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Finite element modelling of fibre matrix debonding and frictional sliding and their effects on neighbouring fibres

Abstract

This thesis explores finite element modelling of fibre-matrix debonding and frictional sliding in
Abaqus, with particular attention given to their influence on neighbouring fibres. It aims to im-
prove model accuracy through advanced simulations and validation methods. A literature review
underscores the need for robust finite element models in predicting composite material behaviour
in fatigue. Theoretical equations for validating the finite element model are developed.

Single-fibre and multi-fibre models are utilised, with the former being used primarily for valida-
tion and the latter being used to simulate various realistic cases. Results demonstrate successful
validation and provide insights into the effects of friction along the debond interface on stress con-
centrations in neighbouring fibres. Key findings indicate that reducing interfacial friction increases
crack tip energy release rates, leading to stress fields that could potentially cause fractures in neigh-
bouring fibres near the debond crack tip.
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1 Introduction

In recent decades, composite materials have become ever more important, especially in the aerospace
and wind energy industries. By combining strong fibres with a lightweight matrix, manufacturers
are able to create materials and structures that offer high strengths exactly where they are needed
at a fraction of the weight of conventional materials such as steel. However, the full potential of
composites has yet to be realised.

In addition to achieving high strengths and low densities, composite materials have been shown
to have increased fatigue resilience [1]. This capability is of vital importance in both the aviation
and wind energy industries, which rely on structures that frequently undergo stress cycles. Unfor-
tunately, fatigue damage progression in composites has proven difficult to accurately model. This
lack of understanding limits the extent to which manufacturers can safely exploit the true extent
of composites’ fatigue resilience, and it makes it harder to develop new composites with further
improved fatigue behaviour [1].

This thesis project attempts to improve the body of knowledge concerning fatigue damage progres-
sion through modelling the phenomenon at the fibre scale using the Finite Element Method (FEM).
Specifically, it attempts to demonstrate the effects of a broken and partially debonded fibre on
stress concentrations in neighbouring fibres during a loading/unloading/reloading cycle, with spe-
cial attention given to the influence of friction along the fibre-matrix interface and the fibre volume
fraction.

The model built for this project builds upon many analytic and numerical models that have come
before, which will be discussed in the literature review in chapter 2. Next, in chapter 3, the specific
research questions to be investigated will be defined. Chapters 4 and 5 will discuss the theoretical
methodology and the set up of the model, respectively. In chapter 6, a single-fibre model used for
validation purposes will be introduced, and the results from simulating the single-fibre pull-out test
will be presented and compared with analytical solutions. Chapter 7 will contain the simulation
results from an expanded full multi-fibre model, exploring the behaviour of both the broken fibre and
its closest neighbouring fibre through the loading/unloading/reloading cycle for a range of debond
zone friction coefficients and fibre volume fractions. Finally, chapter 8 will contain discussion of the
results, as well as conclusions and potential areas of interest for future research.
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2 Literature Review

An extensive literature review has been conducted in order to determine the current state of the art
in composite fatigue modelling and, by extension, to identify areas where further research would be
beneficial to advance the understanding of composite fatigue damage progression. This literature
review will first examine existing analytical and empirical models for composite fatigue damage
progression, especially those that account for the role of sticking friction and forward/reverse slip
in damage arrest and continuation. Next, it will examine the current state of finite element models
concerning composite materials and the techniques used to construct these models, noting the
limitations of existing models. Finally, the review will identify the role of this thesis in advancing
the current body of knowledge concerning fatigue in composite materials.

2.1 Theory and Analytical/Empirical Models

Composite materials are notoriously difficult to model and analyse compared to conventional mate-
rials, and researchers have long struggled with the problem of predicting fatigue damage in compos-
ites. Vassilopoulos writes, "Unfortunately, although the physics of fatigue are the same, the fatigue
behaviour of composite materials is different to that of metallic ones. Fatigue failure of composites
is challenging to analyse, as many damage mechanisms interact" [2]. Thus, the majority of models
for composite fatigue rely on empirical data rather than an understanding of the micromechanical
damage progression mechanisms. Fatigue life diagrams, such as this one from Gamstedt and Talreja
[3] shown in Figure 1, which is based an earlier diagram from Talreja [4], can be generated using
this empirical data.

Figure 1: Fatigue Life Diagram of Longitudinal Composites in Tension-Tension Fatigue [3]

As can be seen in Figure 1, in Region II, where peak strain εmax is sufficient to cause damage pro-
gression but low enough so as not to cause rapid non-progressive failure, fatigue damage progresses
via matrix cracking and debonding of the fibre from the matrix [3]. Essentially, as the debond
length grows at a broken fibre, the stress field in the matrix increases, leading to cracking in nearby
fibres and thereby enabling damage progression.
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Experimental data from van den Heuvel, Peijs, and Young [5] supports this view. Using Raman
spectroscopy, the strain in fibres neighbouring broken and partially debonded fibres was measured.
Higher strain values were found at locations near the location of fibre fracture. Specifically, three
stress concentrations were observed; one corresponding with the fibre break, and two corresponding
with the ends of the debond zone, as is illustrated by Figure 2 [5].

Figure 2: More Detail of the Area Around x = 1000 µm Showing the Strain Profile of Fibre 4, i.e.
a Neighbouring Fibre at an Interfibre Spacing of 1.0ϕ [5]

However, in Region III as defined by Figure 1, the debond length does not become long enough
to produce the necessary stress field to induce fracture of the neighbouring fibre. Figure 3 from
Gamstedt and Talreja [3] shows the debond length as a function of the number of cycles for four
different broken fibres under Region 3 loading as found experimentally; as can be seen, the crack
growth eventually stops, resulting in an infinite fatigue life.

Figure 3: Debond Propagation from a Single
Fibre Break in Region III in CF/Epoxy (ε =
0.89%) [3]

Figure 4: Influence of Fibre-Matrix Adhesion on
the Interfacial Damage Zone (Debond Length) in
Model Composites Containing Fibres with Two
Different Surface Treatment Levels at an Inter-
Fibre Spacing of 3 Fibre Diameters (σmax =
80%σu) [6]
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Goutianos and Peijs [6] used polarised-light microscopy to measure debond length over time under
cyclical loading. In this study, debond zone growth was also found to slow down or halt after a
large number of cycles, as can be seen in Figure 4.

More recently, Sørensen and Goutianos [7] have further investigated the existence of a fatigue limit
in composite materials by developing a micromechanical model considering the effects of sticking
friction. It was found that in the presence of sticking friction in the debond zone, "there will be
no change in the crack tip stress intensity factors during cyclic loading. Cyclic crack growth of the
debond crack will then stop" [7]. Essentially, fatigue damage progression can halt even after one or
more fibre breaks. This finding aligns with the results found by Gamstedt and Talreja as well as
Goutianos and Peijs. However, the paper also notes that were the fibre/matrix friction to decrease
due to the erosion of asperities during cyclic slipping, it would lead to a lower fatigue limit [7].

As part of their analysis, Sørensen and Goutianos use the following equation to estimate the maxi-
mum stress induced in neighbouring fibres as a result of a debond crack tip stress field [7]:

σ̂K
f = σK

f

∣∣
max

= 0.435
Ef

Em

√
G i
c Ē∗
d∗

, (1)

where σ̂K
f represents the stress in the fibre induced by the stress field, Ef is the Young’s modulus

of the fibre, Em is the Young’s modulus of the matrix, G i
c denotes the interfacial fracture energy,

Ē∗ is the bimaterial Young’s modulus, and d∗ is the distance between two adjacent fibres [7].

Sørensen et al. [1] expanded upon this research by investigating in Region II as defined by Figure 1,
where fatigue damage does progress. However, this progression can be quite slow, with a large
number of cycles in between individual fibre fractures. To explain this behaviour, Sørensen et al.
propose a micromechanical model for fatigue damage progression "based on the assumption that
the interfacial frictional sliding shear stress decreases during repeated forward/reverse slip" [1] due
to the erosion of asperities. "Since the cyclic debond length, ld, depends on the frictional sliding
shear stress, τs, a decrease in τs leads to an increase in the debond length ld" [1]. When ld has
increased to a sufficient length, the crack tip stress field can cause cause neighbouring fibres to
fracture. The micromechanical model for fatigue damage growth rate da

dN developed by Sørensen et
al. [1] is described by the following equation:

da

dN
=

∆a∗

N ∗ =

√√
3π

2Vf

r

N ∗ , (2)

where N ∗ denotes the average number of cycles needed for the next row of fibres to break, ∆a∗ is
the growth distance per failed fibre row, N is the number of applied load cycles, r represents the
fibre radius, and Vf is the fibre volume fraction [1].

2.2 Visualisation of Fatigue Damage Progression

Jespersen and Mikkelsen [8] used an X-ray CT scanner to monitor the progression of fatigue damage
over the course of sustained cyclic loading of a glass fibre composite coupon. Their results allow
for the direct observation of the progression of individual fibre fractures in three dimensions; two
examples showing this progression are provided in Figure 5. As can be seen in the figure, successive
fibre fractures do not always occur in a straight line, suggesting that some of the fractures occur due
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to stress concentrations associated with debond crack tips rather than fibre fractures themselves,
aligning with the results of van den Heuvel, Peijs, and Young [5].

Figure 5: Two Chosen Examples of How the Damage Progresses in the Considered Volume [8]
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2.3 Finite Element Models

Van den Heuvel et al. [9] created a finite element model to compare with the Raman spectroscopy
data of van den Heuvel, Peijs, and Young [5]. The mesh they used is shown below in Figure 6.

Figure 6: Schematic Representation of the Mesh Used (Not to Scale) [9]

The results from the finite element analysis were found to agree well with the Raman spectroscopy
results, as is illustrated in Figure 7, thereby demonstrating the capabilities of FEM to accurately
model composite mechanics, specifically stress transfer from a broken fibre to an intact neighbouring
fibre.

Figure 7: Comparison of FE Calculations to Experimentally Obtained Raman Data for a Carbon/E-
poxy Model Composite in the Case of a (100:0) Matrix. (a) Strain Profile of a Broken Fibre and
(b) Strain Profile of its Adjacent Fibre Positioned at an Inter-Fibre Spacing of 0.8f [9]

Breite et al. [10] performed a comparative study of six different models for longitudinal tensile
failure of unidirectional composites, including a Finite Element - Imposed Stress Model (FEISM).
It was found that of the six models, "FEISM is the only model that predicts the maximum stress
concentrations in the intact fibres to occur away from the fibre break plane" [10]. This result
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suggests that special attention will need to be given in this present work to validating the location
of maximum stress concentrations in neighbouring fibres.

Zhuang et al. [11] modelled debond crack growth from a fibre break using hexagonal fibre packing.
An interesting technique for defining the boundary conditions of the model was used that was noted
to be potentially useful in this present work.

Figure 8: Cross-Section of the Hexagonal Model and Extraction of the Unit Cell [11]

As can be seen in Figure 8, a homogenised composite material was defined in order to create a
uniform boundary condition that would simulate the properties of the composite material as a
whole far away from the broken fibre. It could be useful to use a similar homogenised material to
help impose boundary conditions on the left and right sides of the FEM model for the present work
as shown in Figure 12, where true symmetry does not exist. However, this step was ultimately not
taken for this project, as it was decided that imposing zero x-displacement would be sufficient.

2.4 Role of this Thesis

This project aims to build from the work conducted by Sørensen et al. [1], attempting to simulate the
physical mechanisms by which erosion of asperities and reduction of friction can lead to increasing
crack tip energy release rates, thereby imposing critical stress concentrations on neighbouring fibres
and enabling fatigue damage progression. While models have been created that predict fatigue
damage progression, there is still much unknown about the physical mechanics that explain why
this damage progression occurs in the way that it does.

Using finite element modelling, this thesis will attempt to produce a model that will be useful not
only for the predicting composite behaviour for construction/manufacturing purposes, but also for
aiding in the design of new composite materials with improved performance in fatigue.
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3 Research Questions

The primary research question that this thesis attempts to answer is:

What is the mechanism by which fatigue damage progresses from fibre to fibre?

This question can be broken down into several sub-questions. By answering these sub-questions, a
better understanding of the answer to the primary question will be achieved. The sub-questions are
as follows:

1. How does debonding of a broken fibre affect the stress field in a neighbouring
fibre?

a. What is the effect of debond length?

b. What is the effect of fibre spacing (fibre volume fraction)?

c. What is the effect of interfacial friction acting along the debonded fibre/matrix interface?

2. What is the criterion for failure of a neighbouring fibre?

a. Why do successive fibre breaks often occur in different planes?

b. What accounts for the large number of cycles in between successive fibre failures?

3. How does the mechanism of friction reduction through asperity erosion affect the
debond length?

a. What is the effect of reduction of interfacial friction on the debond crack tip stress field
of the broken fibre during loading, unloading, and reloading?

b. How does the debond length change with changes in interfacial friction?

c. How does sticking friction lead to debond crack growth arrest?

These questions served as a guide to the progression of this thesis project, and their answers are
discussed in Chapter 8.
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4 Theoretical Content

This project relies heavily on the Finite Element Method (FEM), which is a numerical means by
which to solve a physical system by breaking it down into small, discrete elements via creation of
a mesh. Each element has its own associated system of equations and boundary conditions; all
of these equations are consolidated into a global system of equations that is numerically solved to
resolve the system and determine values of interest such as stresses, strains, deformations, and more.
As FEM is extremely widely used and well known, its operating principles will not be discussed
further. The software tool that will be used for this research is Abaqus, which is a popular finite
element analysis software suite.

In order to accurately model fibre-matrix debonding, especially when determining the stress con-
ditions associated with a given debond length, fracture mechanics theories must be employed. Bu-
diansky, Hutchinson, and Evans [12] developed a model for debonding in composite materials that
uses an energy balance to determine crack growth based on the potential energy loss associated
with the crack opening. Their equation for determining potential energy loss, shown below, could
provide a useful framework for including the effects of friction on the debond length, since it includes
a term ξF for frictional energy dissipation, which cancels out when equating the potential energy
loss with the total crack growth energy dissipation.

π1 − π2 =
1

2

∫
V
(σ1 − σ2) : (ε1 − ε2) dV + ξF (3)

In Equation 3, π1 and π2 are the potential energies of the system states before and after crack
growth. σ1 and σ2 are the stress tensors, and ε1 and ε2 are the strain tensors for these states. V is
the volume of the body, and ξF is the frictional energy dissipation.

Alternatively, the Virtual Crack Closure Technique (VCCT) could be employed to effectively cal-
culate the crack tip energy release rate while including the effects of friction in the finite element
simulation. VCCT is a method to calculate the strain energy release rate of a crack or a delami-
nation based on the forces and displacements obtained from a finite element analysis, based on the
assumption that the energy released by a small crack extension is equal to the energy required to
close the crack behind the crack tip [13]. This method is a popular choice for fracture analysis of
composite materials and structures. Figure 9 shows a schematic representation of VCCT as applied
to a two-dimensional mesh [13].

The VCCT, otherwise known as the Modified Crack Closure Method, is built upon the Two-Step
Crack Closure Method, with the added assumption that "a crack extension of ∆a from a + ∆a
(node i) to a + 2∆a (node k) does not significantly alter the state at the crack tip" as shown in
Figure 9 [13]. However, this assumption is not valid when including the effects of friction along the
debond interface. Therefore, to accurately model the debond crack, the Two-Step Crack Closure
Method must be used. Unfortunately, although the VCCT is built into Abaqus, the Two-Step Crack
Closure Method is not, which means that implementing it would require extensive Python scripting
that was deemed too complex for this Master’s thesis. While the Two-Step Crack Closure Method
would arguably produce the most accurate results and certainly merits consideration for future use
in the context of fibre-matrix debonding, a more straightforward method was chosen for use in this
project.
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Figure 9: Modified Crack Closure Method (One-Step VCCT) [13]

Figure 10: Flat Surfaced Notch in Two-
Dimensional Deformation Field (All Stresses De-
pend Only on x and y). Γ Is Any Curve Surround-
ing the Notch Tip; Γt Denotes the Curved Notch
Tip [14]

Instead of using the VCCT, it was decided to
calculate the crack tip energy release rate via
the J-integral, which is a fundamental concept
in fracture mechanics and was first formulated
by J. R. Rice in 1968 [14]. Calculation of the
J-integral involves integrating along a contour
Γ that begins on one side of a crack and ends
on the other, as is shown in Figure 10, to deter-
mine the crack tip energy release rate G. In the-
ory, the J-integral is path-independent, mean-
ing that its value will be the same for any Γ
chosen. However, when including the effects
of friction along the crack faces, the J-integral
value will increase with the length of the fric-
tional interface that is included in Γ. However,
if this length is held constant, the J-integral pro-
vides useful results for comparing between var-
ious simulation cases. Therefore, J-integral re-
sults are used for G values in this thesis, and the
variation of the J-integral values with respect to
the length of the frictional interface included in
Γ is plotted and discussed in section 6.4.
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The equation for the J-integral is given as Equation 4, with its key components explained below
[14].

J =

∫
Γ

(
Wdy −T · ∂u

∂x
ds

)
(4)

• Γ : Any contour around the crack tip.

• W : The strain energy density, given by the integral of the stress tensor components with
respect to the strain tensor components.

• T : The traction vector on the contour Γ, representing the internal forces acting on the
contour.

• u : The displacement vector.

• ds : A differential element along the contour Γ.

4.1 Equations for Analytic Validation of Abaqus Model

An important step in this project is the analytic validation of the FEM model, which is discussed in
section 6.2. For this validation, analytical solutions for single-fibre pull-out derived from Hutchinson
and Jensen’s models will be used [15]. The equations for S22 in the fibre upstream of the crack tip,
S22 in the fibre in the slip zone, and crack tip energy release rate as a function of applied load are
introduced here as Equations 5, 6, and 7, respectively [15].

In this section, the following nomenclature will be used:

• σ+
f : Fibre stress far upstream of the crack tip.

• σ−
f : Downstream fibre stress in the full slip zone.

• Ef : Young’s modulus of the fibre.

• Em: Young’s modulus of the matrix.

• Ec: Effective Young’s modulus of the entire composite.

• x∗: Position in the full slip zone.

• σ̄M
c : Applied macroscopic stress in the composite.

• σ̄f : Applied stress in the downstream fibre free end.

• τs: Shear stress at the fibre-matrix interface.

• ∆εT : Thermal strain difference between the fibre and matrix due to temperature change.

• Gi
IIc: Mode II energy release rate at the crack tip.

• Vf : Fibre volume fraction.

• r: Radius of the fibre.

• ld: Fibre-matrix interface debond length.
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The analytic solution for the constant fibre stress far upstream of the crack tip is given by Equation 5:

σ+
f =

Ef

Ec

{
−∆εT · (1− Vf )Em + σ̄M

c

}
(5)

The analytic solution for the fibre stress in the slip zone as a function of the distance from the fibre
fracture location is given by Equation 6:

σ−
f (x∗) = σ̄f − 2 · τs ·

x∗

r
(6)

The analytic solution for the energy release rate at the crack tip during full slip as a function of the
applied stress to the broken end of the fibre is given by Equation 7:

Gi
IIc (σ̄f ) = Ef · r · Ec

(1− Vf )Em

[
1

2
· (1− Vf )Em

Ec

{
σ̄f
Ef

+∆εT
}
− τs

Ef

ld
r

]2
(7)
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5 Methodology and Model Definition

The experimentation in this project was conducted via FEM models built in Abaqus and run on
the DTU Wind Energy Abaqus cluster, which operates on Linux/SLURM. Abaqus is a high-fidelity
finite element solver which has already proven its reliability through extensive employment in both
academia and industry, and it has the capability to simulate the phenomena that were investigated in
this project, including frictional sliding along the fibre-matrix interface, fibre-to-fibre stress transfer,
and crack tip energy release.

5.1 Single-Fibre Model

Figure 11: 3D Representation of
Single-Fibre Model

Before construction of the full multi-fibre model, a simpler
model including only one fibre was constructed in order to val-
idate the Abaqus results against analytic solutions for single-
fibre pull out, to perform a mesh convergence study, to de-
termine the necessary distance upstream of the crack tip such
that end effects would not influence the crack behaviour, and
to establish a uniform building block for use in construction
of the larger model. Furthermore, this model already provides
interesting results that illustrate the progression of frictional
sticking and sliding under a gradually increasing load. A 3D
visualisation of the single-fibre model is shown in Figure 11.

The model consists of a debond cylinder, comprising a halfway-
debonded fibre of radius 10 µm surrounded by a 1 µm thick
layer of matrix, and a 39 µm thick layer of matrix that sur-
rounds the debond cylinder and is tied to the matrix in the
debond cylinder. By constructing the model in such a manner,
it is possible to reuse the debond cylinder in the multi-fibre
models for fibre volume fractions of up to 70%.

5.2 Multi-Fibre Model

The model was then expanded to include neighbouring fibres
so that the effects on those fibres of the stress field propagating
from the broken fibre could be investigated. This model could
be modified to simulate varying coefficients of friction along the
debonded fibre-matrix interface, varying fibre volume fractions,
and varying debond lengths, although the effects of changing
the debond length were not investigated during this project.

A sketch of how the model fits into the context of a composite
specimen undergoing progressive fatigue damage has been created in SOLIDWORKS and is shown
below in Figure 12. Figure 13 shows a three-dimensional depiction of the finite element model. In
both figures, the red cylinders represent broken, partially debonded fibres, and the green cylinders
represent intact fibres. Note that for increased clarity, Figures 12 and 13 correspond to a much
lower volume fraction than the cases that were actually simulated. Furthermore, the Abaqus models
extend much farther along the y-axis than what is shown in Figure 13.
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Figure 12: Sketch of Finite Element Model in Context (Not to Scale)

Figure 13: 3D Representation of Finite Element Model (Not to Scale)

The top and bottom faces of the model, as oriented in Figure 12, are true symmetry planes, and
they were defined as such in the FEM model by imposing zero-displacement boundary conditions
in the z-direction, which corresponds to the vertical axis in Figure 12. The left and right faces of
the model are not true symmetry planes, as the model is not symmetric in the x-direction (the
horizontal axis in Figure 12) due to the broken fibres on the left side of the model. Nonetheless,
it was decided to impose zero displacement-boundary conditions in the x-direction to these faces,
as this condition is more representative of the FEM model’s constrained position within the larger
composite specimen surrounding it. These faces can be thought of as local symmetry planes, and
were the model to be expanded in the x-direction with the inclusion of more fibres, the left and
right faces would increasingly approach true symmetry.
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The front of the model as oriented in Figure 12 is defined as the fracture plane of the broken
fibres. Therefore, a zero-displacement boundary condition in the y-direction was applied only to
the matrix and the intact fibres, with the broken fibre ends left unconstrained. Loading was then
uniformly applied to the opposite face of the model in the form of a 15 µm y-displacement boundary
condition. The location of this loading face had to be far enough away from the debond crack tip
so as to allow for the stress in the fibre to reach steady state upstream of the crack tip. Through

Figure 14: Multi-Fibre Model Mesh, Full
Model View

analytic estimation of the fibre-to-matrix load trans-
fer length followed by testing of many iterations of the
single-fibre model, it was determined that a 600 µm
model with a debond crack extending 300 µm (with the
remaining 300 µm left bonded) would be sufficient to
satisfy this requirement.

5.3 Material Properties and Thermal Load-
ing

A coefficient of friction was defined along the debonded
fibre-matrix interface that could be varied across differ-
ent simulations. In order to provide a normal force to
allow for a frictional shear force, a thermal expansion
coefficient of 6 × 10−6 m/(m°C), which is typical for
glass fibres, was defined in the model’s fibre material
properties, and a temperature increase of 500° C was
applied to the entire model before the first loading step.
Thus, the fibres were pressing against the matrix for
the duration of the loading cycle, allowing for frictional
forces.

It is important to note that the thermal conditions ap-
plied to this model do not match the conditions seen
in actual composite manufacturing. In reality, the fi-
bre and matrix would both cool down from the as-
cured temperature and shrink during the cooling stage
of the manufacturing process, with the matrix shrink-
ing more than the fibre and thereby creating a normal
force. However, attempting to replicate these condi-
tions in Abaqus for the single-fibre model led to poor
results that did not effectively highlight the role of fric-
tion. Therefore, it was decided to simplify the thermal
loading by imposing expansion on the fibre via an ex-
aggerated temperature increase and leaving the matrix
material without any thermal expansion properties, al-
lowing for increased control of the normal force on the
debond interface and simplifying the thermal loading
simulation step. For consistency, the thermal loading
simulation parameters were kept the same when tran-
sitioning from the single-fibre model to the multi-fibre

Page 15 of 64



Finite element modelling of fibre matrix debonding and frictional sliding and their effects on neighbouring fibres

model. The decisions made regarding the thermal loading step will be important to recall in the
discussion of the results, which is found in Chapter 8.

Another simplification that was made when setting up the model was the decision not to include
Poisson effects in either of the materials. Using a Poisson’s ratio of zero decreases the complexity of
the simulation loading step calculations while also making the comparison with analytical solutions
easier.

Young’s modulus for the matrix was defined as 3.1 GPa, and Young’s modulus for the fibre was
defined as 82 GPa.

5.4 Mesh Construction

Figure 14 shows the mesh that was used for the full multi-fibre model, which was constructed based
on the single-fibre mesh convergence study discussed in section 6.1. As can be seen in Figure 14,
the refinement of the mesh in the y-direction is increased over and slightly past the debond length,
and the two middle fibres and the matrix between them also have a finer mesh than the outer fibres
and surrounding matrix. The finer mesh close to the two central fibres can be more clearly seen in
Figure 15, which shows the mesh from a top-down view.

Figure 15: Multi-Fibre Model Mesh, Top View

Special care was taken in building the mesh surrounding the debond crack tip, since this region
had to be optimised for calculation of the J-integral. Essentially, a circular tube of mesh had to be
created, following the crack tip around the circumference of the fibre, as is illustrated in Figure 16.
This tube was created through careful cell sectioning and mesh seeding in Abaqus, and the end of
the tube along the front face of the model is shown in Figure 17.

As can be seen in Figure 17, the mesh surrounding the crack tip is by far the finest mesh of the
model, and it allows for accurate calculation of the J-integral along 14 roughly circular contours.
The mesh in the debond cylinder was left essentially unchanged from the single-fibre model to the
multi-fibre model, with only negligible differences in the mesh generation process.
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Figure 16: Illustration of the "Crack Tube" in the Context of a Fibre Surrounded by Matrix (Not
to Scale)

Figure 17: Debond Cylinder Model Mesh at Debond Crack Tip
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5.5 Simulation Steps

Imposed displacement of the model occurred over three simulation steps to simulate the loading
and unloading of a fatigue cycle. In the first step, the bottom face of the model was pulled 15 µm.
In the second step, the bottom face was returned to its original position, and in the third step,
the bottom face was again displaced 15 µm. Each step occurred over a minimum of 20 increments,
allowing for the visualisation of the specimen’s behaviour over time. In some cases where Abaqus
could not solve an increment, increment size was temporarily reduced, resulting in some steps that
took 23 increments to simulate.

It should be noted that loading the model via imposed displacement instead of force has the draw-
back of applying a slight compressive force to the model at the end of the unloading step, which is
supposed to be free from external loading. This applied compression is discussed further at the end
of section 7.1. However, this drawback was ultimately deemed negligible to the overall behaviour
of the model and the desired results of the simulations.
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6 Single-Fibre Model Results

This chapter begins with section 6.1, in which the testing to determine mesh convergence is pre-
sented, with four increasingly finer meshes being tested. In section 6.2, the results from the single-
fibre Abaqus model are compared with the analytic solutions for the stress in the partially debonded
fibre as a function of position along the fibre and for the energy release rate at the crack tip as a
function of applied force. Next, in section 6.3, the axisymmetry of the single-fibre model is con-
firmed. Finally, in section 6.5, the behaviour of the single-fibre model under incremental loading
will be further explored. The coefficient of friction along the fibre-matrix interface in the debond
zone used for the single-fibre model is 0.50.

Note that while the full multi-fibre simulations were run over loading, unloading, and reloading steps,
the single-fibre model was only run over a single loading step of 20 increments, as the initial loading
step is most relevant when comparing with the analytic single-fibre pull-out solution. Further, a
single loading step was sufficient for testing mesh convergence.

Figure 18 shows a cross-sectional view of the single-fibre model that was used for this portion of the
analysis. This sketch provides useful context for the path plots that are to follow in this chapter and
in chapter 7. Note that the path plots are plotted with respect to absolute distance, not position;
the model’s positive y-direction is actually defined as to the left in the context of Figure 18.

Figure 18: Cross Section of Single-Fibre Model

6.1 Mesh Convergence Study

Single-fibre simulations were carried out using four levels of mesh refinement in order to test for
mesh convergence, with each mesh containing roughly eight times as many elements as the last,
as the characteristic element length was roughly halved with each successive mesh. Path plots for
CSHEAR2 and S22 (Figures 19 and 20), as well as a plot of energy release rate with respect to
loading (Figure 21), were used to compare the results for the various meshes.
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It should be noted that a slight error in the application of the thermal condition to the fibre was
discovered following completion of the mesh convergence study. The temperature increase of 500° C
was not applied to the one-element-thick (in the y-direction) segment of the debonded section of the
fibre nearest to the debond crack tip. This error was corrected for all subsequent simulations, but
it was decided not to redo the mesh convergence simulations, as each simulation is computationally
expensive, and the error was deemed to be unlikely to affect mesh convergence.

For Figures 19 and 20, the plotted loading increment for each mesh type was chosen so that the
fibre pulling forces for the four cases were as close to each other as possible. The loading conditions
for the four mesh types tested are given in Table 1.

Table 1: Loading at Plotted Increment for Different Mesh Types

Mesh Type Loading (N)

Coarse 6.92× 10−2

Medium 7.21× 10−2

Fine 7.31× 10−2

Extra Fine 7.30× 10−2
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Figure 19: CSHEAR2, Mesh Convergence Study

Page 20 of 64



Finite element modelling of fibre matrix debonding and frictional sliding and their effects on neighbouring fibres

0 100 200 300 400 500 600 700

y distance from top [ m]

0

50

100

150

200

250

s
2
2
 [
M

P
a
]

Coarse

Medium

Fine

Extra Fine

Figure 20: S22 Through Centre Path, Mesh Convergence Study

As can be seen in Figures 19 and 20, the Fine and Extra Fine meshes produce nearly identical results
for CHSEAR2 and S22, suggesting convergence of the Fine mesh. The level of mesh refinement is
also important for path plot resolution, in addition to accuracy. As can be seen most clearly in
Figure 19, the Coarse and Medium meshes do not allow for sufficient resolution so as to properly
view the intricacies of the path plots. The resolution of the Fine mesh, however, appears to be
sufficient, as it is just as capable as the Extra Fine mesh when it comes to showing the shape of the
CSHEAR2 curve.

For Figure 21, since the J-integral is not path-independent when including friction along the fibre-
matrix interface, it was important to match the contour distances used for each of the mesh types.
The contour distances used for the plotted J-Integral results for the four mesh types are given in
Table 2. Here, the contour distance is defined as the distance from the crack tip to the point where
the J-Integral contour intersects with the debonded fibre-matrix interface.

Table 2: Contour Distances Used for G Results for Different Mesh Types

Mesh Type Contour Distance (µm)

Coarse 0.23599
Medium 0.23639
Fine 0.22104
Extra Fine 0.22852
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Figure 21: Energy Release Rate vs. Loading, Mesh Convergence Study

Figure 21 shows that although the Fine and Extra Fine meshes do not produce identical results, the
difference between the curves decreases with each successive level of mesh refinement, suggesting
that the mesh is converging. In any case, the Extra Fine mesh simulation was too computationally
expensive to run on the Abaqus cluster, which meant that it had to be run on the more powerful
DTU Sophia cluster, which requires more steps to run and post process simulations and which often
has lengthy queues for job submissions. Furthermore, the clock time spent on each increment was
significantly increased, so the simulation was run with ten rather than 20 loading increments.

Based on the results of the mesh convergence study and the computational expense involved in
refining the mesh any further, the Fine mesh was chosen for use throughout the remainder of this
project.

6.2 Validation of FEM Model with Analytical Solutions

In addition to ensuring mesh convergence, the single-fibre model was validated by comparing its
results to analytical solutions for single-fibre pull-out derived from Hutchinson and Jensen’s models
[15], which are introduced in section 4.1. Specifically, results for S22 in the fibre along its length and
crack tip energy release rate as a function of applied load were compared to their analytic solutions.

Figures 22, 23, and 24 show the Abaqus results for S22 in the fibre at loading increments 1, 9, and
20, respectively, overlaid with the analytic solutions for σ+

f and σ−
f . In each case, S22 is plotted

along the path through the centre of the fibre and along another path close to the outer surface of
the fibre. Similar plots containing data for all of the loading increments are included in Appendix A.
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Figure 22: S22 Comparison with Analytic Solution, Increment 1 (Loading = 1.30× 10−2 N)

Figure 22 shows S22 in the fibre after the first loading increment, corresponding to a pulling force
of 1.30 × 10−2 N. At this moment, full slip has not been reached, so the S22 curve follows the
downstream full-slip solution up until about 150 µm before reaching the upstream stress value at
about 250 µm.
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Figure 23: S22 Comparison with Analytic Solution, Increment 9 (Loading = 1.06× 10−1 N)

Page 23 of 64



Finite element modelling of fibre matrix debonding and frictional sliding and their effects on neighbouring fibres

Figure 23 shows S22 in the fibre after the ninth loading increment, corresponding to a pulling force
of 1.06× 10−1 N. This increment is the moment full slip is reached, as can be seen by the fact that
the S22 curve follows the downstream full-slip solution for the entire debonded region (up to 300
µm).
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Figure 24: S22 Comparison with Analytic Solution, Increment 20 (Loading = 2.24× 10−1 N)

Figure 24 shows S22 in the fibre after the 20th and final loading increment, corresponding to a
pulling force of 2.24 × 10−1 N. By this point, the system has been loaded well past full slip. The
S22 curve still follows the downstream full-slip solution for the entire debonded region, but after
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Figure 25: Energy Release Rate vs. Loading, Comparison
with Analytic Solution (Calculated with a J-Integral Con-
tour Distance of 0.32962 µm)

300 µm, there is a sharp drop off be-
fore the curve reaches the upstream
stress value at about 450 µm. In Fig-
ure 24b, the influence of the stress
concentration at the crack tip on the
stress in the outer region of the fibre
can clearly be seen.

The crack tip energy release rate is
plotted as a function of loading in Fig-
ure 25, again with curves for both the
Abaqus results and the analytic solu-
tion. As the analytic curve is only
valid for full slip, the left portion of
the curve can be disregarded. Except-
ing this portion, the analytic curve
lines up excellently with the Abaqus
results, which show G rapidly increas-
ing once full slip is achieved at a load-
ing level of about 0.1 N.
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On the whole, as is illustrated by Figures 22 through 25, the single-fibre model Abaqus results
correlate very strongly with the analytical solutions for single-fibre pull-out. Therefore, the single-
fibre model can be considered to be analytically validated. As the multi-fibre model is based on the
single-fibre model, it is considered to also be analytically validated by extension for the purposes of
this project.

6.3 Testing for Axial Symmetry

As the single-fibre model is, in theory, axisymmetric, the results from Abaqus should not depend
on their angular position around the central axis. Therefore, in order to ensure axial symmetry,
the energy release rate vs. loading curve was plotted at seven angular positions, as can be seen in
Figure 26.

0 0.05 0.1 0.15 0.2 0.25

Loading [N]

0

0.5

1

1.5

2

2.5

3

G
 (

v
ia

 J
 I

n
te

g
ra

l)
 [

J
/m

2
]

Picked Set 10

Picked Set 20

Picked Set 30

Picked Set 40

Picked Set 50

Picked Set 60

Picked Set 70

Figure 26: Energy Release Rate vs. Loading, Axial Symmetry Test (Calculated with a J-Integral
Contour Distance of 0.32962 µm)

As Figure 26 illustrates, there is negligible variation between the seven curves plotted, indicating
that the Abaqus model accurately captures the axial symmetry of the single-fibre configuration.
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6.4 Checking for J-Integral Path Dependency

As was discussed in chapter 4, friction along the crack interface can affect J-integral calculations
such that they are no longer path-independent. Therefore, in order to observe the path dependency
of the of the J-integral results for the single-fibre model, the calculated value for G was plotted with
respect to the length of the crack enclosed in the Γ contour for each loading increment in Figure 27.
Figure 27a shows the raw data, while Figure 27b plots G normalised with respect to the maximum
value for each loading increment in order to better observe the shape of each curve.
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Figure 27: J-Integral Contour Dependency

Counterintuitively, Figure 27b shows that the contour dependency is actually higher for low loading
values, and the curves flatten out as full slip is reached. However, when looking at Figure 27a,
it can also be seen that G rapidly increases after full slip is reached. The upward slope of the
low-load curves might be an artefact of the application of thermal loading, as their actual values
are extremely low, as is shown in Figure 27a. The increase in G following full slip then completely
overshadows these thermal effects. The apparent lack of contour dependency at high loading values
is likely because the length of debond interface included in Γ is very small and is also overshadowed
by crack tip loading. While the shape of the curves in Figure 27b might merit further investigation,
for the purposes of this project, the slight contour dependency at low values should not effect the
results, especially when picking a constant contour length for evaluating the J-integral.
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6.5 Single-Fibre Pull-Out Simulation

In the following section, the progression of the single-fibre model behaviour throughout the course
of the simulated fibre pull-out loading step will be illustrated, and the model output data will be
explained.
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Figure 28: Interfacial Slipping Along Debond Interface, Single-Fibre Model

Figure 28 shows the interfacial slipping along the fibre-matrix debond interface for every other
loading increment, with half of the increments removed from the figure for increased clarity. A
positive CSLIP2 means that the fibre has slipped in the model’s positive y-direction relative to the
matrix. Blue colours correspond to the beginning of the loading step, while red colours correspond
to the end of the loading step. This colouring convention will be followed for the remainder of this
report when several loading increments are plotted together. For the loading step that is plotted in
this section, red colours will therefore correspond to high loads. However, for the unloading plots
that are included in Chapter 7, note that red colours will correspond to lower loads, as the plots
always progress from blue to red with simulated time.

It can be seen in Figure 28 that full slip is achieved when loading reaches 1.17 × 10−1 N, as the
corresponding curve is the first curve to show non-zero slip for the entire length of the debond zone.
Therefore, for the remaining plots in this section, the blue curves can be considered to correspond
to partial slip, the green curves can be considered to correspond to the moment full slip is reached,
and the orange and red curves can be considered to correspond to full slip behaviour.

Figures 29 and 30 both plot shear stress, and they both illustrate friction along the debond zone
interface. Figure 29 directly plots the contact shear stress in the y-direction as output by Abaqus,
which is defined as a stress on the debonded surface of the matrix. This stress component is entirely
due to frictional forces. Figure 30 shows S12 in the fibre close to the debond interface, and it almost
perfectly matches Figure 29, although the curves are inverted, as the shear stress in the fibre acts

Page 27 of 64



Finite element modelling of fibre matrix debonding and frictional sliding and their effects on neighbouring fibres

in the opposite direction of the shear stress in the matrix. In the case of Figure 29, since the fibre
is being pulled out of the matrix in the model’s positive y-direction, the matrix is experiencing a
positive CSHEAR2 exerted by the fibre.
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Figure 29: Interfacial Frictional Shear Stress Along Debond Interface, Single-Fibre Model
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Figure 30: Fibre Shear Stress Through Outer Path, Single-Fibre Model, Cropped View
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While Figures 29 and 30 show similar curves, the S12 values plotted in Figure 30 begin to rapidly
increase in magnitude close to the crack tip as full slip is reached and exceeded. Figure 31 shows
S12 plotted along the entire fibre length, and it provides a clearer picture of what is occurring at
this point.
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Figure 31: Fibre Shear Stress Through Outer Path, Single-Fibre Model, Full View

As can be observed in Figure 31, the magnitude of the shear stress in the fibre greatly increases at
the crack tip after full slip is achieved. This behaviour can be explained as follows:

When the fibre is pulled, the stress at its tip is defined as the force divided by the cross-sectional
area of the fibre, establishing a set value at the top. At the other end of the fibre, the stress value
is also defined, since at this point, the strain in both the matrix and the fibre are equal and thus
the upstream stress in the fibre σ+ can be easily calculated as discussed in section 6.2. Therefore,
a load transfer from the fibre to the matrix is necessary.

Before full slip is achieved, the frictional force is adequate to transfer the load from the fibre to the
matrix, and the shear stress gradually diminishes to zero before reaching the crack tip. However,
once full slip is reached, sliding occurs along the entire fibre-matrix interface, and since the frictional
shear stress is constrained by the coefficient of kinetic friction, it is no longer sufficient to completely
transfer the load from the fibre to the matrix.

After full slip, any remaining load that has not been transferred at the crack tip must be rapidly
transferred once the fibre and matrix are bonded. The transferred load can essentially be defined
by the area between the x-axis and the S12 curve, and the necessity to transfer a large amount of
load over a very short distance results in the spike in S12 observed at the crack tip.

Figure 32 shows the axial stress S22 through the centre of the fibre. The steep decline that can
be seen at the crack tip for the full-slip curves illustrates the effects of the increased rate of load
transfer near the crack tip that is also apparent in Figure 31.
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Figure 32: Fibre S22 Through Centre Path, Single-Fibre Model

In Figure 33, the axial stress S22 is again plotted, but this time along the outer path through the
fibre that was used for the S12 plots. It can be seen that as loading continues past full slip, a small
spike develops near the crack tip. While this result is interesting, further investigation into the
mechanisms that create this spike is outside the scope of this project.
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Figure 33: Fibre S22 Through Outer Path, Single-Fibre Model
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7 Multi-Fibre Model Results
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(c) Reloading Step

Figure 34: Interfacial Slipping Along Debond Interface,
µ = 0.50

A total of nine multi-fibre simulations
were run in Abaqus, varying fibre vol-
ume fraction and the coefficient of fric-
tion along the debond interface. The
control case was run with 55% fibre
packing and a coefficient of friction
of 0.50. In addition to the control
case, five different coefficients of fric-
tion were tested ranging from 0 to 1,
and three different packing percentages
were tested ranging from 25% to 70%.

7.1 Control Case Results

In this section, the full range of results
from the control case simulations will
be presented in order to illustrate the
model behaviour throughout the load-
ing process. For other cases, specific
plots will be presented as relevant. The
full results for each of the cases are
included in appendices B and C. The
behaviour of the broken fibre will first
be presented, and the behaviour of the
neighbouring fibre will follow.

Figure 34 shows the the interfacial slip-
ping along the fibre-matrix debond in-
terface throughout the loading, un-
loading, and reloading steps. Since the
multi-fibre model is loaded by pulling
on the bottom, bonded side of the
model, the CSLIP2 values are nega-
tive, as the fibre is essentially being
pulled in instead of being pulled out, as
was the case for the single-fibre model.
Note that the zero values on the left
side of the plots are due to the fact that
CSLIP2 cannot be calculated where
the fibre has pulled into the matrix and
there is no longer contact between the
two. Figure 34a indicates that full-slip
is achieved near a strain value of 1.17× 10−2. In Figure 34b, it can be seen that there is sufficient
friction to prevent the fibre from returning to its original position, and the presence of significant
reverse sticking is indicated by the bunching of curves along the path of the first increment.
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Figure 35: Shear Stress Along Debond
Interface, µ = 0.50
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Figure 36: Broken Fibre Shear Stress Through Outer
Path, µ = 0.50, Cropped View

As in Figures 29 and 30, Figures 35 and 36 give the frictional contact shear stress and S12 in the
fibre close to the debond interface, respectively. Note that again, the signs of the shear stress values
(in the loading step) are the reverse of what they were for the single-fibre model due to the change
in the loading procedure. Here, a negative CSHEAR2 value means that the fibre is trying to slip
into the matrix, with the matrix resisting. As with Figures 29 and 30, Figures 35 and 36 are nearly
mirror images of each other.
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Focusing on the unloading step,
residual negative CSHEAR2 values
are observed in the early increments
before a positive reverse slipping
friction CSHEAR2 value is reached,
with the fibre sliding back out of
the matrix. Reverse sticking is indi-
cated by curves with positive values
that remain separate from the
grouping of slipping friction curves,
and it remains present through the
eighth unloading increment.

In the reloading step, residual
positive CSHEAR2 values are
present before the curves eventually
settle into the same full-slip path
that occurred in the loading step,
with full-slip occurring later in the
reloading step than the loading
step. However, the final shape of
the full-slip curve is the same.

As before, when zooming out
from Figure 36, it can be seen that
S12 values spike dramatically near
the crack tip, which is shown in
Figure 37. Note that the magnitude
of the S12 spike is much greater
for the control multi-fibre model
than for the single-fibre model,
even though both impose the same
coefficient of friction in the debond
zone, alluding to some of the fun-
damental differences between the
two models that will be discussed
in chapter 8.
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Figure 37: Broken Fibre Shear Stress Through Outer Path,
µ = 0.50, Full View
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(c) Reloading Step

Figure 38: Broken Fibre S22 Through
Centre Path, µ = 0.50
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(c) Reloading Step

Figure 39: Broken Fibre S22 Through Outer Path,
µ = 0.50

Figures 38 and 39 show the axial stress in the broken fibre along the centre and outer paths,
respectively, as in Figures 32 and 33. In Figure 38a, it can be seen that the slope of the S22 curve
increases following the crack tip for the full-slip increments as was observed in the single-fibre model.
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During unloading, shown in Figure 38b, the fibre transitions into compression, with the debonded
portion seeing higher compressive stress values than the bonded portion, which makes sense when
considering the effects of reverse sticking and slipping friction. The compression in the bonded
portion is a result of the thermal loading procedure; this behaviour is discussed further at the end
of this section.

The spike in S22 along the outer path near the crack tip that was observed in Figure 33 is again
seen in Figure 39, and it is much more pronounced in the multi-fibre model. This spike represents
an area of localised compression in the broken fibre, which is generally experiencing tension. This
phenomenon is related to the stress fields around the crack tip, but again, its specific cause is not
in the scope of this project. Notably, the spike propagates through the rest of the simulation steps,
with its influence evidently being sustained by frictional effects.

Figure 40 shows the crack tip energy release rate G, as calculated via the J-integral, as a function
of strain across the three loading/unloading steps. Note that in Figure 40b, the direction of the
x-axis is flipped so that the three curves taken together illustrate the model’s behaviour through
time. The presence of reverse sticking during unloading is evidenced by the shallow slope of the G
curve at the beginning of the unloading step, as the driving force on the crack tip is not relieved
until the fibre is able to slide back towards its original position.
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(b) Unloading Step
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(c) Reloading Step

Figure 40: Energy Release Rate vs. Strain, µ = 0.50

It has already been demonstrated how G increases rapidly after full slip is reached. Now, the
behaviour of the neighbouring fibre will be investigated, with special attention given to the effects
of the stress field around the debond crack tip on the stress in the neighbouring fibre.

Figure 41 shows S22 along the surface of the neighbouring fibre for each loading increment. Note
that the neighbouring fibre path plots in the fibre direction were all generated using a vertical path
along the edge of the fibre intersecting the symmetry boundary plane of the model (at 0° as defined
in Figure 44). The influence of the stress field surrounding the debond crack tip is immediately
apparent, manifesting itself as a localised spike in the stress in the neighbouring fibre. However,
under the prescribed thermal loading conditions with µ = 0.50 and 55% fibre packing, the maximum
stress in the fibre does not occur at this spike; rather, it occurs at the top of the model, closest to
the location of the fracture of the broken fibre.
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Figure 42 shows S12 in the neighbouring fibre along the same path. While the magnitude of the
shear stress is generally much smaller than the magnitude of the axial stress, the influence of the
crack tip stress field is much more evident here. While the spike in S12 near the crack tip is not
an indication of likely fibre failure, it could be an indication of potential matrix failure. However,
matrix failure is not the focus of this present work.
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Figure 41: S22 at Surface of Neighbouring
Fibre, µ = 0.50
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Figure 42: S12 at Surface of Neighbouring Fibre,
µ = 0.50

Page 36 of 64



Finite element modelling of fibre matrix debonding and frictional sliding and their effects on neighbouring fibres

S22 in the neighbouring fibre was
also plotted along a circular path
at the middle of the fibre (300
µm from the fibre fracture plane),
in the plane of the debond crack
tip. This path is illustrated in
Figure 44. The resulting S22 plots
for the three loading steps are
given in Figure 43. Although the
distance between the broken and
neighbouring fibres is smallest
at 30°, the maximum S22 value
actually occurs below 30°, with S22
being essentially constant from 0°
to slightly under 30°.

This result can be explained
by considering the effects of two
broken fibres. Looking again at
Figure 12, it can be seen that at
the 0° position, the neighbouring
fibre is exposed to the stress fields
from two debond crack tips, since
the finite element model boundary
is defined as a symmetry plane.
Such a finding also validates the
use of vertical path plots at 0°
when capturing the behaviour
of the neighbouring fibre in the
y-direction and when determining
the maximum S22 value in the
neighbouring fibre.
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Figure 43: S22 Along Perimeter of Neighbouring Fibre Cross
Section, µ = 0.50
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Figure 44: Neighbouring Fibre Circular Path (Taken at the Debond Crack Tip Plane)

Figure 45 shows the maximum value of S22 that was found for each increment along the vertical
path with respect to strain across the three loading/unloading steps. As the maximum stress for
this simulation case was largely unrelated to the debond crack tip stress zone, Figure 45 contains
rather linear curves.
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Figure 45: Max. S22 (Absolute Value) in Neighbouring Fibre vs. Strain, µ = 0.50

The small increase in S22 between the unloading and loading steps is due to the thermal expansion
that occurs before the first loading step. Since the strain at the end of the unloading step (and
the beginning of the reloading step) is defined to be zero, the unloading step actually exerts a
compressive load onto the system at the end of the step as it pushes the model past its post-thermal
expansion equilibrium state. This effect is illustrated visually in Figure 46. This compressive loading
is not accurate to the system that is being modelled, but as it does not interfere with the results of
interest, it was tolerated.

Figure 46: Schematic Illustration of the Effect of Thermal Expansion on the Loading Steps
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7.2 Varying the Coefficient of Friction Over the Debond Interface

The coefficient of friction µ along the debonded portion of the fibre-matrix interface was varied from
1 to 0 in order to simulate the effects of the erosion of asperities along this interface after sustained
cyclic loading. In total, seven µ values were tested, including one frictionless case. For each case,
a full simulation was run, and plots were generated and investigated as they were for the control
case discussed in section 7.1. Selected results, primarily showing G at the debond crack tip and S22
in the neighbouring fibre, are included in this section, and the remaining results can be found in
Appendix B.

In order to more easily observe the effects of varying µ, for each loading step, one S22 vs. y-distance
curve was taken from each case, and the six curves were plotted together. The specific increments
plotted were chosen so as to match the upstream stress value (i.e. the value when the y-distance
equals 600 µm) while also occurring near the end of each loading step. The resulting plots are
provided as Figures 47 through 49.
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Figure 47: S22 at Surface of Neighbouring Fibre Under Various Coefficients of Friction, Initial
Loading Step, 55% Fibre Volume Packing

Figure 47, along with Figure 49, are some of the most important results of this thesis, as they
directly show how a decrease in friction along the debond interface can cause an increase in the
maximum stress on the surface of neighbouring fibres for the same upstream stress. Figure 48
presents an interesting result that is perhaps more useful for understanding the system’s behaviour
than for predicting fibre failure. Notably, the highest S22 values near the end of the unloading step
occurred in the control case (µ = 0.50) as opposed to either of the extreme cases.
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Figure 48: S22 at Surface of Neighbouring Fibre Under Various Coefficients of Friction, Unloading
Step, 55% Fibre Volume Packing
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Figure 49: S22 at Surface of Neighbouring Fibre Under Various Coefficients of Friction, Reloading
Step, 55% Fibre Volume Packing

Page 40 of 64



Finite element modelling of fibre matrix debonding and frictional sliding and their effects on neighbouring fibres

7.2.1 µ = 1.00

Figure 50 shows G as a function of strain across the three loading/unloading steps for the µ = 1.00
case, which was the highest coefficient of friction tested. Compared to Figure 40, the sticking during
the unloading step is increased, leading to an even shallower slope on the left side of Figure 50b.
Furthermore, the maximum G value is much smaller for the µ = 1.00 than for the control case,
which shows how increased frictional forces can reduce the driving force on the crack tip.
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(b) Unloading Step
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(c) Reloading Step

Figure 50: Energy Release Rate vs. Strain, µ = 1.00

Moving on to the neighbouring fibre, Figure 51 shows the maximum S22 in that fibre for the µ =
1.00 case. Under these friction conditions, however, Figure 51 is dominated by the stress at the top
of the fibre and is therefore unrelated to the crack tip effects.
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Figure 51: Max. S22 (Absolute Value) in Neighbouring Fibre vs. Strain, µ = 1.00
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Figure 52 gives S22 in the neigh-
bouring fibre as a function of
y-distance for the µ = 1.00 case,
and it shows how the maximum
stress occurs far downstream of
the debond crack tip. At such
a high coefficient of friction, the
frictional forces are sufficient to
transfer a significant portion of the
load from the broken fibre to the
matrix, leading to a lower crack
tip energy release rate, leading to
a weaker stress field surrounding
the debond crack tip, leading to
relatively minor spikes in S22 in the
neighbouring fibre near the crack
tip.

Notably, looking at the last in-
crement in the loading step shown
in Figure 52a, both the maximum
S22 on the left side of the plot
and the upstream S22 value on the
right side of the plot are higher
than they were in the control case.
This result suggests that a higher
coefficient of friction increases the
overall stiffness of the composite
specimen, with stress values being
higher overall for a given imposed
strain.
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Figure 52: S22 at Surface of Neighbouring Fibre, µ = 1.00
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7.2.2 µ = 0.75

The results for the µ = 0.75 case are highly similar to the results for the µ = 1.00 case. Looking
at Figure 53b, it can be seen that the sticking in the unloading step is less significant that it was
for the µ = 1.00 case, but the broken fibre still does not slip back sufficiently so that the G curve
starts to flatten out again as it approaches zero. That being said, there is a significant increase in
the maximum value of G compared to the µ = 1.00 case, with the maximum G more than doubling.
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Figure 53: Energy Release Rate vs. Strain, µ = 0.75

The maximum loading in the neighbouring fibre is still dominated by the top of the fibre, meaning
that there is little change from Figure 51 to Figure 54.
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Figure 54: Max. S22 (Absolute Value) in Neighbouring Fibre vs. Strain, µ = 0.75
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While the plots for S22 in the
neighbouring fibre with respect to
y-distance for the µ = 1.00 case
and the µ = 0.75 case are quite
similar, when comparing Figures
52, 55, and 41, the beginnings
of the trend depicted in Figures
47 through 49 begin to emerge.
As friction decreases, the mag-
nitude of the S22 spike near the
crack tip increases relative to the
magnitude of S22 at the top of the
fibre near the fibre fracture location.

The µ = 1.00 case and the
µ = 0.75 both are dominated by
high friction forces that may in
actuality be higher than what
would be seen in practice, since
the thermal expansion mismatch
between fibre and matrix is higher
than what would be likely seen in
reality, as will be discussed further
in chapter 8. The next three cases
presented have lower coefficients
of friction than the control case,
and they produce arguably more
noteworthy results.
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Figure 55: S22 at Surface of Neighbouring Fibre, µ = 0.75
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7.2.3 µ = 0.25

The first case tested using a lower coefficient of friction than the control case is the µ = 0.25 case.
Looking at Figure 56, the maximum G value has increased to approximately 170 J/m2 (up from
90 J/m2 for the control case). Focusing on Figure 56b, it can be seen that the crack tip is finally
relieved fully in the unloading step, with the G curve flattening out and approaching zero.
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(c) Reloading Step

Figure 56: Energy Release Rate vs. Strain, µ = 0.25

The maximum stress in the neighbouring fibre with respect to strain, however, still looks quite
similar, as shown in Figure 57. Even with µ = 0.25, maximum stress in the neighbour occurs at the
top of the fibre for lower strain values.
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Figure 57: Max. S22 (Absolute Value) in Neighbouring Fibre vs. Strain, µ = 0.25
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However, once strain reaches
2.28 × 10−2, the location of max-
imum strain shifts from the top
of the fibre to near the midpoint
of the fibre, close to the debond
crack tip, as is shown in Figure
58. If the neighbouring fibre were
to contain flaws that would form
a crack when exposed to axial
stress values exceeding 2000 MPa,
it would be expected that under
these conditions, failure of this fibre
would occur not at the location of
fracture of the broken fibre, but at
the location of the debond crack tip.

The above result is crucial in
understanding why fibre-to-fibre
failure progression has been ob-
served to occur not in a straight
line, but along a zigzag path.
While the µ = 0.25 case is the
first to produce such a result,
upon decreasing the coefficient of
friction further, the importance of
the stress concentration near the
debond crack tip is only amplified.

It can also be noticed that as
µ decreases, the spike in S22 near
the crack tip appears at lower
and lower strain increments. This
result is evidence that full slip is
reached earlier for lower coefficients
of friction.
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Figure 58: S22 at Surface of Neighbouring Fibre, µ = 0.25
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7.2.4 µ = 0.10
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Figure 59: Interfacial Slipping Along Debond Interface,
µ = 0.10

The µ = 0.10 case was the lowest-
friction case tested, except for the fric-
tionless case, which would not occur in
reality. Therefore, the behaviour of the
model with µ = 0.10 will be presented
in more detail, as it is noticeably differ-
ent than the behaviour of the µ = 0.50
case.

Figure 59 shows the interfacial slip-
ping along the debond interface for the
µ = 0.10 case. It can immediately be
seen that compared to the control case,
full slip is reached much sooner when
µ = 0.10, occurring around the third
increment in Figure 59a. Focusing on
Figure 59b, it is observed that there
is much less sticking during unloading,
as the lower curves do not bunch to-
gether until they approach the crack
tip. Also, compared to the control
case, the magnitude of the maximum
slip is higher for the µ = 0.10 case.

The positive CSLIP2 values seen in
Figures Figure 59b and Figure 59c
represent the end of the fibre push-
ing out of the matrix at the broken
end. This behaviour is a result of the
thermal loading and the imposition of
zero strain at the end of the unload-
ing step, as is illustrated in Figure 46.
Of course, in reality, this positive slip
could not occur, as the broken fibre
face would come into contact with the
opposing broken fibre face when sub-
jected to compression.
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Figure 60: Shear Stress Along Debond
Interface, µ = 0.10
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Figure 61: Broken Fibre Shear Stress Through Outer
Path, µ = 0.10, Full View

Figure 60 shows the frictional shear stress along the debond interface for the µ = 0.10 case. In
Figure 60a, it can again be seen that full slip is achieved early in the loading step. The small
magnitude of the slipping friction is also apparent. In Figure 60b, the lack of much reverse sticking
is evident, with only one increment’s CSHEAR2 curve deviating from the group of slipping curves.
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Figure 61 shows S12 in the outer portion of the broken fibre along the entire length. The dramatic
spike in S12 values that was observed in Figure 37 is again observed here, but it is even more
prominent in this case. When µ = 0.10, S12 in the fibre exceeds 350 MPa, but in the control
case, it remains below 250 MPa. The negative values seen in Figures 61b and 61c are results
of the compression applied at the end of the unloading step, which has been discussed already.
For comparison with Figure 60, the cropped version of Figure 61 is provided in appendix B.4 as
Figure 106.
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Figure 62: Broken Fibre S22 Through
Centre Path, µ = 0.10
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Figure 63: Broken Fibre S22 Through Outer Path,
µ = 0.10
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Figures 62 and 63 show the axial stress in the broken fibre along the centre and outer paths,
respectively, for the µ = 0.10 case. Looking at Figure 62, it is clearly apparent that compared to
the control case, there is much less frictional stress transfer and much more stress transfer at the
crack tip, with S22 increasing rapidly as the y-distance approaches 300 µm.

Focusing on Figure 63, a negative spike in S22 is observed that is significantly more prominent than
the spike in Figure 39. Here, the localised compression is enough to overcome the general tension in
the fibre, leading to compressive forces in the region of 700 MPa, highlighting the strong influence
of the crack tip stress field.
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(c) Reloading Step

Figure 64: Energy Release Rate vs. Strain, µ = 0.10

In Figure 64, it is evident that the crack tip is fully relieved during the unloading step. In fact, G
starts to increase slightly at the end of the unloading step; this is due to the applied compression
at the end of this step.

Moving on to the neighbouring fibre, the maximum S22 plots given in Figure 65 still do not look
much different from the previous cases, even though, as will be shown in Figure 66, the maximum
S22 is occurring near the crack tip for more than half of the loading increments. Evidently, the
dominance of S22 near the fibre fracture location for low loading values and the dominance of
S22 near the crack tip for higher loading values both fall onto a generally linear trend, with the
maximum S22 generally increasing as a linear function of strain. The more important result, then,
is the location at which the maximum stress occurs.
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Figure 65: Max. S22 (Absolute Value) in Neighbouring Fibre vs. Strain, µ = 0.10
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When looking at Figure 66, the influence of the debond crack tip on the neighbouring fibre becomes
clear, with the highest stress values occurring near the crack tip for the majority of increments.
Similarly, in Figure 67, the effects of the debond crack tip stress field are clearly visible, although,
as mentioned in section 7.1, the high S12 values seen in the figure are more relevant to matrix failure
than fibre failure.
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Figure 66: S22 at Surface of Neighbouring
Fibre, µ = 0.10
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Figure 67: S12 at Surface of Neighbouring Fibre,
µ = 0.10
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Figure 68 gives S22 in the neigh-
bouring fibre in the debond crack
tip plane (y-distance of 300 µm)
along the circular path defined in
Figure 44. When comparing it
to Figure 43, Figure 68 suggests
a stronger influence of the debond
crack tip stress field, with a higher
maximum S22 and a steeper de-
crease in S22 after 30°. This re-
sult aligns with the trend observed
in Figure 66. The constant S22 val-
ues seen below 30° in Figure 43 are
again observed here, suggesting that
the neighbouring fibre is still being
influenced by two debond crack tip
stress fields.
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Figure 68: S22 Along Perimeter of Neighbouring Fibre Cross
Section, µ = 0.10
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The stress in the fibre induced by the debond crack tip stress field σ̂K
f was calculated for each

increment of the initial loading step for the µ = 0.10 case by subtracting the upstream S22 value
from the peak S22 value in the vicinity of the debond crack tip plane. The resulting values were
plotted as a function of the crack tip energy release rate, and the resulting curve was compared with
the corresponding curve generated by plugging the same energy release rate values into Equation 1
from Sørensen and Goutianos [7]. These two curves are given below in Figure 69.
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Figure 69: Induced Stress in the Neighbouring Fibre Due to the Debond Crack Tip Stress Field as
a Function of the Energy Release Rate in the Broken Fibre for the µ = 0.10 Case, Comparison with
Theoretical Solution

As can be seen in Figure 69, the two curves do not show good agreement. However, the shapes
of the curves are nearly identical. It was found that by applying a factor of 0.2382 to Equation 1,
the resulting curve matches the finite element curve almost perfectly. This result suggests that
Equation 1 might be inaccurate.
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7.2.5 µ = 0.00 (Frictionless Case)

Although it is impossible in reality, a frictionless case was simulated in order to determine the
limits to which reducing friction can increase the stress concentration on the neighbouring fibre. In
Figure 70, the lack of any sticking friction is indicated by the smooth parabolic shape of the curves,
with Figure 70 showing immediate decline in G after the first step.
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Figure 70: Energy Release Rate vs. Strain, µ = 0.00

While the plot of the maximum S22 in the neighbour with respect to strain looks similar to the
other cases, it can be seen in Figure 71 that in the frictionless case, the curves are perfectly straight.
This result makes sense, since for this case, the crack tip stress field is the dominant factor for every
loading increment, and the system behaves in a completely linear-elastic manner in the absence of
friction.
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Figure 71: Max. S22 (Absolute Value) in Neighbouring Fibre vs. Strain, µ = 0.00
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Focusing on Figure 72, the fric-
tionless nature of the simulation
is evidenced by the perfectly flat
slope of the curves downstream
of the crack tip, as there is no
stress transfer from matrix to fibre
throughout the debonded region.
Furthermore, the three loading
steps have identical S22 curves for
any given strain value, which means
that there is no sticking.

Compared to the µ = 0.10
case, the maximum S22 value in
the neighbouring fibre is higher
in the frictionless case for a given
strain value. The same is true
when holding upstream stress
values constant. This result alone
is enough to validate the premise
that erosion of asperities along
the debond interface could induce
fracture of neighbouring fibres, and
that that fracture would occur near
the debond crack tip.

While the µ = 1.00 produced
a higher S22 value in the neigh-
bouring fibre for a given strain,
the same is not true when keeping
upstream stress constant, as was
shown in Figure 47. Furthermore,
it is plausible that the system
would never experience frictional
forces as high as were present in the
µ = 1.00 case, even before onset of
asperity erosion.
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Figure 72: S22 at Surface of Neighbouring Fibre, µ = 0.00
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7.3 Varying the Fibre Volume Fraction

In addition to investigating the influence of debond interface friction, the influence of fibre volume
fraction was also explored. The control case, as well as the other friction variation cases, used 55%
fibre packing, which is typical for wind turbine blade applications. The other fibre volume fractions
tested were 25%, 40%, and 70%, with each of these three simulations using a coefficient of friction
of 0.50, as in the control case. The plots left out of this section are included in Appendix C.

As when varying the coefficient of friction, one S22 vs. y-distance curve was taken from each case
for each loading step, and the four curves were plotted together. Again, the plotted increments
were chosen so as to exhibit similar upstream stress values. The resulting plots are given below as
Figures 73 through 75.
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Figure 73: S22 at Surface of Neighbouring Fibre Under Various Fibre Volume Fractions, Initial
Loading Step, µ = 0.50

Examining Figures 73 through 75, it can be seen that for similar upstream stress values, the spike in
S22 in the neighbouring fibre near the debond crack tip is more pronounced for higher fibre volume
fractions. This result makes sense, as the neighbouring fibre is closer to the debond crack for higher
volume fractions.

Focusing on Figure 74, the shape of the S22 curve varies between the cases, with the 70% packing
case curve flattening out between an initial steep upward slope and the spike near the crack tip,
suggesting that the small inter-fibre distances in this case lead to more complex interactions between
fibres.

Although the maximum stress in the neighbouring fibre does not occur near the debond crack tip
for any of the cases simulated in this section, the trends observed would be expected to continue
were the coefficient of friction to decrease from 0.50.
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Figure 74: S22 at Surface of Neighbouring Fibre Under Various Fibre Volume Fractions, Unloading
Step, µ = 0.50
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Figure 75: S22 at Surface of Neighbouring Fibre Under Various Fibre Volume Fractions, Reloading
Step, µ = 0.50
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7.3.1 25% Packing

The lowest fibre volume fraction
simulated was 25%. In this simula-
tion, the neighbouring fibre appears
to be far enough away from the
debond crack so as to significantly
attenuate the effects of the debond
crack tip stress field, as is evidenced
by the small height of the S22
spikes near 300 µm y-distance in
Figure 76.

Furthermore, it is observed that
the slope of the S22 curve to the
right of the debond crack tip is
rather shallow when compared to
the other packing cases, with the
stress in the fibre taking a greater
distance to reach its far-upstream
value. Such a result could suggest
that while the crack tip stress field
is less intense in this case than for
the others, it extends over a greater
distance.
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Figure 76: S22 at Surface of Neighbouring Fibre, 25% Packing
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7.3.2 40% Packing

The second-lowest fibre volume
fraction simulated was 40%. The re-
sults for this case look highly similar
to the results from the 55% pack-
ing control case. The spikes near
the crack tip seen in Figure 77 are
slightly lower than they was for the
control case, but they still exceed
the height of the spikes seen in the
25% packing case.
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Figure 77: S22 at Surface of Neighbouring Fibre, 40% Packing
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7.3.3 70% Packing

The highest fibre volume fraction
tested was 70%, which is near the
limit of feasible manufacturing ca-
pabilities. At this volume fraction,
the influence of the debond crack
tip stress field is pronounced and
acute, with the S22 spikes seen in
Figure 78 extending higher and
occurring over a shorter distance
than for the other volume fraction
cases. However, the S22 spikes
are still not as significant as they
were in the 55% packing, µ = 0.25
case, suggesting that fibre volume
fraction is less important than
friction in the debond zone when
predicting fibre failure progression.

Another result that is observed
in Figure 78 is that the maximum
fibre stress downstream of the
debond crack tip increases as fibre
volume fraction increases, with the
70% simulation producing the only
two increments to exceed 2500 MPa
at any point along the fibre length
for any of the µ = 0.50 cases tested.
This result is to be expected, as
there is less matrix present to bear
any of the load.

0 100 200 300 400 500 600

y distance from top [ m]

0

500

1000

1500

2000

2500

3000

s
2
2
 [
M

P
a
]

Strain = 4.01e-03 [-]

Strain = 5.12e-03 [-]

Strain = 6.22e-03 [-]

Strain = 7.33e-03 [-]

Strain = 8.43e-03 [-]

Strain = 9.54e-03 [-]

Strain = 1.06e-02 [-]

Strain = 1.17e-02 [-]

Strain = 1.29e-02 [-]

Strain = 1.40e-02 [-]

Strain = 1.51e-02 [-]

Strain = 1.62e-02 [-]

Strain = 1.73e-02 [-]

Strain = 1.84e-02 [-]

Strain = 1.95e-02 [-]

Strain = 2.06e-02 [-]

Strain = 2.17e-02 [-]

Strain = 2.28e-02 [-]

Strain = 2.39e-02 [-]

Strain = 2.50e-02 [-]

(a) Initial Loading Step

0 100 200 300 400 500 600

y distance from top [ m]

-1000

-500

0

500

1000

1500

2000

2500

3000

s
2

2
 [

M
P

a
]

Strain = 2.47e-02 [-]

Strain = 2.44e-02 [-]

Strain = 2.39e-02 [-]

Strain = 2.32e-02 [-]

Strain = 2.21e-02 [-]

Strain = 2.09e-02 [-]

Strain = 1.96e-02 [-]

Strain = 1.84e-02 [-]

Strain = 1.71e-02 [-]

Strain = 1.59e-02 [-]

Strain = 1.46e-02 [-]

Strain = 1.34e-02 [-]

Strain = 1.21e-02 [-]

Strain = 1.09e-02 [-]

Strain = 9.65e-03 [-]

Strain = 8.40e-03 [-]

Strain = 7.15e-03 [-]

Strain = 5.90e-03 [-]

Strain = 4.65e-03 [-]

Strain = 3.40e-03 [-]

Strain = 2.15e-03 [-]

Strain = 8.98e-04 [-]

Strain = 0.00e+00 [-]

(b) Unloading Step

0 100 200 300 400 500 600

y distance from top [ m]

-500

0

500

1000

1500

2000

2500

3000

s
2
2
 [
M

P
a
]

Strain = 1.25e-03 [-]

Strain = 2.50e-03 [-]

Strain = 3.75e-03 [-]

Strain = 5.00e-03 [-]

Strain = 6.25e-03 [-]

Strain = 7.50e-03 [-]

Strain = 8.75e-03 [-]

Strain = 1.00e-02 [-]

Strain = 1.12e-02 [-]

Strain = 1.25e-02 [-]

Strain = 1.38e-02 [-]

Strain = 1.50e-02 [-]

Strain = 1.63e-02 [-]

Strain = 1.75e-02 [-]

Strain = 1.87e-02 [-]

Strain = 2.00e-02 [-]

Strain = 2.13e-02 [-]

Strain = 2.25e-02 [-]

Strain = 2.38e-02 [-]

Strain = 2.50e-02 [-]

(c) Reloading Step

Figure 78: S22 at Surface of Neighbouring Fibre, 70% Packing
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Another notable result from the
70% fibre volume packing case was
that it was the only case tested that
shows the maximum stress in the
neighbouring fibre (in the debond
crack tip plane) occurring at an
angle of 30° from the symmetry
plane, which is the closest point
to the debond crack tip. This
behaviour can be clearly seen in
Figure 79.

This result highlights the more
acute influence of the debond crack
tip stress field on the neighbouring
fibre that was also observed in
Figure 78. Interestingly, a similar
peak at 30° was not observed for
the µ = 0.10 case, as can be seen in
Figure 68, nor was one observed for
the frictionless case. These obser-
vations suggest that the influence
of the debond crack tip is more
dispersed, regardless of friction,
except for very high fibre volume
fractions.
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Figure 79: S22 Along Perimeter of Neighbouring Fibre Cross
Section, 70% Packing
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8 Discussion of Results

The finite element modelling undertaken for this thesis project effectively demonstrates the mecha-
nisms by which a reduction in the coefficient of friction on the interface between a partially debonded
fibre and the surrounding matrix can lead to an increase in the crack tip energy release rate, causing
a stress field to form around the crack tip that can potentially induce fracture in neighbouring fi-
bres. Assuming that repeated forward and reverse slipping can cause erosion of the asperities along
the debond interface, the model built here successfully explains the phenomenon of successive fibre
breaks occurring in different planes as well as the large number of cycles in between successive fibre
failures.

8.1 Answers to Research Questions

This thesis project has successfully identified answers to the research questions posed in chapter 3.
The first question was: How does debonding of a broken fibre affect the stress field in a
neighbouring fibre? While the debond length was not varied in the simulations, since shorter
debond lengths produce the same effects as higher loading and vice versa, the incrementation of the
simulations allowed for illustration of the fact that shorter debond lengths will lead to increased
stress on the neighbouring fibre. Essentially, a shorter debond length allows for less load transfer
between the fibre and matrix to occur via friction, meaning that more load transfer will have to
occur at the debond crack tip, resulting in higher energy release rates. The effect of fibre spacing
was explored, with higher volume fractions producing more intense and more acute stress fields
on neighbouring fibres. The effects of interfacial friction were identified, with lower friction values
corresponding to greater stress concentrations in neighbouring fibres.

A notable result was Figure 69, which shows that the finite element model’s results for the debond
crack tip energy release rate’s effect on the stress field in neighbouring fibres does not match the
theoretical relationship proposed by Sørensen and Goutianos [7]. This result suggests a potential
inaccuracy in Equation 1, but it should be noted that the model’s treatment of inter-fibre stress
transfer was not directly validated, as the finite element model validation was performed using the
single-fibre model. The discrepancy shown in Figure 69 warrants further investigation.

The second question was: What is the criterion for failure of a neighbouring fibre? The
presence of stress concentrations near the debond crack tip explains why successive fractures of
fibres often occur in different planes, as neighbouring fibres are likely to fail in the plane of the
debond crack tip rather than the plane of the original fibre fracture. However, the results for cases
with high frictional forces show that in some instances, fracture of neighbouring fibres could also
occur in the same plane as the original fracture. The large number of cycles between fibre failures
is explained by the need for erosion to occur before stress fields will reach critical magnitudes.

The third and final question posed was: How does the mechanism of friction reduction
through asperity erosion affect the debond length? While debond crack growth was not
directly simulated, the reduction of interfacial friction was clearly shown to increase the debond
crack tip energy release rate, suggesting that asperity erosion can lead to debond crack growth.
Furthermore, it was observed that in cases where full slip is not achieved and sticking friction is
present, the crack tip energy release rate remains very small in value, suggesting crack growth arrest.
An extension of this project could attempt to use the Two-Step Crack Closure Method to directly
model debond crack growth.
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8.2 Potential Sources of Error

For the single-fibre model, realistic thermal conditions were initially applied to simulate the thermal
loading seen in the composite manufacturing process. However, these conditions did not yield clear
results for the parameters of interest. Consequently, a simplified approach was adopted by applying
thermal expansion directly to the fibre to highlight the relevant results.

Upon transitioning to the multi-fibre model, significantly higher shear forces were observed. Addi-
tionally, a greater displacement was required to achieve full slip compared to the single-fibre model.
Notably, only the µ = 0.1 case and the frictionless case produced results where the highest axial
stress in the neighbouring fibre occurred at the debond crack tip rather than at the fibre fracture
location. The applied thermal expansion likely led to higher frictional forces than typically expected
for a given coefficient of friction along the interface.

The single-fibre model was laterally unconstrained, with only the matrix providing resistance to the
fibre’s expansion, thus generating a normal force which in turn produced a frictional force. The
multi-fibre model, however, had zero-lateral-displacement boundary conditions imposed on all four
lateral faces. Consequently, while the contact pressing stress between the fibre and matrix in the
single-fibre model was approximately 8.3 MPa, the pressing stress in the 55% packing multi-fibre
model was close to 16.3 MPa.

Future work could focus on applying more realistic thermal conditions to the model to examine
its behaviour at specific coefficients of friction. The coefficients of friction used in this study were
somewhat arbitrary due to the excessive thermal expansion applied to the fibre. Alternatively,
future research could involve testing a range of coefficients of friction closer to 0.10.

Another inaccuracy in the post processing was the failure to capture data at the location of max-
imum stress in the neighbouring fibre for the 70% fibre volume packing vertical path plots. The
neighbouring fibre vertical path plots for all of the simulation cases were generated at the 0° position
as defined in Figure 44. This path choice was likely sufficient to capture the maximum stress for
most of the cases tested, as the circular path plots showed that the region of maximum stress in-
cluded the 0° position. However, for the 70% packing case, the maximum stress occurred at the 30°
position, as shown in Figure 79. The S22 peaks seen in Figure 78 would likely be more pronounced
were the vertical path to be defined at the 30° position for that case.

Despite these challenges, the project provides valuable insights into the evolution of fatigue damage
progression and how debond cracks can affect stress concentration on neighbouring fibres.
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9 Conclusion

In this thesis, fatigue damage progression was investigated through advanced modelling at the fibre
scale via an Abaqus finite element model in order to explore how the presence of a fibre-matrix
debond crack affects stress concentrations in adjacent fibres over successive loading, unloading,
and reloading cycles. The influence of varying friction coefficients at the fibre-matrix interface and
varying fibre volume fractions on these stress fields was tested through the simulation of nine cases in
total. This research aims to contribute significant insights into the mechanics of composite materials,
particularly in understanding the complex interactions that govern fibre-matrix debonding and
frictional sliding.

In chapter 2, a comprehensive literature review was presented, examining current research on fibre-
matrix interactions and highlighting the opportunity for improved finite element models to increase
understanding of progressive fibre failure in composite fatigue. In chapter 4, essential equations for
the analytic validation of the finite element model were introduced, forming a robust theoretical basis
for the simulations. Chapter 5 detailed the development of the single-fibre and multi-fibre models,
specifying geometry, material properties, boundary conditions, and thermal loading conditions,
along with mesh construction and simulation steps.

The single-fibre model results presented in chapter 6 demonstrated successful mesh convergence and
validation with analytical solutions for single-fibre pull-out, while also verifying axial symmetry and
checking for J-integral contour dependency. Chapter 7 presented the results from the nine simulation
cases tested using the full multi-fibre model, exploring the effects of varying the coefficient of friction
and fibre volume fraction and revealing complex interactions within the composite material. The
finite element simulations showed how reducing the coefficient of friction at the fibre-matrix interface
increases the crack tip energy release rate, creating a stress field and potentially inducing fractures
in neighbouring fibres, and the variation in the location of the maximum stress in the neighbouring
fibre depending on the coefficient of friction helps to explain observations of successive fibre breaks
occurring in a zigzag manner. The research questions posed in chapter 3 were discussed and answered
in chapter 8.

Further work could involve working to improve the physical accuracy of the thermal conditions
imposed on the model, testing lower friction values to more clearly see the mechanisms of fibre
failure progression. Further, the Two-Step Crack Closure Method could be employed to directly
model debond crack growth. More easily, the existing simulation data could be post-processed
again using y-direction evaluation paths that capture the behaviour in the neighbouring fibre at its
closest point to the broken fibre, especially for high fibre volume fractions. Finally, an explanation
for the discrepancy between the theoretical and model-derived curves in Figure 69 could be sought
out through more robust validation of the stress transfer mechanisms in the finite element model as
well as review of Equation 1.

Overall, this thesis represents a step forward in modelling fibre-matrix interactions within composite
materials. The findings not only contribute to the theoretical knowledge but also have potential to
improve the design and application of future materials. The insights gained from this study pave
the way for future research and innovation in the field of composite materials.
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A S22 Analytic Validation for All Increments

Figures 80 and 81 show the comparison of the single-fibre S22 results with the analytic solution for
each loading increment, with the dotted lines representing the analytic solutions.
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Figure 80: S22 Through Centre Path, Comparison with Analytic Solution, All Increments (Solid
Lines Represent Finite Element Results, Dotted Lines Represent Analytic Solutions)
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Figure 81: S22 Through Outer Path, Comparison with Analytic Solution, All Increments (Solid
Lines Represent Finite Element Results, Dotted Lines Represent Analytic Solutions)
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B Remaining Results from Friction Variation Tests

B.1 µ = 1.00
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Figure 82: Interfacial Slipping Along Debond Interface, µ = 1.00
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Figure 83: Shear Stress Along Debond
Interface, µ = 1.00
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Figure 84: Broken Fibre Shear Stress Through Outer
Path, µ = 1.00, Cropped View
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Figure 85: Broken Fibre Shear Stress Through Outer Path, µ = 1.00, Full View
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Figure 86: Broken Fibre S22 Through
Centre Path, µ = 1.00
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Figure 87: Broken Fibre S22 Through Outer Path,
µ = 1.00
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Figure 88: S22 Along Perimeter of Neigh-
bouring Fibre Cross Section, µ = 1.00
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Figure 89: S12 at Surface of Neighbouring Fibre,
µ = 1.00
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(c) Reloading Step

Figure 90: Interfacial Slipping Along Debond Interface, µ = 0.75
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(c) Reloading Step

Figure 91: Shear Stress Along Debond
Interface, µ = 0.75
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(c) Reloading Step

Figure 92: Broken Fibre Shear Stress Through Outer
Path, µ = 0.75, Cropped View
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(c) Reloading Step

Figure 93: Broken Fibre Shear Stress Through Outer Path, µ = 0.75, Full View
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Figure 94: Broken Fibre S22 Through
Centre Path, µ = 0.75
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Figure 95: Broken Fibre S22 Through Outer Path,
µ = 0.75
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Figure 96: S22 Along Perimeter of Neigh-
bouring Fibre Cross Section, µ = 0.75
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Figure 97: S12 at Surface of Neighbouring Fibre,
µ = 0.75
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Figure 98: Interfacial Slipping Along Debond Interface, µ = 0.25
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Figure 99: Shear Stress Along Debond
Interface, µ = 0.25
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(c) Reloading Step

Figure 100: Broken Fibre Shear Stress Through
Outer Path, µ = 0.25, Cropped View
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Figure 101: Broken Fibre Shear Stress Through Outer Path, µ = 0.25, Full View
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(c) Reloading Step

Figure 102: Broken Fibre S22 Through
Centre Path, µ = 0.25
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Figure 103: Broken Fibre S22 Through Outer Path,
µ = 0.25
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Figure 104: S22 Along Perimeter of Neigh-
bouring Fibre Cross Section, µ = 0.25
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Figure 105: S12 at Surface of Neighbouring Fibre,
µ = 0.25
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B.4 µ = 0.10
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Figure 106: Broken Fibre Shear Stress Through Outer Path, µ = 0.10, Cropped View
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B.5 µ = 0.00 (Frictionless Case)
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Figure 107: Interfacial Slipping Along Debond Interface, µ = 0.00
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Figure 108: Shear Stress Along Debond
Interface, µ = 0.00
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(c) Reloading Step

Figure 109: Broken Fibre Shear Stress Through
Outer Path, µ = 0.00, Cropped View
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Figure 110: Broken Fibre Shear Stress Through Outer Path, µ = 0.00, Full View
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Figure 111: Broken Fibre S22 Through
Centre Path, µ = 0.00
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(c) Reloading Step

Figure 112: Broken Fibre S22 Through Outer Path,
µ = 0.00
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Figure 113: S22 Along Perimeter of Neigh-
bouring Fibre Cross Section, µ = 0.00
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Figure 114: S12 at Surface of Neighbouring Fibre,
µ = 0.00
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C Remaining Results from Fibre Volume Fraction Variation Tests

C.1 25% Packing
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(c) Reloading Step

Figure 115: Interfacial Slipping Along Debond Interface, 25% Packing
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(c) Reloading Step

Figure 116: Shear Stress Along Debond
Interface, 25% Packing
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(c) Reloading Step

Figure 117: Broken Fibre Shear Stress Through
Outer Path, 25% Packing, Cropped View
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(c) Reloading Step

Figure 118: Broken Fibre Shear Stress Through Outer Path, 25% Packing, Full View
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(c) Reloading Step

Figure 119: Broken Fibre S22 Through
Centre Path, 25% Packing
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(c) Reloading Step

Figure 120: Broken Fibre S22 Through Outer Path,
25% Packing
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(c) Reloading Step

Figure 121: S22 Along Perimeter of Neigh-
bouring Fibre Cross Section, 25% Packing
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Figure 122: S12 at Surface of Neighbouring Fibre,
25% Packing
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(c) Reloading Step

Figure 123: Energy Release Rate vs. Strain, 25% Packing
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Figure 124: Max. S22 (Absolute Value) in Neighbouring Fibre vs. Strain, 25% Packing
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(c) Reloading Step

Figure 125: Interfacial Slipping Along Debond Interface, 40% Packing
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Figure 126: Shear Stress Along Debond
Interface, 40% Packing
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Figure 127: Broken Fibre Shear Stress Through
Outer Path, 40% Packing, Cropped View
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Figure 128: Broken Fibre Shear Stress Through Outer Path, 40% Packing, Full View
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Figure 129: Broken Fibre S22 Through
Centre Path, 40% Packing
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(c) Reloading Step

Figure 130: Broken Fibre S22 Through Outer Path,
40% Packing
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Figure 131: S22 Along Perimeter of Neigh-
bouring Fibre Cross Section, 40% Packing
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Figure 132: S12 at Surface of Neighbouring Fibre,
40% Packing
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(c) Reloading Step

Figure 133: Energy Release Rate vs. Strain, 40% Packing
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Figure 134: Max. S22 (Absolute Value) in Neighbouring Fibre vs. Strain, 40% Packing
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(c) Reloading Step

Figure 135: Interfacial Slipping Along Debond Interface, 70% Packing
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Figure 136: Shear Stress Along Debond
Interface, 70% Packing
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Figure 137: Broken Fibre Shear Stress Through
Outer Path, 70% Packing, Cropped View
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Figure 138: Broken Fibre Shear Stress Through Outer Path, 70% Packing, Full View
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Figure 139: Broken Fibre S22 Through
Centre Path, 70% Packing
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Figure 140: Broken Fibre S22 Through Outer Path,
70% Packing
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Figure 141: S12 at Surface of Neighbouring Fibre, 70% Packing
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(a) Initial Loading Step
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(b) Unloading Step
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(c) Reloading Step

Figure 142: Energy Release Rate vs. Strain, 70% Packing
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Figure 143: Max. S22 (Absolute Value) in Neighbouring Fibre vs. Strain, 70% Packing
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