that this first simple model for
non-linear approximation yields reasonable results. However, as Puck and Schiirmann [28]
suggest, there will arise interactions if different stress states are applied by the other non-linear
modes (transverse compression and parallel tensile stress). These effects are not captured in
this model but are considered to be outside of the scope of this research.

2.2.4 Boundary conditions

BCs are to be used for two reasons. First, BCs are essential in simulating the real world
model behavior. Second, BCs can be used to reduce computational cost by taking advantage
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Figure 2.4: Symmetry planes in OHT specimen

of (anti-)symmetry planes. This allows modeling only a part of the model, reducing the total
amount of elements required. Two boundary conditions are required to simulate real world
BCs of the testing machine. These two BCs simulate the clamps of the testing machine.
Since the machine uses clamps, it is logical to use the encastre conditions in Abaqus i.e.
constraining all degrees of freedom.

The BCs which can be used to model only parts of the total model are now discussed. Looking
at the geometry and loading conditions, three symmetry planes can be found. These planes
all intersect at the center of the hole and each follow one of the three axis, x, y and z. The
symmetry planes are shown on figure 2.4 and their required boundary conditions are shown
in equation 2.2.

zy —plane; z=axr=xy =0

yz —plane; xz=yr=zr=>0 (2.2)

xz —plane; y=xzr=2zr=0

The symmetry plane which cuts the specimen in the yz-plane, requires the applied displace-
ment to be halved to create the same applied strain. Moreover, the usage of £45plies can be a
problem in using all three symmetry conditions. Symmetry planes yz and xz become valid by
approximation if +45 plies are introduced in the model. This happens due to that symmetry
conditions behave like a mirror. The effect of this is shown on figure 2.5. This effect happens
due symmetry implying a force equal in magnitude but opposite in direction. If we take for
example the symmetry in the yz-plane, the restriction of the movement in x is what causes
wrong simulation. If now 0 plies are added to the layup, the movement along x physically
gets restricted compared to a case with no 0 plies. The result of such a 0 ply hence is that
the error of the symmetry approximation is reduced. The same can be said for 90 plies and
symmetry in the xz-plane. It can thus be concluded that the accuracy of the approximation
is a function of the lay-up. Moreover, it can be expected that damage in plies surrounding
the £45 plies (including the +45 plies) will cause the approximation to become less good.

To assess the accuracy and effect of the approximation, it is advised to run a full model
(without symmetry boundary conditions) and compare it to the desired model with symmetry
BCs every time the layup, geometry and/or material is changed. Not only the predicted failure
strengths should match, but the generated failure pattern too. Engineering judgment is then
required to decide if the approximation is well enough. The z-symmetry (cut through xy-
plane) is always valid throughout this exercise, since only balanced and symmetric layups are
used. Finally, the BCs are applied nodally.
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Figure 2.5: Left, symmetry boundary applied causes mirror effect on a 45 layer. Right correct
representation of a 45 layer.

2.2.5 Load introduction

Load introduction happens on one of the short edges of the specimen. The load is applied as
a displacement along the x-direction. This method was chosen since it simulates best a dis-
placement controlled experiment which will be used to validate the model. The displacement
increment (step) may be determined by a convergence study as is performed in section 2.4.

To reduce computational time, the first increment is automatically determined such that it
does not cause damage. The automatic calculation of initial displacement happens as follows.
An arbitrary load is applied on the specimen. After which the matrix FI is calculated for all
elements. The maximum FI is then obtained and the initial displacement is calculated by

equation 2.3.

1
Uinit — Ugrd * T . 09 (23)
max

2.3 Macroscopic failure criterion

In order to track damage progression, a failure criterion is required which can asses if elements
have failed. Moreover, prediction of the damage mode helps in properly modeling behavior
after damage has occurred, since damage does not always lead to final failure. There exist a
lot of different failure criteria. According to Philippidis and Passipoularidis [10] they can be
divided into two classes, mechanistic and phenomenological. The first class tries to model at
the microscopic level. The potential of this theory lies in low experimental effort and increased
applicability. Disadvantage is, that these models are not mature enough to be applied widely.

The second class is applied on the macroscopic level and is more mature. Theories often
rely on inputs like stresses and strengths. To choose a proper failure criterion among the
large amount of failure criteria, the WWFE I, II and III were used as starting point. The
first exercise, Hinton et. al. [44] started as early as 1998 and focused on 2D stress states.
The focus of the second exercise was on 3D stress states and started in 2012, Hinton and
Kaddour [45]. Finally, the third exercise was launched in 2013 by Kaddour et. al. [46]. It
focused on damage, matrix cracking, delaminations and stress gradients. When looking at the
element level, the OHT specimen consists of various stress states, the majority of the elements
can be approximated by a 2D stress state, near the hole and near the edges however, 3D stress
states arise due to the edges and stress concentrations involved.

The choice was made to use a classical stress-strain based criterion. The criterion of Puck
and Schiirmann performed well in both 2D and 3D stress states, Kaddour and Hinton [32]
and Soden et. al. [31]. It requires a fair amount of experimental input and was thus chosen
as the macroscopic failure criterion. The implementation is described in section 2.3.1.
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Material property degradation rules are required to define the behavior of the material after
failure has been predicted by the failure criterion. The available so called sudden degradation
rules are all based on physical interpretations and are further discussed in section 2.3.2.

Finally, a criterion is needed to stop the progressive damage analysis. This is discussed in
section 2.3.3

2.3.1 Puck and Schiirmann failure theory

The failure criterion was presented for the first time in 1998 by Puck and Schiirmann [28].
Multiple papers have been published hereafter by the authors trying to improve the criterion
and increase its applicability. The theory was implemented in commercial code by Puck
and Schiirmann [47]. Guidelines for the determination of the different variables were also
presented by Puck et. al. [48]. Description of the full 3D criterion for the usage of WWFE-II
was done by Deuschle and Kroplin [49]. The last known publication is the paper by Puck
and Deuschle [50] which is on analytical solutions to 3D stress problems. The failure criteria
distinguish between two general failure modes, fiber failure and inter-fiber failure. In this
work, the work of Deuschle and Kroplin [49] is adopted as the starting point.

Fiber failure (FF) As the name implies, fiber failure mode is the mode where fibers fail.
Most authors, such as Shokrieh and Lessard [11], Lian and Yao [24] and Eliopoulos and
Philippidis [26] consider this as a catastrophic failure mode. This means that after fiber
failure the specimen (element) is unable to carry load. The most simple form to determine
fiber failure is by the maximum stress criterion, equation 2.4.

011

Flrr =y

(2.4)

Where X/¢ is the tensile/compression strength of the material parallel to the fibers and o1
the applied stress in a ply oriented axis. Finally, F'Ipp is the failure index. If the failure index
exceeds one, it means failure has occurred. For the case however, that there is multi-axial
loading and stresses o992 and o33 are approximately the same order of magnitude as o1 the
FF criterion was extended by Puck and Schiirmann [28] as follows. In the case of multi-axial
loading, it is said that for failure, the stress in the fibers, 011, should reach a fiber stress load
identical to a case that would cause failure in an uni-axial case with only 011 applied. Hence,
the fiber stress is to be determined in both cases. A complete derivation will not be given
here but can be found for example in Puck and Deuschle [50]. The derivation is based on the
assumption that under all loading conditions the strain in the matrix and fibers will be the
same. Additionally, a stress magnification will occur in the transverse direction due to the
difference in stiffness, soft and stiff for respectively the matrix and fiber. This magnification
factor mgy is determined as 1.1 for CFRPs. The final equation then becomes equation2.5.

1 En
Flrr = <7 (Uu - (le oy msf) (022 + 033)) (2.5)

Where failure occurs if F Frp is higher than 1, X¢ is defined to be negative and the subscript
f denotes fiber properties.
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Figure 2.6: Picture showing definition of failure plane angle and related stresses (in 3D).

Inter-fiber failure (IFF) The basic idea is that IFF happens in an intrinsically brittle man-
ner. Due to this, Mohr’s fracture theory is chosen as the basis. It is then assumed that
fracture happens solely due to stresses acting on the fracture plane. The key is then to find
this fracture plane and the failure strengths which belong to this plane. The fracture plane is
parallel to the fibers and can be inclined by a fracture plane angle 6f,. The exact definition
of 0, is shown on figure 2.6. To find the fracture plane angle, there exist various methods.
The more general 3D case requires the usage of numerical search, a computational expensive
process. Analytical solutions have been presented for the in-plane case 092,712 and a special
3D case 092,033,723 by Puck and Schiirmann [28] and Puck and Deuschle [50] respectively.
3D stress states are expected in the specimen under investigation in this thesis. Especially at
the hole edges. Since fracture is expected to concentrate around the hole, the criterion will be
applied in its full 3D form including all stresses o11, 092,033, 712,713 and T23. To reduce the
computational cost, an extended Golden section numerical search is implemented according
to Wiegand et. al. [51]. Additionally, a fiber parallel stress correction factor is applied as
proposed by Deuschle and Kroplin [49]. The criterion, its required action plane strengths,
the correction factor and the numerical algorithm will be discussed briefly now. For a full
derivation the reader is referred to Puck and Schiirmann [28], Wiegand et. al. [51], Deuschle
and Kroplin [49] and Puck and Deuschle [50] respectively.

Proceeding with the statements made at the beginning of this paragraph, assumed is that the
material behaves intrinsically brittle. This means that an applied normal stress perpendicular
to the action plane of a material will cause fracture in the plane parallel to the action plane.
To obtain the stresses on a stress action plane the transformations shown as equation 2.6 are
required.

on(0) = o9 - c0s%0 + o33 - $in’0 + 2793 - sinb - cosd
Tnt(0) = —022 - sinb - cosh + o33 - sinb - cosh + To3 - (60329 — sin29) (2.6)

Tn1(0) = T13 - sinf + T12 - cosl

The angle 0 is the inclination of the action plane. In general, this angle may vary from —90°
and 90°. With the angle known, the failure index is calculated by equation 2.7 if o, > 0 or
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2 2 z
+ (T"t(9)> + <7"1(9)> + v, 0 (27

by equation 2.8 for o, < 0.
RY| R Riy

Flipp(0) = J KRI‘L“ — %i) on(9) ”
1

2 2 . 2 -
FI]FF(Q) _ \l (Tnt(9)> + (Tn1(9)> + (pJ_\IJ Un(9)> + ZJA\I/ Un(e) (2.8)

A A A
BT R’y Ry 1w

Where R constants denote strengths, p constants are inclination parameters on the master
fracture body and the superscripts A,t and c¢ indicate action plane, tensile and compression
respectively. Symbols | and || denote transverse and parallel to the fibers. Finally, ¥ is
the angle between the resultant of the shear stresses 7, and 7,; (shown on figure 2.6. The
parameters for equations 2.7 and 2.8 can be determined after the action plane related strengths
are known. The action plane tensile strength is the same as the transverse tensile strength of
the ply (equation 2.9).

Rt =Y, (2.9)

The shear stress strength of the action plane is the same as the shear stress strength of the
ply (equation 2.10).
Ry = 891 = S (2.10)

Finally, the action plane strength denoted as Rf | can not be related to any standard material
strengths. Also it is difficult to obtain by experiment according to Deuschle and Kroplin [49].
Instead, it is reconstructed by equation 2.11.

Y
A c
R, = 2.11

1+p9,)
Recommended values for the inclination parameter p< | are given in the sources mentioned
earlier and vary between 0.25 and 0.30 for CFRP’s. Changing this value does not change the
FT at the critical fracture angle and thus a value may be arbitrarily chosen because this thesis
will only utilize the FI at the critical fracture angles. The unknowns of equations 2.7 and 2.8
can now be found by using equations 2.12, 2.13 and 2.14.

2

2 Tnt
cos“V = —(— 2.12
Tor + Th1 (2.12)
-2
Tnt + Tnl
pt,c pt,c pzvjl
1w 11 2 .2
T = SiocosV A+ —FsintY (2.14)
Riy RY, ]

With all parameters determined, the only thing that remains to be done is to determine the
fracture angle (fy,) i.e. the angle at which FI is maximized. A standard procedure would be
to examine FI at all possible angles between and including —90° and 90° and selecting the
angle # which causes the largest FI. Depending on the required resolution this could take for
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example 180 evaluations of FI for a precision of 1 degree. If this method is to be applied on a
large element set, the computational cost rapidly increases, especially since the calculations
are done using an interpreted language. Therefore, instead of a numerical search, a numerical
method known as the extended Golden-section search is applied as proposed by Wiegand et.
al. [51]. The method starts with a normal Golden-section search which has obtained its name
from the golden ratio it uses which is defined as equation 2.15.

1445
2

¢ (2.15)

The golden ratio defines two intervals a and b which together form the analyzed interval. In

this case, the starting interval is —90° and 90°. The ratio that should hold between these two
intervals a and b is found by equation 2.16.

=& (2.16)

b_a (2.17)

The endpoints of these three intervals are defined by four angles # as shown by equations
2.18.

>
[y
>

3]

a=|

b= 103,0,] (2.18)
at+b= [91,92} ’

c= [93794

Where 61 and 65 are the boundary angles, which for the first step are —90° and 90° respec-
tively. The failure index is then evaluated for angles 03 and 64. If now Fl;pp(04) > Flipr(0s)
the process is repeated for boundary angles 65 and 64. In case of using a legacy Gold-section
search, the process is repeated until the interval 6; and 65 is sufficiently small. The extended
method as proposed by Wiegand et.al. [51] however uses an interpolation method to reduce
the amount of iterations required for the Golden-section search. The interpolation method is
called an Inverse Parabolic Interpolation and assumes that FI;pp is locally a parabola as a
function of #. The fracture plane angle 7, can then be calculated by equation 2.19 at the
cost of two extra evaluations of Fljpp.

6~ Oy — 1 (62 — 61)*(FlLirr(2) — Flirr(03)) — (02 — 63)°(Flipr(02) — Flrrr(61))

P 2 (02— O1)(Flipp(02) — Flipp(03)) — (02 — 03)(Flpr(02) — FIIFF(Ql)()Q 19)

With the now determined 6y, the failure index can be determined by calculating FIrpr(0¢p).

At last the correction factor due to stresses parallel to the fibers is discussed. The correction
is applied on the basis of the following arguments. The theory of Mohr does not include any
effects due to stresses parallel to the fiber. However, experiments have shown that there should
be some interaction. The idea is that before the FF mode, some fibers will have already failed.
This can be supported by statistical laws according to Deuschle and Kroplin [49]. Hence, some
fiber-matrix debonding will have occurred, which influences the action plane related strengths.
For simplicity it is assumed now that these influences are independent of 8. The weakening
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factor then tries to approximate the transition of IFF to FF and vica versa by an ellipse. For
a general load case the weakening factor is then defined as equation 2.20 with m and s being
0.5 since no experimental data is available.

ot (FIIFF(pr)) _ c(a\/m+s)

Flpp (ca)® +1 (2.20)
_ Flirr(05p)
Flpp
And is valid as long as % > M%iﬁf”) > m. The final FI is then calculated by 2.21.
FI 0
Flrrrp,, (0p) = 171( to) (2.21)
w

2.3.2 Sudden material property degradation

There do not exist complex theories on how to degrade material properties. Instead, in
general, logical reasoning based on physical effects are used. The theory applied here is the
theory introduced by Deuschle and Kroplin [49]. The theory seems applicable since it was
developed especially for the failure criteria used. Moreover, Perillo et. al. [52] suggest that
there is no large difference between various sudden degradation theories. For fiber failure,
all ECs are multiplied by (1 — d) i.e. drop to almost zero !. The value of d is determined
later in this paragraph. For matrix failure, the theory is that in principle a crack will cause
a stiffness loss perpendicular to its own plane. Deuschle and Kroplin [49] suggest that the
stiffness drop of shear moduli should be smaller than the drop of normal-stiffness moduli,
the difference is a factor 0.6. No clear explanation is given for this value, rather than that
it is based on preliminary considerations. Despite this, the value is adopted in this report
on the assumption that exact values are not that important. This claim is supported by
Liu and Tsai [35] which suggest that the exact degradation is not that important since the
determination of failure is already just a prediction. In case now of an IFF event, the plane
can have an inclination towards the stiffness properties. The angle of the crack plane then
governs the stiffness degradation by equations 2.22.

E3t = Ey(1—d-cos(0y,))

E5' = E5(1—d-sin(0y,))

G593 =Gra(1—d-0.6-cos(0y,)) (2.22)

Gid=G13(1—d-0.6-sin(fy,)

G358 = Gaz (1 —d-0.6))
Where d is the degradation factor and the superscript sd means sudden degraded value. The
degradation factor is required since the FE software does not allow stiffnesses of 0. Hence
the stiffness has to be dropped to a very small quantity. A value of 0.99 for d is the most
commonly used value (for example in Perillo et. al. [52]). Finally, it has to be noted that in
the original paper by Deuschle and Kroplin [49] the degradation is not sudden, but instead,

d is chosen sch that a constant FI is maintained. This approach is however not pursued here
since it would increase the complexity, especially for the to be developed fatigue model.

!Dropping EC’s to zero is not possible for numerical reasons.
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2.3.3 Final failure criterion

A final failure criterion is required in order to stop the analysis. Before doing that, a definition
for final failure has to be determined. Throughout this thesis, final failure will be defined as
the moment where the specimen is unable to carry any more load, i.e. the specimen becomes
two distinct parts. The failure strength however, is defined as the maximum strength the
specimen reaches before the final failure event. For the real world model, this failure is not
difficult to asses. In FEA, separation of the specimen into two parts is not possible in the
current model. A way to asses final failure would be to analyze if the failed elements can
connect two edges of the specimen in the xy-plane and through the thickness. This proved
to be difficult since the failure pattern can not be predicted exactly. Hence, it is difficult to
write a script which stops the analysis based on this behavior. Instead, a method similar
to the one presented in Song and Rose [53] has been used, where the analysis stops if the
reaction force drops with 5%. The value of 5% is not always suitable. In some cases it causes
the analysis to stop before final failure has happened according to the failure pattern, or it
causes the analysis to run for too long. In these cases, the value of 5% has to be adjusted
manually by trial-and-error and the analysis resubmitted.

2.4 Convergence study and validation

A convergence study is required to identify model parameters such as mesh refinement and
displacement incrementation (section 2.1.6). The steps and results (output) of the conver-
gence study are discussed in 2.4. With the parameters known, the model can be validated
against experimental results in section 2.4.2. The predictions are validated against results
available in the literature and by an experimental campaign. Finally, the model parameters
are summarized in section 2.4.3.

2.4.1 Convergence study

Convergence of the model is based on the convergence of predicted failure stress and on the
failure pattern. Before going into this type of convergence however, the finite element model
may be judged on stress solution convergence. This way is favorable since a single stress
solution takes only minutes, and a full Quasi-static progressive damage analysis (QSPDA)
can take up to hours depending on the various parameters. Hence, by doing the stress solution
convergence first, an initial idea can be obtained about the mesh parameters. Moreover, the
stress convergence may be used to predict usable symmetry boundary conditions by studying
the effect of symmetry boundary conditions on the stress solution.

With initial mesh parameters identified by the stress convergence study, the first thing to
check then is the effect of displacement incrementation step on the QSPDA. The displace-
ment incrementation step which converges the QSPDA is then hold equal and mesh refinement
is checked for convergence. If convergence is not achieved within the first two steps, displace-
ment convergence has to be done with the last converged mesh. This iteration loops until
convergence is found for both within one step. Until now it is assumed that the boundary
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b x

Figure 2.7: Partitioning of the model for structured meshing. Symbols denote mesh parameters.

conditions do not affect the result. A full scale PDA has to be run to check for failure pat-
tern and failure strength equivalence of the symmetrical model. If equivalence is not found,
symmetry boundary conditions must be re-evaluated.

The convergence study is performed on ASTM D5766-11 [54] specimens. The geometry of
these specimens should be 36mm width, length of 200-300mm and hole diameter of 6mm.
The length is chosen as 200mm to conform to the experimental campaign performed in this
thesis.

Stress solution convergence

Finding stress solution convergence is a complex process. The problem is that convergence is
desired around the hole, since this is the area where damage is expected, but it is difficult to
judge convergence there with no experimental input. Hence, the choice was made to judge
convergence against the amount of stress redistribution inside the stress concentration area.
This area is defined as the area around the circle cut-out with a distance to the hole of 2 times
the hole radius (total 6mm) according to Lehknitskii [43]. To reduce the complexity, a single
layer of 0 oriented UD was used for the convergence study. The mesh can be changed using
three parameters. The parameters are shown on figure 2.7. Where the # will be called SE
(short edges), * will be called BE (edges with bias) and ! are the LE (long edges). The longer
bias edges have a bias ratio of 3 and the shorter edges a ratio of 5 to reduce element distortion
around the hole. The parameters define the number of elements on the edge. Meshing is then
performed using the structured mesh algorithm. The exact values of all parameters are shown
in table 2.1.

For all meshes, the stress solution is obtained at the nodes from 6 o’ clock in a straight
line to the edge of the specimen, shown also on figure 2.7 by the blue arrows. Since the
stress solutions are obtained only at the nodes, the data points will be fitted with a 2-term
exponential interpolant. The results of these fits can be seen on figure 2.8. It must be noted
that these fits all had an R-square higher than 0.98. In the legend of figure 2.8, the number
refers to the amount of elements in the area around the hole. The plot confirms that indeed
the stress concentrations have faded out at 6mm.
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Figure 2.8: Stress solution for different meshes
Table 2.1: Parameters and results of mesh convergence study
Parameters [SE, | Elements hole || AP [N/m] % change
LE, BE] [total]
(2,4, 6] 96 [128] 664395 -
[3,6,9] 216 [288] 36861 5.55
[4,8,12] 384 [512] 23497 3.54
[5,10,15] 600 [800] 16147 2.43
(6,12, 18] 864 [1152] 10698 1.61
[7,14,21] 1176 [1568] 8528 1.28
(8,16, 24] 1536 [2048] 6382 0.96
[9, 18, 27] 1944 [2592] 5060 0.76

The approach is now to determine the amount of load (in [N/mm]) which gets redistributed
between to successive meshes. To do this, the equations obtained by the fitting procedure
are used. Equation 2.23 can then be used to find the difference between two meshes. This
difference is the amount of load which gets redistributed between the two compared meshes.

0.006
AP = [ fnil@) = fong (@)l do (2.23)
0.0

Where AP is the amount of loaded which is distributed differently between the two meshes
and fp,; is the function obtained from the fit of the i-th nodal data points. Table 2.1 shows
the results. Notice that the first mesh can not be compared to a previous mesh. Instead, as
AP the total load in the stress concentration area is given. This load is determined by using
the finest mesh, other meshes will have equal results since the total load should be equal
among all meshes as the stress beyond y = 0.006 is approximately equal.

The change in load distribution can be plotted against the amount of elements. This is shown
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Figure 2.9: Results of stress convergence study

on figure 2.9. Although the plot does not seem very convincing as to prove convergence, there
are two reasons which do support that the meshes used are sufficiently small. The first being
that the percentage of the total load that gets redistributed gets as low as 0.76%. The second
reason is the fact that in the convergence study of the PDA (next paragraph) the finer meshes
show clear convergence. Hence, the studied meshes are sufficient for this work.

For the convergence study of the QSPDA, the model with 864 elements in the hole area seems
sufficient since the overall stress solution seems to follow the same trend as the finest mesh.
Moreover, a more dense mesh will have negative impact on analysis time, especially for the
fatigue model to be developed.

QSPDA convergence

The QSPDA is performed on a quasi-isotropic specimen to include the different damage
behavior of all ply orientations and to have a correct estimate of the required analysis time.
The QSPDA is run on a model utilizing symmetry in the xy-plane and the xz-plane. Symmetry
in the yz-plane seemed not to be usable. As has been mentioned earlier, first the mesh
refinement is kept constant and the displacement step is varied. The results of this are
presented in table 2.2.

The results show that a displacement step of 7.5E-6 is in the converged area and has a
reasonable execution time. Choosing a step smaller than this results in a change of less
than 2% and doubles the execution time. Mesh effects can now be checked by keeping the
displacement step constant. Four additional meshes will be checked, three finer meshes and
one rougher mesh. The results are shown in table 2.3. The table shows that the failure stress
gradually drops, except for the 1176 mesh, there, a small increase is observed. The 864 mesh
seems to be in the converged area, where the error with the finest mesh is 3.3% (which is even
lower than the variation observed in experimental tests). When the additional execution time
is taken into account, choosing a finer mesh than 864 does not seem logic.
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Table 2.2: Results of displacement variation

Disp. Step [m] Failure stress || Change [%] Execution time
[MPa] [h:mm]
12E-5 588 - 0:13
6E-5 513 -14.6 0:30
3E-5 468 -9.6 0:48
1.5E-5 442 -5.9 1:22
7.5E-6 435 -1.6 1:39
3.75E-6 427 -1.9 4:36
1.875E-6 426 -0.2 9:50

Table 2.3: Mesh refinement results with constant displacement step of 7.5E-6

Elements [#] Failure stress || Change per || Execution time
[MPa] added  element || [h:mm)]
[70]
600 473 - 1:19
864 435 -0.033 1:45
1176 439 0.003 2:41
1536 427 -0.008 3:27
1944 425 -0.001 4:35

Finally, failure patterns between the mesh with 864 elements near the hole and the finest
mesh (1944 elements) are compared in figures 2.10 and 2.11. Not all plies will be shown
here. The plies shown however do give a correct representation of the type of discrepancies
found between the two meshes. In general the shape of the damaged area is identical. The
coarser mesh is of course a bit more blunt (shown on figure 2.11) and in some cases the type
of damage is different (shown on figure 2.11). The most common difference is that of matrix
tensile failure (yellow) against no failure for the finer mesh. This might be caused by the
coarser mesh not being able to have smooth stress redistributions due to damage. Due to
this, additional failure can occur.

To validate the symmetry boundary conditions used, a full version of the model is also run
without any symmetry BCs. The result is a failure load of 431 MPa and the damage patterns
shown on figure 2.12. Comparing these results with the damage patterns of the symmetrical
model shown on figures 2.10a and 2.11a the patterns seem to at least follow the same trends,
the full model seems to have less damage. This might be caused by the restraining BCs
causing additional stress concentrations. If the execution time of 7:51 is taken into account
it seems logic to use the model with symmetry BCs.

2.4.2 Validation

Validation is performed against experimental data available in the literature and too results
obtained in the experimental campaign carried out in the present work (chapter 3). The
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(a) 864E mesh (b) 1944E mesh

Figure 2.10: Damage patterns of a ply with orientation of 0° at maximum load (green=no
damage, red = tensile FF, yellow = tensile MF, cyan = compression MF and blue = compression
FF)

(a) 864E mesh (b) 1944E mesh

Figure 2.11: Damage patterns of a ply with orientation of 45° at maximum load (green=no
damage, red = tensile FF, yellow = tensile MF, cyan = compression MF and blue = compression
FF)

(a) 0 ply (b) 45 ply

Figure 2.12: Damage patterns of the model w/o symmetry BCs at maximum load. (green=no
damage, red = tensile FF, yellow = tensile MF, cyan = compression MF and blue = compression
FF)
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Table 2.4: Comparison of IM7/8552 predictions to experimental values

Layup Predicted Experimental || Error [%)] Exp. CV [%)]
strength mean [MPa]
[MPa]

QI 435 405 7.4 41

Soft 393 301 30.1 2.8

Hard 549 597 -8.0 5.7

validation simulations are run on specimens with geometry as specified by the ASTM standard
for OHT tests [54]. Two different materials will be tested and 4 different lay-ups. The found
error of residual strength predictions were in the same range as found by Perillo et. al. [52]
where the same failure theory was used.

IM7/8552 The first material used in the validation is the IM7 /8552 manufactured by Hexcel.
Material data is obtained from the report of Marlett [55]. The report has been an effort of
NIAR, NCAMP and NASA. Both material data and OHT failure strengths are provided in
this report. Non-linear shear-stress strain data are obtained from Kaddour et. al. [56]. This
report uses the same material, although slightly different properties were found. The final
shear strengths however do coincide, therefore that curve is used without any adjustments.
Three different layups were tested, a quasi-isotropic layup, a soft layup consisting of an
increased amount of +45 plies and a hard layup consisting of an increased amount of zero
plies, the exact layup is presented as 2.24. The results are presented in table 2.4 where the
simulated strength and experimental strength are shown, as well as the error of the prediction
between these two. Moreover, the coefficient of variation (CV) observed during experimental
testing is shown.
QI =1[45/0/ — 45/90]2s
Soft =[+45/0/ +45/90/ + 45/ + 45]¢

Hard = [0/45/0/90/0/ — 45/0/45/0/ — 45]s (2.24)

In general, the predictions are within 10%, except for the soft laminate. What may be
observed is that, as the amount of £45 plies increases, the overestimation increases. The
reason for this might be the factor 0.6 in the sudden degradation of the shear-elastic properties
and the fact that if failure has occurred on a particular element, the element will not be checked
again for the same failure mode. Due to this, it can occur that the element will carry more
load than it should. Another reason for the overestimations can be that delaminations are
not considered, although in some cases delaminations might even increase the static strength
due to stress relaxations caused by the delaminations.

Finally, the underestimation of the ’hard’ laminate might be caused by premature initiation
of damage in the simulated model which happens due to the size paradox (will be discussed
more in depth in the next paragraph). It has to be noted that the reasons just mentioned are
not solely the cause of the discrepancies. For instance, the predicting power of Pucks criterion
is already not 100% accurate for UD cases. Second, modeling a crack by dropping stiffness of
a whole element will also cause errors in the stress solution.
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Table 2.5: Comaprison of AS4/8552 predictions to experimental values

Simulated Experimental Error [%] Exp CV [%]
strength [MPa] mean [MPa]
| 401 | 384 | 4.4 | 4.3 |
65 x103

Strain [-]

0 0.005 0.01 0.015
Distance from hole [m]

Figure 2.13: Strains observed by DIC (blue) and FEM (red) at 30% of ultimate load

AS4/8552 Validations were also performed on AS4/8552 material by Hexcel. Properties
were derived from the experimental tests described in chapter 3. The properties which were
not determined in the experimental campaign were taken from the report of Marlett et. al. [55]
(all compression strengths). Fiber data was obtained from Kaddour et. al. [56]. Finally, vo3
and Gag were obtained from Ersoy et. al. [57]. The tested layup was [£45/0/90]2g, a quasi-
isotropic layup of 16 plies in total. Very good predictions were obtained table 2.5. The same
over prediction tendency was obtained as observed on the IM7/8552 material, which can
probably be related to the amount of +45 plies.

Additionally, DIC was used to track the strain field during testing. It will be used for two types
of additional validations. The first of which is comparing numerical strain values observed by
the DIC and the strains calculated by the FE model. The location at which the strains are
inspected for both methods is the same as the location used for the stress solution convergence
and is thus depicted on figure 2.7 with the arrows. The loads at which the strains are compared
are 30% and 90% of the experimental ultimate load. The strain which was inspected is €,
where x is parallel to the loading direction. Since the DIC only sees the outer 45 ply, the
same ply is inspected on the FE model. Finally, the results are shown on figures 2.13 and
2.14.

First, the strains at 30% load are discussed. In general, the trend is captured well by the
FE model, except near the hole. There, the discrepancies become larger. The reason for this
might well be the size paradox, which states that for smaller notches, stress concentrations
reduce (should be approx 2 for quasi-isotropic instead of the usual 3 at a notch diameter of
6mm). This happens due to the notch being that small, that there is not enough space for
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Distance from hole [m]

Figure 2.14: Strains at 90% of ultimate load, DIC (blue) and FEM (red)

the stress concentration to build up, the interested reader is referred to papers by Marissen
et.al. [58], Waddoups et. al. [59] and Whitney and Nuismer [60] for further information about
possible causes of the size paradox and how to model them. However, this effect is currently
not thought to be captured (properly) by the FE model and hence a discrepancy occurs. It
must be noted however, that the strains observed by the DIC will have an error too. This
error may occur due to noise, due to the quality of the speckle pattern and the ability of
the program to properly correlate. For instance, near the hole there is no DIC solution

(approximately 0.5mm near the hole) the solution is thus extrapolated from that distance to
the hole edge.

For the case of 90% load, the strains are as shown on figure 2.14. Here, again the stresses match
very well outside of the hole area. This time however the discrepancy near the hole is due
to a different reason. The reason is that failures will cause stiffness drops consequently, large
strains occur. In the DIC specimen, this stiffness drop will occur at the crack location and
will not cause the surrounding strains too increase excessively. This discrepancy is however
not expected to cause errors, since the large strains in the FE model are associated to low
stiffnesses. The second validation performed is on the strain field, where the observed strain
fields of the DIC and the FEM are compared. The strain distribution parallel to the load
(€zz) is shown on figure 2.15. Both figures use the same scale distribution. On the FEM
figure, the red marked area exceeds the maximum strain observed by the DIC and the blue

area is below the lowest value of the DIC. As these pictures are at a low load, it is thought
that the reason for this is the size paradox.

2.4.3 Final remarks on QSPDA model

The final model is depicted on figure 2.16. It consists of 864 elements around the hole for
every ply. The elements are of the type C3D8. The right edge has an encastre boundary
condition which holds all displacements and rotations equal to zero. The right side has the
same BC except that a displacement is applied in the x direction. This initial displacement
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(a) FEM strain distribution (b) DIC strain distribution

Figure 2.15: Strain fields parallel to load

Figure 2.16: Mesh of the full QSPDM
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Figure 2.17: Mesh of the symmetry model

is calculated according to the method explained in section 2.2.5 and increases with -7.5E-6 m
every increment. The minus sign accounts for the conventions of the FEA package. The most
suitable symmetry conditions were found to be that of symmetry in the xz-plane and the
xy-plane. This model looks as shown on figure 2.17 and has additional boundary conditions
along the upper edge of y=zr=xr=0 and the complete lower side (xy-plane) has the boundary
condition z=xr=yr=0, where the 'r’ means rotation. It has to be noted that not the complete
length of the specimen is modeled, 50mm is left out of the simulation since these 50mm are
inside the clamp during the experiment. The encastre boundary conditions is assumed to give
a correct representation of this.

As for the quality of the simulation, the stress solution seems to be reasonable when compared
to DIC with some exceptions near the hole where peaks might be too high in magnitude.
Which will probably cause the damage to initiate too early. The predicted failure loads seem
to match quite well, with some discrepancies probably caused by not modeling delaminations,
the excessive peaks, degradation rules and the ability of the failure criterion to predict.
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Chapter 3

Experimental campaign

An experimental campaign has been performed to collect input data and for validation. The
reason to first describe the experimental campaign and then to continue the development
of the fatigue model is because the data presented in this chapter will be extensively used
in the next chapter 4. Hence, it is good to have an idea where the data comes from, such
that the discussions made in the next chapter are better understood. Both UD and MD
specimens have been manufactured and tested. The UD specimens were made to determine
the statical strengths and the non-linear behavior of the shear stress. The MD specimens are
the OHT specimens which are used for fatigue experiments. Specimen geometry and usage
are presented in section 3.1. Manufacturing and testing is described in sections 3.2 and 3.3.
Results are presented at the end of the chapter in section 3.4.

3.1 Specimens

Four different specimens were made in total. Table 3.1 shows the relevant data of the speci-
mens. All specimen geometries were made according to standards of the ASTM. The appli-
cable standard is denoted below the column ’standard’. The open-hole tension specimens had
a centrally located hole with a width to hole ratio of 6.

3.2 Manufacturing

Manufacturing was performed by hand lay-up and autoclave curing. The used material
throughout the specimens is the same, although from different batches. Table 3.2 corre-
lates the specimens with the batch used for manufacturing. The base material identification
is Hexcel AS4/8552 RC34 AW194, where AS4 refers to the fiber type and 8552 to the resin
(matrix). It must be noted that both materials were well over their expiry dates but that
they appeared to have good tackiness and as such were thought to be suitable.
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Table 3.1: Specimen specifications

Name Lay-up Geometry Stan- Notes
(L*W) [mm)] dard
Longitudinal (SL) [0]s 250*%15 D3039- Static
14 [39]
Transverse (ST) [90]16 150%25 D3039- Static
14 [39]
In-plane shear (SIS) [£45]45 200%25 D3518- Static
13 [61]
SOHT [£45/0/90]25  200*36 D5766-  Static & fatigue. Hole
11 [54] with d = 6mm

Table 3.2: Material batches used

Specimen type Roll Number
[0]s P1473205H
[90]16 P1473205H
[£45]45 TP3261901B
[£45/0/90]25 TP3261901B

3.2.1 Hand lay-up

Lay-up process of the pre-preg was completely performed by hand. After removing the pre-
preg form the freezer, it was put to rest for 24 hours, where-after it was cut to size in the
clean room. The rest of the lay-up process was also performed in the clean room. The lay-up
was build on a flat aluminum mold prepared with release agent. To align the pre-cut layers,
the edges which were not cut by hand were used. To create the +45 plies, a 0/90 ply was
layed up on the cutting table with the non-stick foils still attached to the pre-preg (on the
outside at least). A square was then cut-out of the 0/90 layup such that the fibers would have
angle of £45 when the rectangle edge is parallel to 0 degrees. After every 2 plies layed up on
the mold, degassing was performed by covering the laminates with release foil, peel ply (for
ventilation) and vacuum foil. The vacuum was then turned on for approximately 15 minutes.
After the final layers were layed up, the laminates were covered with a thin aluminum backing
plate covered in release foil. The mold was then covered with peel ply and breather fabric.
Where after the final layer of vacuum bag was added on top.

3.2.2 Autoclave cure

The specimens were cured in the autoclave. Unfortunately the in house autoclave broke after
the second batch (batch 1 = UD90, batch 2 = UDO0). Therefore a different autoclave was used
for the final batch (£45 and MD laminates). All batches were cured using an alternative cycle
then was proposed by the manufacturer. The reason for this was such that the manufacturing
process of the report by Marlett et. al. [55] was matched. This was the main source of input
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Figure 3.1: Milled hole in open-hole tension specimen

data used that was not generated by the experimental campaign carried out in this project.
The used cure cycle procedure can be found in Appendix A.

3.2.3 Specimen cutting

After curing, the specimens were cut to size using two cutting machines. A diamond saw
with laser guidance was used to cut off the rough edges and to prepare the laminates for the
second cutting machine, which was a Proth Industrial cutting tool. All tooling was liquid
cooled.

3.2.4 Hole milling

For the open hole specimens, the holes were made by a qualified lab technician using the
milling technique. The milling head was made from a hardened metal. Figure 3.1 shows
the hole on an actual specimen. Every hole was inspected using the eye to check if no
delaminations or other damage did occur due to the milling process. In general no damage
was found.

3.2.5 Final preparation

The final preparation included measuring, tabbing and painting. The procedures are described
in the paragraphs found below.

Measurement of the specimen width was performed at three locations, the upper part, the
center and the lower part. Measuring was performed using a caliper with an accuracy of
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Figure 3.2: Testing setup including DIC

0.0lmm. Thickness was measured at six locations. The locations coincide with the mea-
surement of the width, except that it was measured twice, once at every edge (longer edge).
Finally the length was measured with a regular ruler. The area of each specimen was cal-
culated as the average of the thicknesses times the average of the widths. In calculating the
area of the open-hole specimens, the hole was not taken into account (i.e. area calculation is
the same as for rectangular specimens).

Tabs On the longitudinal and transverse specimens, tabs were attached at the clamping
locations. The tab material of choice was thick paper and was bonded to the material using
superglue. The other specimens did not require the usage of tabs.

Painting The specimens on which DIC was to be performed were painted, on the same day
as they were tested to avoid cracks occurring in the paint. The specimens were first painted
white, after which a black speckle pattern was sprayed using an airbrush.

3.3 Testing

All testing was performed using the home-made 60kN fatigue machine. The controller software
was developed by MTS. The testing setup is depicted on figure 3.2. This setup includes
the DIC equipment. Two cameras were used, which made it possible to view out-of-plane
displacements. The force is measured at the static grip, while the force is applied at the
active (moving) grip.

3.3.1 Static tests

Static testing was performed to obtain strength data (o,;;). The machine was set in displace-
ment control mode and the applied displacement was 2mm/min according to the recommen-
dations in the standard ( [39]). Two types of grips were used, type one had a flat surface, type
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(b) Grip with smoother surface, arrow in-

(a) Grip with rough surface dicates alignment tab

Figure 3.3: Fatigue machine grips

Table 3.3: Grips and clamping pressure per specimen

‘ Specimen type H Grip type H Grip pressure [MPa] H
0] Flat 1500
[90]16 Flat 500
[£45]45 Rough 1000
[£45/0/90]25 Rough 1000

two a rough surface. Both grips are shown on figure 3.3, proper alignment of the specimens
was achieved using alignment tabs. While the alignment of the alignment tabs was performed
using a specimen and a level indicator. Table 3.3 shows which type of grips were used for
which specimens and the clamping pressure used.

3.3.2 Fatigue

The fatigue experiments were performed with a frequency of 10Hz. The experiments were
load controlled with a proportional-integral-derivative (PID) as controller. In general, no
more than 70 segments at the start of the tests did exceed the 2% error threshold set by the
ASTM standard D7615/D7615M.

3.3.3 Digital image correlation

DIC was used to monitor the strains on the specimens. These strains were primarily used
to obtain stiffness for the static tests, but were also used to compare against FEA solutions.
The used software was the software by Correlated solutions. After calibration, a noise level
of approximately 300-500 microstrain was observed. The set-up is shown on figure 3.2.

3.4 Results

From the tests various outputs were recorded. For the static tests, load (N) and strains were
recorded.
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Table 3.4: Static strength results

Specimen Mean [MPa] | Std CV [%] No. speci-
mens [#]

Longitudinal 2237 107 4.76 9

Transverse 70.24 3.24 4.61 11

Transverse 267.8 6.11 9.47 19
(compression)?

Shear 92.26 1.44 1.57 11

Open-hole 383.96 16.41 4.27 6

3.4.1 Static tests

The data required from the tests were strengths, stiffness and Poisson ratii. These could not
be recorded directly from the testing equipment. The testing equipment provided only loads
(fatigue machine) and strains (DIC). The strength could be recovered by using equation 3.1.

F,
Oult = % (3.1)

Where F is the maximum load measured, and A the surface are of the specimen (w*t). For
determination of the shear strength, the maximum load was taken before reaching 5% strain
and the area was multiplied by 2. Stiffness determination was done using equations 3.2.

_ Ao
 Ace

Where E is the stiffness, Ao is the change in stress between two strain points and Ae is the
change in strain between these two points. The calculation was performed between 1000 and
3000 microstrain, as recommended by the standard. The average stiffness F1; was found to
be 131.21 GPa. The average stiffness F9o was found to be 8.93 GPa. Shear stiffness was
calculated by equation 3.3.

E (3.2)

AT12
Ay — gy)
The A between 2000 micrsotrain and 6000 microstrain were used to calculate the shear
stiffness, however in the model mostly the shear stress-strain curve is used. The average

shear stiffness G15 was determined as 4.98 GPa. Finally, the poisson ratio can be determined
by using equation 3.4. The average poisson’s ratio v12 was found to be 0.312.

—Ae,
Agy

G = (3.3)

vV =

(3.4)

The obtained data after processing are presented in table 3.4. Where applicable, the testing
mode was tension. Additionally the data obtained from the report of Marlett et. al. [55] is
shown, since it will be also subjected in the upcoming statistical analysis.

A statistical analysis is performed on the strengths of the UD specimens (and the +45) using
the MIL-HDBK-17 [62] as reference. All assumed fits and raw data can be found in Appendix

!Data is obtained from literature, Marlett et. al. [55]
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Table 3.5: Observed significance level and fitting coefficients

Specimen H shape « H scale [ H OSL [norm/wbl] H
Longitudinal 25.89 2283868000 0.2747/0.4855
Transverse 26.15 71713600 0.3364/0.4014
Transverse  (com- || - - 0.8489/0.1893
pression)!

Shear - - 0.6451/0.6210

B. The type of distribution to fit the data was determined using the Anderson-Darling (AD)
test statistic and an observed significance level calculated by using equation 3.5. The AD was
calculated using the function adtest of Matlab commercial code. Depending on the assumed
distribution, the corresponding equation for the observed significance level (OSL) should be
used, where OSL is the probability of seeing the same or higher test statistic under the
hypothesis that the samples come from the assumed distribution.

0.2
AD*=(1+—1).-AD
( * \/ﬁ)
OSLyy = 1/ {1 + exp[—0.1 + 1.24in(AD*) + 4.48AD*]}

OSLyorm = 1/{1 + exp[—0.48 4+ 0.78In(AD*) + 4.58 AD*]}

(3.5)

Results of the OSL are shown in table 3.5. Where applicable, the coefficients of the Weibull
fit are shown. For the cases were the normal distribution is favored, the mean and standard
deviation (std) can be read off table 3.4. According to Kassapoglou [6] the fit with the highest
OSL is the preferred fitting distribution. It must be noted that when the proposed probability
density functions are compared to the experimental histograms (Appendix B), the amount
of tested specimens was probably too low to obtain reliable statistical data, whereas the test
data of Marlett et. al. [55] whom tested 19 specimens did yield better fits.

3.4.2 Fatigue tests

A total of 18 fatigue experiments have been performed. Most of which were subject to a
predefined amount of cycles and tested for residual strength thereafter. The remaining test
were conducted until the fatigue life was reached. The experiments have been performed with
R = 0.1. Constant amplitude (CA) was applied on all specimens. The maximum applied
stress 0,4 Was not constant between the different specimens, the value can be read from
table 3.6. This table also shows the amount of cycles the specimen has been subjected to and
what the failure strength was. Finally the observed damage patterns are denoted and will be
discussed now.

Damage pattern Various damage patterns have been observed throughout the fatigue ex-
periments. In general there seemed to be a correlation between the maximum applied stress
and the amount of delaminations (higher stress yields more increases delaminations). There

!Data is obtained from literature, Marlett et. al. [55]
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Table 3.6: Fatigue data

ID SOHT- Omaz [ Oult cycles (n) ores [MPa] Damage pat-
tern

305 0.6 80,000 397 A

601 0.6 80,000 398 A

604 0.6 80,000 391 A

mean 0.6 80,000 395 A

101 0.6 150,000 367 A

502 0.6 150,000 399 A

504 0.6 150,000 398 A

mean 0.6 150,000 388 -

104 0.7 1,000,000 438 A

303 0.7 1,471,809 431 A

505 0.7 3,516,805 461 A

103 0.85 2,367,973 Fatigue life B

503 0.85 2,337,476 Fatigue life B

605 0.85 1,464,613 Fatigue life C

mean 0.85 2,056,675 Fatigue life -

603 0.9 797,063 Fatigue life C

406 0.9 458,325 Fatigue life A/C

202 0.9 219,367 Fatigue life A/C

mean 0.9 419,585 Fatigue life -

204 0.9 200,000 426 A /additional
delaminations

405 0.9 200,000 444 A /additional
delaminations

203 0.9 200,000 433 A /additional
delaminations

mean 0.9 200,000 434 -
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(a) Less delaminations (b) Increased delaminations

Figure 3.4: Damage pattern A

has also been observed a correlation between the amount of total fatigue cycles and the the
damage pattern. The more cycles the specimen was subjected to, the less the damage pattern
looked like the pattern of the static specimen. The damage patterns will be discussed now,
in order to understand why and how the specimens failed. In general, damage observable to
the naked eye, started as delaminations on the outside edges (not the hole-edges) at the 0/90
interfaces nearest to the mid-plane as soon as 25% of the fatigue life was reached. Delamina-
tions between the 0/90 interfaces farthest from the mid-plane started as soon as 50% of the
fatigue life was reached. Other forms of damage could not be observed during the fatigue test
due to the motion of the specimen. They were however investigated after failure and will be
discussed now.

Damage pattern A is the most observed damage pattern and is equal to the damage pat-
tern observed during static testing, except that the fatigue specimens in some cases had an
increased amount of delamination damage (in length). The damage pattern is depicted on
figure 3.4a and the pattern with increased delaminations on figure 3.4b. The fracture plane is
clearly perpendicular to the length of the specimen, although the +45 plies did protrude. This
suggests that the stress concentration has remained around the hole. Although some speci-
mens with this damage pattern did have an increase of strength (compared to the observed
mean static strength). The increase of strength might be related to increased delaminations
or fiber splitting (of the zero plies) as has been observed by Lagace and Nolet [63] . These
delaminations and splits may have reduced, but not diminished the effect of the stress concen-
tration. The observed types of damage are matrix cracking near the hole for the £45 and 90
plies. The 0 plies suffered from fiber failure. Finally, delaminations occurred at all interfaces.

Damage pattern B was observed on specimens which were fatigued up to the fatigue life and
had the highest number of cycles of the current experimental campaign. The damage pattern
is depicted on figure 3.5. The £45 and 90 plies all failed near the hole. For the zero plies no
clear fracture plane is visible. They failed at random places. This behavior was also observed
on the static tests on UD specimens with a fiber orientation of zero degrees. It suggest that
at the moment of failure the stress concentration was not affecting the zero plies enough to
make the failure initiate at the hole. Compared to damage pattern C, the zero plies did not
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Figure 3.5: Damage pattern B

stay as properly together in pattern B. This might be an indicator that for pattern B an
increased amount of delaminations surrounded the zero plies (compared to pattern C) such
that the zero plies could fail more explosively. Whereas for pattern C the explosivenesses is
damped due to the surrounding plies. This statement is based on observations and reasoning,
no conclusions can or should be drawn by this statement.

Damage pattern C was observed on specimens which were fatigued up to their fatigue life but
had in general lower cycles than specimens with damage pattern B. The pattern is depicted
on figure 3.6, the protruding parts are mostly zero plies. The +45 plies show matrix cracks
only near the hole. The 90 plies suffered from matrix cracking along the complete length.
On the locations where the zero plies did not remain in place (i.e. no zero plies were visible
after failure) the amount of matrix cracks increased as can clearly be seen on the pictures
made by the macro-scope. At the hole, the crack in the 90 plies went completely through
the width of the specimen. The zero plies did suffer from fiber failures and splits. Interesting
about this damage pattern is that the fiber failure was not only observed near the hole, which
means that effectively the stress concentration has been reduced at least in some of the zero
plies. This has been caused probably by a combination of splitting of zero plies and damage
(mainly delaminations) around the plies which reduce the stress concentration. Delaminations
occurred between the +45, 90 interface and the +45, 0 interface. The later did not occur on
the side were the 0 plies were still in place. The cracks and delaminations can be clearly seen
on the pictures made with the macro-scope.

Macro-scope investigation Damage pattern C has been investigated using a macro-scope
and is shown on figure 3.7. Both sides of the specimen were investigated, the observed location
is the thickness plane (i.e. the load runs parallel to the horizontal axis, and the thickness is
parallel to the vertical axis). There are two differences which stand out the most. Number
one is that the amount of matrix cracks is larger at the side where the 0 plies were pulled
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Figure 3.6: Fatigue damage pattern C

out. The second difference is that the amount of delaminations between +45 and 0 layers is
smaller in the case were the 0 plies were not pulled out. Damage modes A and B had similar
failure as the ones depicted on the side with 0 plies (i.e. subfigures 3.7c and 3.7d

S-N curve approximation From the experiments at 0.85 and 0.9 load an S-N curve is ap-
proximated. According the ASTM D7615 [64] practice, constructing S-N curves for OHT
specimens requires data-points for at least three different loads. The third load in this case
will be the static strength. In total, between 6-12 specimens are required for constructing
S-N curves for preliminary and research purposes. Here, 6 fatigue specimens are used and the
mean of 6 static specimens to construct the S-N curve. The S-N curve should constructed
according to ASTM standard [65]. The standard advises to use a linear to approximate the
S-N curve using equation 3.6.

log(N) = A+ B - 0mag (3.6)

After fitting using this equation and testing for the hypothesis of linearity, linearity was
rejected. The standard then advises to adopt a fit using equation 3.7.

log(N) = A+ B -0pmae +C - 02,,, (3.7)

Matlab commercial code was used to compute the coefficients. The upper bound of coefficient
C and B were restricted to 0 such that erroneous results would be avoided (if no restriction is
applied the S-N curve can increase at high 0,,,4,). The obtained coefficients were A = 52.79,
B = —1.418¢ —8 and C = —0.000347. The result, including 95% confidence bands is depicted
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(c) With 0 ply, near the hole (d) With 0 ply, away from hole

Figure 3.7: Macro-scope damage patterns
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Figure 3.8: Experimental S-N curve of OHT specimen with 95% confidence bands

on figure 3.8. The fit still is almost linear. More experimental data is needed to create a
better approximation.
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Chapter 4

A framework to model fatigue using
cycle-jumping

4.1 Introduction

In this chapter, a fatigue model is developed which can be used for simulation of tension-
tension or compression-compression fatigue experiments with CA under any layup, R, 0maz
and n. The model is based on the principle of using a macroscopic damage law and a
degradation law in order to model the progression of damage. Furthermore, a stress analysis
module is used in order to assess the state of the structure after failure events occur. These
three parts are brought together using a newly developed cycle-jumping algorithm.

For the sake of clarity, a short summary of what is already available and what is still to be
done will be presented by using a general fatigue experiment as guidance. The experiment
is depicted on figure 4.1. This is a typical tension-tension experiment with 0 < R < 1 and a
quasi-static test for residual strength after n; cycles.

In chapter 2, a QSPDA model has been build. As presented in the previously mentioned
chapter, the model is able to simulate a static tensile test from zero load to the final failure
load. By simple adjustments, the model will be able to determine the damage state of the
specimen for a predefined load level. How to do this will be described in section 4.2. For the
discussion, this new QSPDA will be called QSPDA2. Suppose now that a fatigue test is to
be performed which looks like the one depicted on figure 4.1. Using QSPDA2, the damage
state can be assessed up to the point of the arrow.

If now CA cycling is applied at that load, no more failures will be predicted. This behavior
can be related to the fact that the macroscopic failure criterion relies on the inputs of stresses
and strengths, both of which will remain constant with the model developed so far.

For this reason, a degradation model is required. The degradation model will associate damage
created at scales below the macroscopic level, to parameters used by the macroscopic model
(QSPDAZ2). By doing this failure events as depicted on figure 4.1 (with red dots) will now be
predicted by the macroscopic criterion.
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Figure 4.1: Typical fatigue experiment with determination of residual strength after fatigue
loading.

In this chapter, a clear distinction will be made between damage and degradation. Damage
refers to the macroscopic criterion (Puck) and degradation refers to the law which degrades the
input of Puck’s criterion as a function of cycles. With the currently used failure criteria (Puck)
by QSPDAZ2, stiffness and/or strength degradation are an option. In the current work, only
strength degradation is considered, because the stiffness degradation rules require additional
experimental and computational effort. The degradation theory used in this work is presented
in section 4.3. What has to be emphasized is that the degradation will be performed on the
element level, since the degradation law implemented is a function of stresses and stresses are
obtained at the element level.

What remains to be done, is to find a relation between macroscopic failure and the degradation
as a function of applied cycles. In that way, a cycle-jumping algorithm can be developed. The
cycle-jumping algorithm is a critical part in the fatigue model to be developed. There are
two reasons for this. Firstly, cycle-jumps are required such that stress solutions (by FEM)
can be omitted, this is required since a single cycle requires approximately 30 seconds to be
evaluated using the current model. With the maximum of 24 hours of running time set by
the project initiators, a maximum of 2880 cycles can be simulated. If one then considers that
fatigue critical designs are often in the range of 1E6 cycles, the model becomes unfeasible.

The second reason for developing the new cycle-jumping algorithm, is that it will be based
on some assumptions in order to find the cycles to be jumped instead of requiring the user to
input an interval as is the common way for the models reviewed in chapter 1. An additional
feature of the algorithm will be the use of a numerical root finding method in order to avoid
the cumbersome process of applying strength degradation and macroscopic failure assessment
on a cycle-by-cycle basis.

The complete fatigue model, including the cycle-jumping algorithm, will be described in
section 4.2 using a flow-chart of the model as guidance. For the quasi-static parts i.e. the
initial ramp and final ramp an adapted version of the model developed in chapter 2 will
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be used. A new algorithm based on the relation between macroscopic damage and a cyclic
degradation is developed for the model, which finds the cycles that can be omitted from the
FEM analysis. By doing this, the largest possible amount of cycles that have to be analyzed
with FEM equals the amount of elements that have to fail such that final failure occurs,
section 4.2. The strength degradation theory and determination of S-IN curves proposed by
Kassapoglou [38,66,67] are then implemented in the model, section 4.3. The model with the
implemented strength degradation theory is then compared to experimental results to find
areas where the models perform well and where there is room for improvement, section 4.4.

4.2 Model development

In this section, the complete fatigue model will be developed in its most general form, including
the new cycle-jumping algorithm. The only thing that will have to be done for the model to
be able to run, is the implementation of the chosen degradation theory, section 4.3.6. The
description of the model will follow the flow-chart of the model, figure 4.2. The variables
which will be used in this section are ny, which is the cycle up to which the specimen has to
be fatigued. The variable n; is the amount of cycles found by the cycle-jumping algorithm
which can be jumped, i.e. which do not require an additional stress solution by FEM. The
model will be developed on the basis of one main assumption. This assumption is that FEM
stress solutions are only needed if the macroscopic failure criteria detect a failure. Stress
distributions due to fatigue induced degradation of stiffness may be accounted for by the
stiffness degradation law used (which in this work is not considered at all).

The description will start with the adjustment of the QSPDA to QSPDA2, section 4.2.1.
Where after the different stages of the cycle-jumping algorithm are described in sections
4.2.2, 4.2.3 and 4.2.4. The fatigue life criterion is discussed in section 4.2.5 which stops the
analysis if the fatigue life is reached. Finally, the residual strength determination of the
specimen after fatigue is described in section 4.2.6.

4.2.1 Determine macroscopic state after loading up to peak fatigue load

In order to perform the fatigue analysis, the initial macroscopic damage state of the specimen
has to be determined. This initial damage happens due to the initial ramp to the peak fatigue
load (first peak on figure 4.1). It is identical to a static tensile test, except that the specimen
is loaded up to a predefined load (0,4,) and not up to failure. Hence, the QSPDA developed
in chapter 2 is used with a slight modification (QSPDA2). Just before the reaction load
reaches the predefined 0,4, the analysis is changed to load control instead of displacement
control to match the experimental setup. The analysis is then run at load 0,4, as many times
required, such that no more elements will fail due to the stress redistributions. This seems
contrary to the assumption made in chapter 2, where the analysis is not repeated to account
for stress redistributions. However, in this case it is assumed that the elements that fail due
to stress redistributions will have failed before reaching the first fatigue cycle (i.e. first peak
after the peak depicted by the arrow on figure 4.1).

The assumption may be supported by the following example. Suppose the analysis has just
reached load 0y,q:. At this point some elements fail, which cause a stress redistribution. In
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chapter 2, the assumption was made that this stress redistribution can not happen instanta-
neously and thus failure due to stress distributions will not be considered before moving on.
However, there are two remarks that invalidate the instantaneous nature of the experiment
under investigation. Firstly, during a load controlled experiment, the applied load is regulated
by a controller which can not be instantaneous. If the controller is however faster than the
stress redistribution (implying not all elements have failed at the first peak), the elements
will fail prior to reaching the first fatigue cycle (second peak). The reason for this is that by
going from the first peak to the second peak some degradation will occur which will make the
elements more critical and let them fail before reaching the peak fatigue stress. Hence, for
reducing complexity it is assumed that all stress redistributions will occur at the first peak.

The output of the currently discussed block will be:

e Stress (obtained by FEM) state of every element
e ECs state of every element

e Failure state of every element

4.2.2 Calculate macroscopic damage index (FI) at cycle n¢

The cycle jumping algorithm starts at this block and includes all blocks contained by the red
rectangle on the flow-chart 4.2. It has to be found now if for the requested amount of cycles,
ny, there are elements which will fail. This is done by temporarily updating the element
properties with ny cycles. This is done by utilizing the degradation model (section 4.3.1).
The degradation model will be able to use the most current stress solution at the elements in
order to determine the magnitude of the degradation. After that, the macroscopic damage
state will be determined for every element. It has to be noted that the failure state of the
element will determine to what extent the current damage analysis is conducted (if element
is in MF state only FF is considered, if FF no damage analysis is performed). If now after
the damage analysis no elements fail, the temporarily update properties are saved and the
model state is exported to section 4.2.6. In the other case, where there are failed elements
found, the elements are flagged and section 4.2.3 is triggered. The outputs of this block are
concisely shown below:

e Identification number(s) of flagged element(s) (if element failures are found)

e Updated material ECs determined from degradation model (if no element failures were
found)

4.2.3 Find lowest amount of cycles to cause onset of macroscopic damage

For the flagged elements of the previous analysis (block), the cycles to failure initiation will
be determined. In a most simple form, this procedure can be done by simply applying the
degradation followed by macroscopic damage analysis on a cycle-by-cycle basis. However
this is not an efficient way. Instead, use will be made of a so called root finding algorithm.
To use such an algorithm, it has to be realized that the macroscopic damage function will
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Figure 4.3: Arbitrary macroscopic damage function as a function of degradation (which is a
function of n)

be a function of the degradation function and the degradation will be a function of fatigue
cycles. Hence, what has to be found now is the number of fatigue cycles n which will cause
macroscopic damage. In general, damage functions predict the onset of damage when the
threshold of 1 is reached. Since a root finding algorithm is to be used, the damage function
has to be forced to go to zero at the onset of damage (i.e. subtract 1). The user is however
free to change this value if another threshold is to be used. The proposed root finding method
here is the method by Brent [68]. As input, the method requires two points, one where no
damage has happened and one where the threshold has been exceeded. Fortunately, these
locations are already known. The lower bound is n = 0 and the upper bound equals n = ny
and are shown on figure 4.3. By giving these two boundaries the algorithm can proceed and
find the amount of cycles n; for every flagged element which will cause failure. Output of this
block is:

e The minimum of the found n;

Brent’s method Is a numerical root finding algorithm with guaranteed convergence for
finding a zero given a function f on an interval [c,b] where f(c) has a different sign then
f(b). There are no further restrictions on f for the algorithm to work. The method is a
modification too Dekker’s method [69]. It combines the use of inverse quadratic interpolation,
secant method and regular bisection. It differs too Dekker’s method because it ensures that
additional bisections are performed by implementing tests on the result of the secant method
before using it for the next iterate. Finally, in the current implementation, it is assumed
that failure index will be only increasing or constant as a function of cycles. This is required
for two reasons, the first which is that if the FI can be decreasing, it can happen that the
method in section 4.2.2 will not flag the element as critical since it is possible that at cycle
ny the element FI will be below the threshold, whereas before ny the FI could be above the



4.2 Model development 59

threshold. Second, if the FI can be decreasing it is also possible that the FI can have more
than one zeros (if the critical threshold is forced to be the zero). Hence, it can occur that the
root finding algorithm will return the wrong root (i.e. not the one with the lowest cycles).
The assumption that the FI is indeed only decreasing and/or constant may be justified by
the following reasoning. Since the stresses are assumed to remain constant between cycle
jumps, the only variables that will change as a function of cycles are the strengths (due to
degradation). These strengths are a function of cycles and will always be decreasing as a
function of cycles. Hence, it is not likely to obtain lower failure indexes if the strengths
decrease.

4.2.4 Stress analysis and failure analysis at damage initiation cycle

With the cycles to jump n; determined in section 4.2.3 the analysis is continued by firstly
degrading all elements with n; cycles. The damage analysis runs and the failed elements will
be degraded according to the sudden degradation rules. A stress analysis is then performed to
obtain the stress redistribution due to the failed element(s). This stress analysis is performed
at the cycle peak. The reason for this will be given by means of an example. Lets assume
that element x is at cycle ny. At this cycle the damage threshold has not yet been exceeded.
At the next cycle however (ng = nj + 1) the element has exceeded the damage threshold.
This implies that the failure happens at a lower stress than the peak stress of that cycle (ng)
since the damage threshold was calculated at the peak stress. It could be argued then that
the stress analysis has to be performed at a stress lower than the cycle peak. However the
cycle will not have been completed at this lower stress and thus, it can not be said if the
strength will have been degraded enough, such that failure occurs before the cycle peak. By
the failure of the fatigued elements, the stress redistribution may cause other elements to fail
too. The stress and failure analysis is repeated until no more failure occurs under the same
assumption as in section 4.2.1, where the elements would have to be failed before reaching
the new cycle. Outputs of this block will be:

e Updated stress solution at every element
e Updated element state

e Updated ECs i.e. degraded up to cycle n;

4.2.5 Fatigue life criterion

In order to stop the analysis if the fatigue life has been reached, a check has been built
in. This check compares the initial displacement (at the first fatigue cycle) to the current
displacement. If the ratio Z—z exceeds 0.75 the analysis is stopped. The ratio of 0.75 will
not always be correct, especially for very high fatigue loads it may be too small. In general
however the ratio yielded satisfactory results. Changing the ratio should be performed by
trial and error in order to judge correctly if the fatigue life has been reached. The correctness
of the ratio can be verified by looking at the damage pattern. Output of this block will be:

e Fatigue life (N)
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4.2.6 Perform residual strength analysis

When the amount of cycles n; has been reached, a normal QSPDA is performed according to
the procedure described in chapter 2, except that the first increment will be the displacement
of the most current iterate. Moreover, the most recent element state will be adopted (such
that the damage due to fatigue is captured) and degradation of the macroscopic damage
parameters up to cycle ny. Final output will be:

e Residual strength after cyclic loading up to cycle ny

4.2.7 Remarks on cycle jumping algorithm

The description of the fatigue modeling process and its cycle jumping have now been com-
pleted. Some remarks should be made such that one can asses if it is a feasible to use the
proposed approach. The advantage of the model lies in the reduction of FEM stress solutions
by assuming that no FEM stress solutions will be required in between macroscopic failure
events. Nevertheless, the user is free to make the degradation procedure call some additional
FEM stress solutions if required. The second advantage is the way in which it can find the
cycles to be jumped. It is built with the philosophy of reducing damage and degradation
function evaluations. There are some limitations however in the choice of damage and degra-
dation laws. The first limitation is that the combination of damage and degradation law
should produce only one root in between cycle jumps such that Brent’s method is guaranteed
to find the correct root. Second limitation is that degradation has to be calculable in one
function evaluation for any amount of cycles n. If this is not possible, it is not efficient to
perform the operations of section 4.2.2 because ny function evaluations will be required for
every element.

If one of the two limitations is not met, the calculation of n; should be done on a cycle-by-cycle
basis.

4.3 Implementation of a degradation theory

As has been mentioned already, in the present work only strength degradation will be consid-
ered explicitly. The assumption of only using strength degradation might be justified with the
following reasoning. In general, loss of stiffness is the cause of damage. It is now postulated
that this damage will occur as fiber failure (FF) or matrix failure (MF) solely. Any other
types of damages will be assumed to not cause stiffness loss. Then, if the discretization is
sufficiently small, the loss of stiffness will be captured implicitly by the sudden degradation
rules presented in chapter 7?. What is sufficient will have to be determined using experimen-
tal or numerical simulations. In the present work the convergence study performed in chapter
2 and is assumed to cover the numerical part.

The strength degradation theory of choice is the theory by Kassapoglou presented originally
in his PhD thesis [5]. It is comparable to the strength degradation theory by Broutman and
Sahu [36] which is one of the recommended theories by Philippidis and Passipoularidis [10],
especially if low experimental effort is required. It has to be noted here, that the strength
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degradation theory by Kassapoglou was not yet developed at the time of publication of the
paper by Philippidis and Passipoularidis [10] and thus was not taken into account by them.
Both strength degradation theories require as input the fatigue life (N). Since the fatigue life
determination from Kassapoglou is used, it seemed logical to use his strength degradation
theory. This section will start with the description of the strength degradation theory 4.3.1.

Due to stress distributions, the element will feel a variable amplitude loading. Therefore a
theory proposed by Kassapoglou [66] will be used to account for this in section 4.3.2.

Two methods will be presented by which the required S-N curves can be obtained. The
methods are described in section 4.3.3, 4.3.5. An attempt is also made to find a way to
transform the obtained S-N curves such that they can be used for different R-ratios in section
4.3.4. Finally, the implementation considerations are discussed in section 4.3.6.

4.3.1 Non-linear strength degradation theory

A short summary will be given here which covers the assumptions made for the determination
of the strength degradation theory. For the full derivation, the reader is referred to the PhD
thesis of Kassapoglou [5] (chapter 2). The theory is based on the relation 4.1.

Aoyes = (Aores + B) An (4.1)

This equation states that the change of residual strength (Aoy.s) after an amount of cycles
(An) with constant amplitude loading will be a function of some constant (B) and another
constant (A) times the state of the structure (current residual strength o,.5) before cycling. To
solve this equation for the residual strength (o,¢s), three boundary conditions are required,
such that three unknowns can be solved for. The third unknown occurs in the process of
solving the derivatives. These assumptions are that at n = 0 the strength will equal the
pristine strength (o¢s). One cycle before reaching the fatigue life (n = N) the residual
strength will equal the applied stress (o). Since the applied stress should exceed the residual
strength at N because the structure will have to fail at the N-th cycle. The last assumption
will be that the structure has an endurance limit (og). A stress below the endurance limit
will never lead to failure. This endurance limit however will be set to zero after the solution
has been found. The equation for residual strength then becomes equation 4.2.
N—n-—1

Ores = UﬁUfSN*1 (4.2)

4.3.2 Accounting for spectrum loading

In between a cycle jump, the cyclic load will be of CA, this will also hold on the element
level. However, due to to progressing damage, at the element level the cyclic loading will be of
variable amplitude (VA) between cycle jumps. Notice the subtle difference of CA in between
a cycle jump and VA between cycle jumps. The cause of this variable amplitude is progressing
damage causing stress redistributions, which will change the stress at every element from
cycle jump to cycle jump.

The approach to account for VA relies on a slightly modified version of the residual strength

equation previously presented, equation 4.3.

nm+Nmuy  Nm—NVmu—nm)—1

Opm = O™ Oy Nm =1 (4.3)
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Where the subscript m refers to variables of the current investigated loading (block). The
newly introduced variable N,,, is the cycles required at the current loading to reach the
residual strength of the previous block. To find this new value equation 4.4 is used. For the
complete derivation, the user is referred to Kassapoglou [66].

(N -1 &
Ny = W Lz:l Nl—lln(NZ)] (4.4)

4.3.3 S-N curve determination by statistical strength distribution

To use the equation presented in the previous section (4.3.1), a value has to be found for the
fatigue life (N). In this report, S-N curves will be constructed for every strength, and will be a
function of stress ratio only. If a conventional approach is to be used to determine these S-N
curves, the ASTM suggest 12 fatigue test to be conducted for all required S-N curves (i.e. 60
fatigue experiments in total). Therefore, instead an approach proposed by Kassapoglou [5]
is used in this exercise in which the S-N curves can be constructed by making use of the
statistical strength distribution and the residual strength equation derived in the previous
section. For the complete derivation, the reader is referred to the actual PhD thesis [5].

Here, a concise derivation will be given such that the basic approach, its assumptions and
implications will be understood. For the current work, where the R ratio of 0.1 is used, it
suffices to assume that the static strength distribution will be a two parameter Weibull distri-
bution (see section 4.3.4). If in equation 4.2 now o, is a two parameter Weibull distribution,
it can be shown (see ref. [5]) that the residual strength will be also a two parameter Weibull
distribution with new shape and scale parameters. It can be shown however, that if one
would like to obtain the CDF of this new distribution, it will be given by equation 4.5 with
the shape and scale parameters of the original static strength distribution (derivation in [5]).

p=1-— e_(%) (4.5)
This equation gives for an applied load o the probability that the strength is lower or equal
to this applied load (i.e. probability of failure). For constant p, the probability of failure
between 1 and n cycles is then given by equation 4.6.

P =np(1—p)"* (4.6)

Taking the derivative of equation 4.6, setting it equal to zero and solving for n gives the cycles
at which the probability will be the largest that the structure will have failed (equation 4.7).
This n will be used as the fatigue life N.

1
N=———- 4.7
In(1 - p) .7
If now equation 4.5 is substituted into equation 4.7, simplified and rearranged, a closed form
expression is obtained which can be used to draw a S-N curve, equation 4.8.

o= Bl (4.8)
Na
This equation gives the S-N curve for R = 0. For different R-ratios, new shape and scale
parameters have to be derived according to the methodology described in 4.3.4
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4.3.4 Considerations for different R-ratios

The aforementioned equations in section 4.3.3 are derived assuming that the applied ratio is
either oo or 0. This is however difficult to apply in an experimental setup since it is possible
for the machine to go into compression for some cycles due to the accuracy of the control
equipment. For this reason, but also for generality, introduction of the R-ratio effects are
required. To do such a transformation, first the requirements have to be understood. The
equations derived up to here require the statistical distribution of some test starting from
0 up to the failure strength. In order to include the effect of non-zero R ratio, a statistical
distribution should be obtained for the ’imaginary’ test case where the test is started at a
load o, - R and ended at the load o, which is the failure load for this particular test. Two
problems arise (which is the reason for calling it 'imaginary’), a test cannot be conducted
from some non-zero load (o, - R), without first applying a load from zero up to that non-zero
load o - R. Second, you cannot a priori determine the true failure load o, of the specimen
such that you can determine at what load to start. Hence, a way has to be found to create
such data.

To do this, the original obtained distribution from the static tests will be changed according to
the following methodology and assumptions. Starting by assuming that the 99th percentile
will remain constant after the transformation i.e. the point after which 1 percent of the
strongest specimens are contained remains the same. The reason for this will be that since
these specimens are the strongest they will be assumed to be near perfect. Perfect means that
there will be no flaws caused in the manufacturing process (voids, resin rich, resin poor etc)
or during the specimen insertion into the testing machine (delaminations caused by impact,
scratches etc). Testing errors will be neglected for now (i.e. misalignments, measuring errors
etc). Hence, their failure load will be constant and cannot change due to starting from a non-
zero load. One can argue that the strongest specimens might also be due to flaws, however a
flaw in a simple rectangular specimen will always cause some type of stress gradient, reducing
the failure load. It seems therefore unlikely that there will be a specimen which is stronger
than the specimen which has no imperfections. Specimens below this 99th percentile will
have defects. Where the influence (on ultimate strength) of defects increases up to the 1st
percentile and below the 1st percentile the effects are expected to be constant due to the
severity of the defects. For the purposes of this work, the damaging effect of the defects
contained between the 1st and 99th percentile, will be assumed to be translatable at the 1st
percentile such that the 1st percentile might be moved to a new location 1 + R(xo — x1) the
procedure is depicted on figure 4.4. Implicitly, the effect of R-ratio reduces with increasing
strength. This transformation is not based on any physical principle, but rather is a first
approximation since there is no further information available.

The assumption might be justified by remembering that the effects of this transformation
apply on the scale for which no physical models are available (at least for the scales considered
in this work), hence such first order assumptions seem reasonable for this case. In order to
compute now the new distributions, the 1st and 99th percentile values have to be calculated
which will be represented by x; and z2 respectively. The new x; will be denoted as x7 and
is obtained by equation 4.9.

2y =z1+R-(x2 —x1) (4.9)

No matter what the type of the starting distribution is, the newly to be found distribution
will be a two parameter Weibull distribution, since for example for a normal distribution
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Figure 4.4: Calculation of new 1st percentile location

Table 4.1: Distribution transformations for R = 0.1

Strength H a [-] H B[Pa] H Mean [MPa] H
Xy 29.1283603358 2298920873.34 2255.96

Y; 29.4189891578 72181003.79 70.84

Y. 64.3790965593 275490609.813 273.09

S 98.2918365726 93997652.7531 93.46

it is impossible to change x; and keep 2 constant. Moreover, the MIL handbook advises
to use a Weibull distribution due to being better compatible with the brittle fracture of
composites [62]. The parameters are found by using equations 4.10

_ log(—10g(0.99))

@= log(—log((0.01))
S i 4.10
B o (4.10)
n  log(—10g(0.99))
~ log(z}/B")

It must be mentioned here that the transformations applied here are strongly inspired by
the methods presented by Kassapoglou with subtle changes in the determination of z;. The
change was performed such that the reasoning just discussed can be applicable. Applying
these transformations to the experimental data presented in chapter 3 for R = 0.1, two
parameter Weibull distributions are obtained with the shape (o) and scale (3) parameters
as shown in table 4.1. With the determination of the new distributions, new mean values
are derived, which, if used, will introduce a small error at low cycles. However, since the
simulations run in this work are mostly high cycles, the choice was made to use the new
mean values for the residual strength determination. Finally the S-N curve determination of
section 4.3.3 and the R-transformation of this section is applied on the statical strength data
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of Marlett [55] for which the mean strength is comparable to that of Justo et. al. [70]. Both
sources used the same ’AS4/8552’ material. The two obtained S-N curves coincide very well,
which suggest that the described method can be usable, at least as a first approximation. The
results are depicted on figure 4.5. It has to be noted here that it was not possible to validate
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Figure 4.5: Comparison between transformed S-N curve and experimental S-N curve

the S-N curves obtained using the experimental campaign of this project. The reason for this
is that no S-N curves were available in literature to compare the obtained S-N curves too.
The only found S-N curve was the curve of Justo et.al. [70], however the static strength did
not coincide with the current experimental campaign (error of approx 13%) and the amount
of tests conducted in their effort was low.

4.3.5 S-N curve determination by fitting experiments

The S-N curves determined with the method presented in section 4.3.3 did not yield satisfying
results when implemented in the current model, this will be shown in section 4.4. By stating
this, it is not implied that the method is wrong. What is meant, is that in the current
implementation, the S-N curves determined by the previous section are not useful for assessing
the behavior of the fatigue model developed. Three reasons which are thought to be the
cause of this will be discussed now. The first of which is that the experimental campaign was
probably not large enough in order to provide good estimates for the statistic distribution of
the static properties. This may be supported by the fact that the histograms and the plots
as shown in Appendix B are not convincing.

Second reason is that improper stress solutions are causing too fast degradation of strengths.
These improper stress solutions can be caused by the size paradox as mentioned earlier and
by not modeling delaminations. Delaminations were clearly available during fatigue testing
as has been mentioned in chapter 3 and delaminations can have orders of magnitude impact
on the fatigue life according to experimental data of Nixon-Pearson and Hallet [71].

The third reason is that the S-N curves can probably not be applied on a single element
without any adjustments. There are two reasons for this. It can be that there is a size effect
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Table 4.2: Results for inclination parameter B after fitting to experimental data

Name of fit % Mean experi- || Simulated N Parameter B
mental N

NL 0.85 2,056,675 2,092,213 69

NH 0.9 419,585 425,793 107.5

which might cause the statistical distribution for a single element to be different than for a
specimen, such size effects are described for example in Okabe and Takeda [72]. The second
reason is that as there are in-situ strengths (Pinho et. al [33]), it can be that there is also
some in-situ fatigue life. To this end, in this section an alternative method will be used to
determine S-N curves. The method will be used in order to account for the errors introduced
by the previous mentioned reasons. It is assumed here that the previously mentioned reasons
will have an increasing effect on the fatigue life of the properties on the element level. Hence,
to account for this, the fatigue lifes of the elements will be increased by an experimental fitting
parameter. The increase of fatigue life is achieved by changing the inclination parameter of
the S-N curve. For keeping the new S-N curves as close as possible to the S-N curves of
section 4.3.3 (for comparison reasons) the same base equation 4.11 is adopted.

o= Al (4.11)
NB

Here, A will be the initial static strength as determined in table 4.1 and B will be the
inclination parameter. The B parameter will be chosen such that simulation gives a predefined
amount of fatigue cycles for the fatigue limit at a specified load. In the present exercise, two
load levels are chosen, namely the loads at which fatigue life values were obtained in the
experimental campaign. This yielded the values shown on table 4.2. A graph showing the
sensitivity of the model to the inclination parameter (B) is shown in appendix C. Two remarks
are in place for the table. The simulated and experimental values still do not match exactly.
The reason for this is that the fit was performed by trial-and-error. Since a complete analysis
takes approximately 10 hours, it was not feasible to reduce the error even more.

The second thing to notice, is that fit 'NL’ did coincide closely with the value obtained
from the experimental S-N curve as it was derived in chapter 3. Finally, it has to be noted
that the same inclination parameter was applied on all the required S-N curves according to
the theory of Kawai [73]. Where it is stated that S-N curves for arbitrary fiber orientation
angle will coincide if the S-IN curve is divided by the static strength. This method does
only work for tensile loads and is here assumed to be applicable also for the shear-elastic
properties. Therefore, and because compression failures seemed not that likely, the S-N
curves for compression loads remained the same as derived in section 4.3.3. Figure 4.6 shows
the normalized S-N curves for the found inclination parameters of section 4.3.3 in combination
with 4.3.4 and the inclinations found in the current section. For completeness, the inclination
parameter found by using the S-N curve of Justo et.al. [70] is also shown.

It must be stressed here that it is not believed that the ’fitted’ inclination parameters will
reconstruct the correct S-N curves. Rather, the fits try to account for the effects described
at the start of this section in an non-physical way.
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Figure 4.6: Comparison of the effect of inclination parameter B on the S-N curve

4.3.6 Implementation considerations

As has already been mentioned, the stress solution is obtained at the element level. From
the residual strength equation 4.2 it is clear that degradation is based on the applied stress.
Hence it seems logical to apply the degradation on the element level. In general, every element
has five strengths (equation 4.12) for which the strength degradation has to be assessed (at
least in the case of using the theory of Puck and Schiirmann to predict failure).

X, = tensile strength parallel to fibers

X. = compression strength parallel to fibers

Y; = tensile strength transverse to fibers (4.12)
Y. = compression strength transverse to fibers

S, = in-plane shear strength

This immediately raises a problem, since six different stresses can act on an element and in
general the strength degradation theories associate one stress with one strength. In this work,
stresses and strengths will be associated one to one, which means that the effect of multi-axial
loading on the strengths is neglected. Multi-axial loading is however considered by the failure
criterion. Hence the effects do get, at least partially, captured at the macroscopic level. To
associate stresses with strengths for the degradation, the assumption has to be made that
every strength will have its own damage.

To assign stresses to strengths, the following reasoning will be used. In principle stresses that
act parallel to the strength direction will be associated to each other. Tension stresses are
associated to tension strengths, the same holds for compression. The remaining three stresses
are out-of-plane stresses (o33, 713, 723 and according to the PhD thesis by Bhat [74] these
stresses cause delaminations, which are not covered throughout this exercise. Hence, their
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effect on the strengths is neglected. Moreover, the elements will feel a VA loading, despite
the fact that the specimen is loaded in CA. This happens due to the damage propagating
and as a consequence of this propagation, the stress distribution changes. This may even
mean, that at some cycle, the element will have a tension-tension cycle, whereas at a different
cycle it might be compression-compression. The effects of these changes can not be tracked
by the current model. Experimental results of Philippidis and Assimakopoulou [75] suggest
that at least, for a pristine structure, loading in c-c fatigue, the transverse tensile strength
remains unaffected. This argument tries not to be conclusive but rather tries to show that
the assumption made might be not that limiting.

4.4 Comparison to experimental results

Three characteristics of the model will be investigated. At first, the stiffness of the specimen
will be investigated in section 4.4.1. The results will be used to asses the models ability to
predict the behavior of the specimen during cyclic loading. The model is then compared to
its ability to predict the fatigue life of a specimen subjected to constant amplitude loading.
An S-N curve will be constructed using the simulated data and compared to the S-N curve
obtained from the fatigue experiment, section 4.4.2. Finally, the ability of the model to
predict the residual strength after cyclic loading will be judged in section 4.4.3. Simulation
results shown here will be based on inputs of the S-N curve determination in section 4.3.3
and section 4.3.5. For convenience, the model of section 4.3.3 will be called 'Kassapoglou’.
The model based on the high experimental load will be called 'NH’. Finally, the model based
on the low experimental load 'NL’ Not all models will be used in every section.

4.4.1 Stiffness behavior during cyclic loading

Modeling the stiffness behavior can be useful in applications where deflection limits are crit-
ical. Moreover, monitoring the stiffness can be used in order to asses at what point the
specimen is in its fatigue life without breaking the specimen. Stiffness behavior will not be
compared to experimental results since no experimental data was available (displacement out-
put of the machine was not considered since it is not reliable according to the lab technicians).
In this section, only the trend of behavior will be examined. Three load cases are tested and
only 2 of the S-N curve models. The obtained stiffness predictions are shown in figure 4.7.
Clearly, the higher loads show a more sudden behavior, this is expected and was also shown
in the book by Vassilopoulos [3]. The initial stiffness loss is mainly caused by the initial ramp
t0 Oimae but also due to the first fatigue cycles.

4.4.2 S-N curve determination

In this section all three input models, Kassapoglou, NH and NL will be considered. The
fatigue model will be used to create S-N curves for the OHT specimen. The same approach is
used as for the determination of the experimental S-N curves. The model was run at the exact
same loads as the experimental tests in order to keep parameters constant. The obtained data
points (produced by the fatigue model) and the fits are shown on figure 4.8.
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Table 4.3: Residual strength after 80,000 cycles at 0.6 of static strength

Method Residual Error o, [%] % Error %[—]
strength [%]
[MPa]

Experimental 395 - 1.03 -

Kassapoglou 386 -2.3 0.96 -6.8

NL 381 -3.5 0.95 -7.8

NH 404 2.3 1.01 -1.9

Table 4.4: Residual strength after 150,000 cycles at 0.6 of static strength

Method Residual Error oyes [%] || 72 Error &[]
strength [%0]
[MPa]

Experimental 388 - 1.01 -

Kassapoglou 386 0.5 0.96 -5.0

NL 404 4.12 1.01 0

NH 404 4.12 1.01 0

As can be seen, the model by Kassapoglou did not yield satisfactory results. It must be
stressed that it can not be concluded thus that the model by Kassapoglou is incorrect, since
the obtained predictions were comparable to S-N curves found in literature (Justo et. al. [70]).
Possible reasons for obtaining incorrect results with the model by Kassapoglou might be
the amount of static tests conducted as was mentioned in chapter 3 and/or not modeling
delaminations. Since delaminations were observed during almost % of the fatigue life. The
"NL’ model seems to predict the S-N curve quite accurately and is within the experimental
95% confidence bands. The "NH’ model over-predicted the S-N curve. This is not surprising,
as in chapter 1 it was already mentioned that at higher loads predictions get worse in general.
Hence, by performing a fit at a high load, it seems logical that the predictions at lower loads
will suffer.

4.4.3 Predicting residual strength

Residual strength predictions are assessed for three different cases. Two cases were performed
at a omqr of 0.6 of the static strength. The third case was performed at 0.9 of the static
strength. Tables 4.3, 4.4 and 4.5 show the results obtained with the different input models.
The amount of cycles the specimens were subjected to is shown in the table caption.

The tables show that, if the applied cycles are not higher than the fatigue limit predicted
by the model, the models are able to predict the residual strength fairly correctly. In some
cases, even the correct trend is predicted. The usage however of these predictions becomes
questionable if the applied cycles are near the predicted fatigue limit by the model. On the
other hand, it shows that in general the fatigue model has potential if adjustments are made
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Table 4.5: Residual strength after 200,000 cycles at 0.9 of static strength

Method Residual Error o, [%] % Error %[—]
strength (%]
[MPa]

Experimental 434 - 1.13 -

Kassapoglou FLR! - - -

NL FLR! - - -

NH 387 -10.8 0.97 -14.2

such that correct fatigue lifes are predicted. Due to limited time, the amount of performed
experimental residual strength tests was kept low. Moreover, due to the material being fairly
insensitive to fatigue, but having quite large scatter, it was not possible to perform tests in
the region where the residual strength drops. Therefore, the steepness of the final strength
drop can not be compared to experimental results. As was stated in chapter 1 in general
the strength is expected to remain constant up to just before the point of failure, where the
residual strength will drop drastically. From the experimental campaign however, a strength
increase is observed in the early stages of fatigue. This is not an unknown phenomenon and
was also observed by Shokrieh and Lessard [11] and by Lagace [76]. The increase is thought
to be the cause of damage which results in stress redistributions, which lower the initial stress
gradient of the hole.

From the simulated results, only models NL and NH were able to capture some slight strength
increase. From which it can be concluded that the model at least is able to predict stress
increases. However, the amount of stress increase predicted might be limited by the used
inputs i.e. the S-N curves, the degradation of properties on the element level and the lack of
modeling delaminations. For the sake of completeness, a residual strength curve predicted by
the fatigue model will be presented now, figure 4.9. The plot shows that the model is able to
capture some strength increases, although the magnitude and location of strength increases
can not be verified due to the lack of experimental data. Finally, the final steep drop of
strength is captured. Although it does look very steep, one should not forget that the applied
load is near the final failure load (0.85) and the plot is on a semi-log scale. Figures 4.10 show
the damage progression of due to fatigue. The ply shown is the outer 0 ply.

4.5 Concluding remarks fatigue model

In this chapter, a framework is presented for a fatigue model which can be applied on general
cases after proper adjustments. In its current form it was developed for OHT specimens.
The model can be used to predict stiffness, strengths and fatigue lifes. It is based on the
assumption that below the macroscopic level only strength degradation occurs due to cyclic
loading. The model was able to predict the trend in all these tests. The model was unable
however to predict correctly the magnitudes and locations of these trends. Recommendations
will be given in chapter 5 in order to improve the model.

!'FLR=Fatigue limit reached before reaching requested cycle
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Chapter 5

Discussion and recommendations

In the present exercise, a progressive damage analysis model has been built for modeling the
effect of quasi-static and cyclic loading. It can be used to predict stiffness behavior, residual
strength and fatigue life. The model has been developed around an open hole specimen with
a quasi-isotropic layup, in that way, the complexity of stress gradients and complex damage
states are considered. Inputs are only required in the form of engineering constants and S-N
curves. The S-N curves are also acquired at the engineering constant level. By doing this,
the model can be applied on any structure and layup. This does not mean however that the
model will make good predictions on any tape of layup and/or structure. In fact, as the model
is at its infancy (this work is the initiation of the current model) it can currently only be used
to make trend estimates of stiffness and strength. For the prediction of S-N curves additional
experimental input was required in order to get predictions to within the experimentally
observed 95% confidence bands. In this final chapter, the different parts of the model will be
discussed in section 5.1, if, how and to what extend the research questions are answered will
be reviewed in section 5.2 and finally recommendations for the further development of the
model will be made in section 5.3

5.1 Discussion

The model developed in this exercise is built using three parts. Two of the three parts contain
the theoretical laws which are used for the progressive damage analysis. The first of which
is the macroscopic damage law, in the current model usage is made of the criterion by Puck
and Schiirmann [28], the discussion of this part is held in section 5.1.1. The second part are
the laws which act on the properties of part one. Currently, a theory by Kassapoglou [5]
is utilized (which shows close similarities to the theory of Broutman and Sahu [36]). It is
implemented using a method for determining S-N curves also proposed by Kassapoglou [5],
the second part is discussed in section 5.1.2. The third part brings together the laws and
applies them on a structure using FEM and a proprietary cycle jumping algorithm. This part
was developed in the present work and is discussed in 5.1.3
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5.1.1 Macroscopic

In the current model, macroscopic failure of two failure modes can be captured by the model.
These modes are fiber failure (either tensile or compression), and inter-fiber failure caused by
tensile or compression forces. As the predictions of the quasi-static model are mostly close
to the experimental observed values, it is thought that these failure modes are well modeled.
However, no compression tests have been done as validation and hence the compression part
is not sufficiently validated. In the static model, the largest discrepancies were probably due
to the sudden degradation mechanisms. The effect of this was most notable for the soft (£45
rich) specimens.

Two characteristics of the currently implemented sudden degradation theories are incorrectly
representing physical events. The first is the degradation of element properties, where in the
physical small cracks occur, the simulated model creates lump ’cracks’ which are as large
as one element. Although for the static model the lump modeling seems to be sufficient, it
will be the cause of wrong stress redistributions, especially in the fatigue case where stress
redistributions are increasingly important due to the large sequence of events. The second
incorrect physical representation of sudden degradation rules is the degradation of the shear-
elastic properties. From the results it is clear that the model has difficulty providing good
predictions when the influence of the shear-elastic properties increases (i.e. increased +45
plies).

Finally, delamination modeling has to be included if fatigue is to be modeled correctly. De-
laminations start as early as % of the fatigue life (at least as can be observed by the naked
eye) and will cause stress redistributions which will affect the degradation of macroscopic
properties.

5.1.2 Degradation of macroscopic properties

In the current implementation, the degradation of macroscopic properties is achieved by a
simple (near-) linear line. The slope of this line is solely based on the fatigue life of the applied
load. This seems reasonable for a first approximation. However, using the fatigue life (N)
obtained from large UD specimens in this approximation may be on the conservative side.
Three effects are thought to be the cause of this, for clearness, the effects to be discussed
are thought to happen below the macroscopic level. First, scaling might be needed. Okabe
and Takeda [72] actually observed such scaling effects on CFRP’s caused by impurities on
the microscopic level. As the reason of fatigue is thought to be the cause of these impurities,
it might not be correct to use S-N curves derived from UD specimens on the element level
without any scaling parameters.

A second effect which does affect the degradation but is not related to it directly is the size
paradox. This concept was already introduced in chapter 2. The formation of cracks will
cause additional stress raisers, but due to their small size will probably be susceptible to the
size paradox too.

Finally, there might be comparable effects as the in-situ strengths (Pinho et. al. [33]. These
effects can be for example adjacent plies acting as crack inhibitors if the adjacent plies have
fibers perpendicular to the (to be formed) crack-plane.
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5.1.3 Framework

In the present exercise an effort has been made to create a framework by bringing together
three distinct parts. These parts are the stress solution, macroscopic damage laws and degra-
dation of macroscopic properties. The fourth part is the framework itself, which brings these
parts together with the goal to make an efficient model. In the present exercise this is done by
assuming that there is no stiffness degradation at the element level and by using a numerical
root finding algorithm in order to reduce the required amount of function evaluations of the
macroscopic damage laws and the degradation routines.

In the current implementation, the model uses mean values and will always give the same
solutions as the inputs are kept constant. As is known however, fatigue of composites is
subjected to scatter. This scatter has also been observed in the performed experimental
campaign. In order to obtain useful predictions, the model should predict scatter too. Finally,
the combination of Python and Abaqus commercial code is not that efficient. The reason is
that due to this combination, for every increment (stress solution) the input file has to go
through the pre-processor of Abaqus, where it spends a lot of time without actually performing
any finite element calculations.

5.2 Reflecting on research questions

The research questions will be treated one by one in this section. Starting with the sub-
questions. The main research question will be treated as last.

How should the macroscopic damage law be implemented?

The implementation of a macroscopic damage law is discussed in chapter 2. A stress-strain
based approach was used and the assessment of damage was performed at the element level.
Two failure modes were modeled, fiber failure and matrix failure. For prediction of static
strengths this model seemed to be sufficient (at least if the amount of +£45 plies does not
dominate the lay-up). For modeling fatigue not taking into account delaminations is unac-
ceptable.

What type of degradation theories should be applied?

In general, the types of degradation laws that can be considered depend on the used macro-
scopic damage criterion. In the present study, two types of degradation theories were con-
sidered (due to the used damage criterion). Stiffness- and strength-degradation. Eventually,
only strength degradation has been built-in explicitly using an approximation as proposed by
Kassapoglou [5]. Stiffness degradation is accounted for implicitly. As the model apparently is
able to capture some residual strength increases, which are caused by stress redistributions, it
is thought that the way of implicitly accounting for stiffness loss might not be that limiting.

Can an algorithm for cycle-jumping be developed relating damage and degradation to find
the amount of cycles to be jumped?
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In the present case this relation was found by assuming that in between the cycle jumps
the stress will remain constant. By making this assumption, the damage criterion becomes
a function of strengths only. Since the strengths are a function of cycles only, the to be
jumped cycles will be calculated using Brent’s method to minimize the number of function
evaluations. With this method, the cycle to be jumped can be found on the element level.

How should such a cycle-jumping be implemented in a fatigue modeling framework?

The cycle jumping algorithm has been implemented in a fatigue framework according to the
flow-chart presented in chapter 4. It is implemented such that the amount of elements which
have to be checked for critical cycles is reduced.

How can fatigue be modeled using PDA in combination with FE?

Modeling fatigue using PDA may be achieved by a model which should consist of four dis-
tinct parts. Part one will have to provide stress solutions for various (damage) states of the
structure. A second part should assess damage initiation with as input the stress solution.
Another part will be used to track for degradation of properties due to cyclic loading. Finally,
the fourth part is the framework which lets the other three parts collaborate in an efficient
way. In this exercise it is called the cycle jumping algorithm but can also be seen as the
"framework’, because it will ensure that all other parts will work together.

5.3 Recommendations

The recommendations made in this section are predominantly connected to the observations
made in the previous discussion. Here, the recommendations will be discussed in order of
increasing complexity. Although, it is not exactly known how complex every recommendation
will be and as such an engineering estimate is applied.

e Increase specimen size and hole size.

This recommendation is most easily implemented and shall be performed in order to reduce
discrepancies caused by the aforementioned size paradox. For quasi-isotropic lay-ups, a hole
diameter of approximately 12mm (instead of 6mm) will reduce the effects up to negligible
values if the approach of Marissen et. al. [58] is to be believed. Simultaneously, the width
shall be increased according to ASTM practice [64] such that edge effects are reduced.

e Implementation of an auto-correcting displacement incrementation algorithm

In the current implementation the displacement controlled simulations have a constant step.
This is both inefficient and inaccurate, therefore, it is recommended to use an algorithm
which can predict (approximately) how much the displacement should be increased such that
a minimal amount of failures occurs. This algorithm can be based on the failure index as is
the load introduction described in chapter 2.
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e Allocate engineering constants on the element level according to statistical distribution
of the engineering constants.

In principle this is can be a straight forward process and has already been done by other
authors such as Naderi and Maligno [30]. Aspects to consider if such an approach is to be
used are the association of strengths and stiffnesses and the association of strengths to fatigue
life. The advantage of such a method is that now confidence bands can be created (at the
cost of additional computational effort). This seems an important aspect if the results are to
have some statistical meaning. Especially due to the high scatter, it might be needed to have
such confidence bands in order for the results to be of any use.

e Include modeling of delaminations

Including modeling of delaminations seems to be a requirement for a proper fatigue model.
Although the effects of delaminations in the current observed case can not be easily quantified,
literature (Nixon-Pearson and Hallett [71]) suggests that delaminations can have orders of
magnitudes difference in fatigue life. Approaches on modeling fatigue life are already available
in literature. It might however be more difficult to find a method on how to degrade properties
due to cyclic loading associated with delaminations.

e Investigate the validity of applying S-N curves obtained from specimens to the element
level.

It will have to be investigated if a one-to-one relation can be used. Or that for instance
size or in-situ effects occur, which may require some scaling properties. Possible ways to
determine these effects might be the investigation of specimens of variable size, and testing
MD specimens.

e Use eXtended Finite Elements (XFEM) to model cracks

In order to get better stress solutions it might be necessary to use XFEM. Although XFEM
is already commercially available, it might be a tedious task to combine it with the currently
proposed model.

5.4 Final remarks

The present project is the first step towards a general fatigue model. The topics treated are
mainly horizontally related. By doing this, the potential of the model is shown. Successors of
the current project should focus more on topics vertically related to the topics addressed in
this work (i.e. going more in depth). With as guidelines the just made recommendations.
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Appendix A

Baseline/Medium cure cycle (M)

All temperatures are thermocouple temperatures of the part. Apply upper limit of 180+£5°C
on autoclave temperature to avoid overshoot.

a Pull vacuum (min 22 in Hg) (min -0.75 bar)

b Heat at 0.55 to 4.4°C/min (2.5°C/min nominal) to 180 + 5°C and ramp autoclave
pressure to 7bar gauge (i.e. with atmospheric pressure defined as 0) (or100 psig).

¢ Before temperature reaches 60°C and when autoclave pressure is 1.38 = 0.6 bar gauge
(or 20 + 10 psig), vent vacuum bag to atmosphere

d From 163°C to 180 £+ 5°C a minimum heat-up rate of 0.17°C/min is acceptable.
e Hold 180 + 5°C for 150min
f Cool down rates from cure temperature to 66°C shall be no more than 5.55°C/minute.

g Release autoclave pressure when thermocouple is below 66°C or minimum 1 hour into
cool down, whichever occurs sooner. h. Remove from autoclave when autoclave tem-
perature is less than 49°C

The cure cycle parameters are depicted on figure A.1.
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Baseline/Medium cure cycle (M)
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Figure A.1: Cure cycle parameters



Appendix B

Static strength statistics

In this appendix the assumed fits can be found. The fits were obtained using the software
package R with library ’fitdistrplus’ The fits were created using command fit(z, 'norm’ or
"weib’ for normal or Weibull fit respectively.

The first fit is for the longitudinal tensile strength. In chapter 3 it was found that a Weibull
distribution was the best fit. It is shown on figure B.1.

Second data to be tested is the transverse tensile strength. Again, a Weibull fit was determined
to be the best fit according to the procedures in chapter 3. The results of the fit are depicted
on figure B.2.

The transverse compression strengths were obtained from the report of Marlett et. al. [55].
The same analysis was carried out as for the other strengths. A Normal fit was found to be
the best choice here. The fit is shown on figure B.3.

Finally, the shear-elastic properties or shear strength was best fitted by a Normal distribution.
The fit is depicted on figure B.4. The raw data strength data is shown in table B.1. Specimens
not shown in this table were not tested.
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Figure B.1: Weibull fit of longitudinal tensile strength data
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Figure B.2: Weibull fit of transverse tensile strength data
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Figure B.3: Normal fit of transverse compression strength data
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Figure B.4: Normal fit of shear strength data
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Static strength statistics

Table B.1: Raw static test-data

‘ Specimen H Strength [MPa] H Comment
SL201 1555 slip
SL202 1694 residual in clamp
SL.203 2269
SL.204 2239
SL.205 2102
SL206 2261
SL207 2118
SL208 2102
SL.209 2326
SL210 2392
SL211 2318
SL212 1737 residual in clamp
ST201 72
ST202 0 Failed before test
ST203 75
ST204 55 Grip Failure
ST205 32 Grip Failure
ST206 74
ST207 67 Grip failure
ST208 73
ST209 64 Grip failure
ST101 61 Grip failure
ST102 72
ST103 71
ST104 67
ST105 66
ST106 67
ST107 45 Grip failure
ST108 69
ST109 66
SIS109 93
SIS208 92
SI1S104 93
SIS105 95
S1S205 91
SIS207 90
S1S203 92
S1S204 90
SIS206 92
SIS103 93
SIS102 94




Appendix C

Sensitivity of the fatigue model to
inclination parameter B

The effect of inclination parameter B is plotted against the obtained predicted fatigue limit
(N) on figure C.1. The sensitivity study was carried out at oy,4: = 0.90,;. On a semi-log

plot, it can be seen that the fatigue life behaves linearly as a function of inclination parameter
B.
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Figure C.1: Effect of inclination parameter B on predicted fatigue life
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