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Acronyms

MsSFrM

MeE

MaE

CIE

BCs

MSA

CDA

CFRP

X-ray CT

FoV

Rol

UEP

-multiscale stochastic fracture mechanics.
-meso-scale element.

-macro-scale element.

-cohesive interface element.
-boundary conditions.

-merging and splitting approach.
-crack path decomposition approach.
-carbon fibre reinforced polymer.
-X-ray Computed Tomography.
-field of view.

-region of interest.

-ultimate eroding point associated to a fibre centre.

2D boundary conditions at meso and global scales

B1-X, B2-X

Bl1-Y, B2-Y

Gl-X, G2-X

Gl-Y, G2-Y

-meso-scale boundary conditions on X direction.
-meso-scale boundary conditions on Y direction.

-global-scale boundary conditions used for validation on X

direction.

-global-scale boundary conditions used for validation on Y

direction.
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NOMENCLATURE

3D boundary conditions at meso-scale

type-A
type-B

type-C

Algebra
C

P(C)

P(E|C)

P(C|E)

0, = o(u)

G,

G

S .short

G

f,long

-uniaxial tensile with restrained sides.
-shearing using one-third edge size bandwidth.

-uniaxial tensile with single restrained side.

-crack path to be filtered (kernel crack).

-prior probability of crack path C evaluated as a path/ image
integral.

-crack paths likelihood corresponding to surrounding

cracks E to match the kernel crack path C.

-Bayesian updated probability of crack C given some

overlapped neighbouring crack paths E.

-set of crack paths over a neighbouring cluster.

-reduced order integration line fitted on a random crack

path.

-ultimate strength equivalent to the onset of fracture.

-softening evolution based on the ultimate strength pitch.

-fracture energy

-fracture energy evaluated for short overlapping criteria.

-fracture energy evaluated for long overlapping criteria.
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NOMENCLATURE

short

long

conv( f,k)

®

d/2

cov(f,g)

I
09|

CNCC’ corr(f,g)

-finite displacement.

-final displacement.

-scalar degradation variable.

-scalar degradation variable evaluated for short overlapping

criteria.

-scalar degradation variable evaluated for long overlapping

criteria.

-fibre volume fraction.

-matrix volume fraction.

-pixel gray scale intensity at pixel position (x,y).
-processing kernel value corresponding to position (x,y).
-convolution of image fusing image processing kernel £.

-convolution operator that performs a piecewise

multiplication.

-overlapping stack containing a number of X-ray CT image

slices.

-stack overlapping distance measure in number of X-ray CT

image slices.
-covariance of two images fand g.

-average pixel intensity values of images f and g

respectively.

-normalised correlation criterion of two images fand g.
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NOMENCLATURE

Ax , Ay

ox, oy

K

P(N|K)

P(K|N)

P(N|K)

P(K|N)

-position coordinates at integer pixel precision of matching

peak value from correlation of images fand g.

-interpolated position coordinates at sub-pixel precision
from correlation of images fand g using the neighbouring

subsets around a matching peak.

-overlapping stack of slices separated into kernel slices K

and neighbouring overlapping slices N.

-global probability of slices N to match kernel slices K. This
probability is evaluated as a collection of overlapping fibre

centres.

-global Bayesian updated probability of slices K to match
neighbouring slices N. This probability is evaluated using a

Bayesian inference model.
-kernel slice as a collection of UEPs.
-neighbouring slice as a collection of UEPs.

-local probability of UEP coordinates in slice N to match
kernel slice K. This probability is evaluated as individually

on each fibre centre.

-local Bayesian updated probability of UEP coordinates in
slice K to match neighbouring slice N. This probability is

evaluated using a Bayesian inference model.
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ABSTRACT

ABSTRACT

This thesis presents the development of a new multiscale stochastic fracture mechanics
modelling framework informed by in-situ X-ray Computed Tomography (X-ray CT) tests,
which can be used to enhance the quality of new designs and prognosis practices for fibre
reinforced composites. To reduce the empiricism and conservatism of existing methods, this
PhD research systematically has tackled several challenging tasks including: (i) extension of
the cohesive interface crack model to multi-phase composites in both 2D and 3D, (ii)
development of a new in-house loading rig to support in-situ X-ray CT tests, (iii) reconstruction
of low phase-contrast X-ray CT datasets of carbon fibre composites, (iv) integration of X-ray
CT image-based models into detailed crack propagation FE modelling and (v) validation of a
partially informed multiscale stochastic modelling method by direct comparison with in-situ
X-ray CT tensile test results.

These tasks and the achievements of this research are summarised below:

(1) Multiscale modelling of crack propagation in 2D

In this method, a macro-scale domain is first discretised into a number of meso-scale elements
(MeEs), in which potential discrete cracks are modelled by pre-inserted cohesive interface
elements. A nonlinear microscale simulation is conducted for each MeE in parallel to obtain
the crack patterns under different boundary conditions. Adaptively size-increasing MeEs are
then simulated, until potential cracks seamlessly cross the boundaries of adjacent MeEs. The
resultant cracks, are then integrated as Cohesive Interface Elements (CIEs) into a final
anisotropic macro-scale model for modelling global mechanical responses.

(i1) Development of new in-situ loading rig for X-ray CT testing

A new in-situ X-ray CT loading rig was developed to overcome several shortcomings of the
various commercially available equipment. The new rig included a number of innovative
features such as: multipurpose loading modes and sample setups, fast sample mounting, fully
integrated autonomous motion control, real-time data acquisition and flexibility in carrying out
various in-situ loading programmes using under either tensile or compressive loading.

(ii1) Reconstruction of low phase-contrast X-ray CT image-based models

The reconstruction approach is based on identifying the individual fibre centres using a local
maxima method and a Bayesian inference model applied to the stack of images. Stacks with

reduced width are overlapped to ensure 3D fibre continuity. The approach is illustrated for a
[45/90/-45/ 0] carbon fibre reinforced laminae.

(1v) Integration of the X-ray CT image-based models in FE modelling

The numerical reconstruction method demonstrates that implementing realistic fibre mesh
models in FE simulations of discrete cracks is currently feasible using a partitioning strategy in
smaller size meso-scale models. Although the developed reconstruction method in this study is
employed for tracking long and tortuous/ nonlinear fibres, the FE meso-scale modelling is
implemented using cubic shape models of size S0um.

(v) Validation of the multiscale stochastic fracture mechanics modelling framework

The model has been validated using a global model partially informed by X-ray CT in which
the global simulation model incorporates details of meso-crack propagation mechanisms,
carried out in parallel computation on the image-based meso-scale models. The two main
validation tests are the load-displacement curves and the multidirectional damage patterns.
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CHAPTER 1

CHAPTER1. INTRODUCTION

1.1. Motivation

Fibre reinforced composites are multi-phasic composite materials widely used in engineering
structures of many industries (e.g. aerospace, automotive, marine, energy and construction) and
support a wide range of societal needs. It is vital that modern fibre reinforced composite
materials and structures are designed efficiently to meet the requirements of serviceability,
safety, sustainability and long-term durability. An enhanced understanding of the damage and

fracture behaviour is thus imperative to achieve this goal.

Fibre reinforced composites have intrinsically stochastic, heterogeneous and nonlinear physical
and mechanical properties across multi-length scales, due to the random distribution of multiple
phases of materials at nano, micro, meso to macro scales. Because the finer scale properties
directly determine the performance and reliability of structures and systems at coarser scales,
it is essential to understand the inter-scale relationships or scale transferability, which can only
be achieved through multiscale computational modelling (de Borst, 2008; Kassner et al., 2005;
Oden et al., 2003; Kanouté et al., 2009; Nguyen et al., 2012a). This is particularly true for
fracture problems, as fracture always starts from micro-scale cracks at strain localisation sites,
which then propagate, widen and coalesce into meso-scale cracks and finally discrete macro-
scale cracks. This phenomenon spans a few length scales, demanding a multiscale modelling

approach.

1.2. Objectives

This project aims to develop an innovative Multiscale Stochastic Fracture Mechanics
(MsSFrM) framework for accurately modelling damage and fracture in fibre reinforced

composites under external loadings. The research has two tasks: (1) multiscale experimental
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studies to better understand the material’s complex damage and fracture behaviour and also to
develop realistic image-based finite element models for understanding such behaviour; and (2)
development of a multiscale modelling methodology to obtain the stress-strain relationships of
fibre reinforced composites and to critically evaluate the reliability and performance of the
carbon fibre reinforced polymer (CFRP) microstructures for better quality, greater reliability

and lower cost.

The main objectives are:

(i) to carry out in-situ micro-scale X-Ray Computed Tomography (X-ray CT) tests of
CFRP under progressive external loadings and to better understand the complicated
damage and fracture behaviour by image processing;

(i) to develop efficient algorithms for segmenting and reconstructing the micro-scale X-
ray CT images so as to build accurate and realistic image-based 3D finite element
models;

(iii) to develop an innovative multiscale stochastic fracture mechanics method in 2D and 3D
to accurately predict damage and fracture of fibre reinforced composites; and to validate

the multiscale fracture modelling method.

1.3. Outline of the thesis

The thesis is structured in eight chapters.

- 0 introduces the overall aim and objectives of this study.

- CHAPTER 2 reviews the existing literature that relates to the main objectives of the
research and outlines the methodology for this research.

- CHAPTER 3 explains the methodology for modelling meso-to-macro crack

propagation and scale transfer.
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CHAPTER 4 presents the implementation and validation of a new numerical algorithm
for scale transfer and for modelling crack propagation in 2D.

CHAPTER 5 presents details of the in-situ X-ray CT experimental work, including the
development of the devices for the supporting experiments, using both the cone source
X-rays emitter imaging technology at the Henry Moseley X-rays imaging facility
(HMXIF) of the University of Manchester and at the national synchrotron radiation
technology at Diamond Light Source.

CHAPTER 6 develops the reconstruction and segmentation algorithms to generate the
multiscale computational meshes based on the X-ray CT images.

CHAPTER 7 extends the 2D modelling methodology discussed/ developed in
CHAPTER 3 and CHAPTER 4 to 3D crack propagation modelling using the X-ray CT
image-based models generated in CHAPTER 6.

CHAPTER 8 summarises the research, presents the main findings and recommends

future research directions.
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CHAPTER2. LITERATURE REVIEW

2.1. Introduction

As explained in 0, the two aims of this project are X-ray CT imaging of fibre reinforced polymer
(FRP) composites and multiscale numerical modelling of fracture of FRP composites. This
chapter will present a review on these two topics, with a view to justify the originality and

methodology of the current research.

FRP composites are quasi-brittle materials and contain inherent defects at the fine length scales
(nano, micro and meso) which affect the crack initiation and propagation processes. These can
further have detrimental effects on the global behaviour of the FRP structures. Ideally, the
mechanical behaviour of all the fine scales should be taken into account when simulating the
fracture process of FRP composite structures. However, modelling crack propagation in FRP
composites across various scales is challenging because of the existence of multiple material
phases and their interactions. Furthermore, FRP composites contain stochastic heterogeneity at
the fibre level as a result of manufacturing imperfections. This means that the traditional
repetitive elements and statistical homogenisation approaches may not be able to reflect the

true behaviour of FRP composites.

The main objective of this review is to identify the advantages and shortcomings of various
existing multiscale simulation models for damage and fracture, and to establish the assumptions
of a ‘rational’ multiscale model for crack propagation. This model should be realistically
characterised with all the material’s features such as random distribution of initial defects and
distinct material phases, obey the principle of energy conservation, and preserve the distribution
of crack paths and orientations across scales. The morphological continuity should be preserved

and mapping of material properties and anisotropy across scales should be accurate.
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2.2.  Overview of existing multiscale modelling methods for scale transfer
The multiscale methods integrate the fine scale features (lower scale) within the coarse scale
models. These methods can be classified into the following two main categories of approaches,

according to the sequence of operations and the type of information exchange:

(1) uncoupled approaches (also called one-way models): the information is transferred in
one direction, either bottom-up or top-down.

(i1) coupled approaches: information is exchanged in both directions.

Fig. 2-1 presents a brief summary of these two approaches.

Uncoupled approaches Coupled approaches

\. J \. J

. 3

= Concurrent, Hierarchical, Mixed

" Infinitesimal point, up- Hierarchical-Concurrent.

scaling, unit cells,

statistical RVEs, Monte 1 Examples: 8

Carlo etc.
= Embedded cell, macro truss,

oversampling windows etc.

Fig. 2-1: A brief summary of existing multiscale models.

23. Uncoupled models

In the uncoupled models, the information from fine scales is used to drive processes on the
coarse and larger scales (bottom-up) or vice versa (top-down). Reviews of these models can be
found in (Panchal et al., 2012; Nguyen et al., 2011). Examples of such models include the up-
scaling methods for atomic and molecular processes up to continuum matter, repetitive unit
cells, infinitesimal point assumptions, reduced material phases assumption, statistical

representative volume elements (SRVE) and statistical Monte Carlo approaches with indirect
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packing of material properties (Su et al., 2009; Yang et al., 2009; Yang and Xu, 2008; de Frias

etal., 2014; Xu et al., 2013; Singh and Talreja, 2013; Ruggles et al., 2013; Greco et al., 2013).

Most of the one-way approaches neglect microstructural continuity and often do not consider
the random distribution of fibres across the continuum. Some improvements have been made
by employing an unstructured macro-scale truss where each linear element represents a detailed
microscopic window that leads to the so-called FE? coupled approach (Unger, 2013) of constant
geometries. The fracture process is not modelled as discrete crack propagation, but as localised
numerical degradation of linear lattice integration points. This makes this type of models
similar to damage mechanics models by using admissible stresses or strengths. However, these
models become computationally expensive mainly because of the iterative inverse fitting of
deformation rates from coarser scales to finer scales (top-down). For example, given an initial
displacement of the macroscopic truss, the deformation rates at micro scale are iterated to fit
the macro scale behaviour. Therefore, these models can hardly be accepted in reliability

analyses.

A similar scale-coupling enhancement was proposed in (Verhoosel et al., 2010), where periodic
windows were decomposed on displacement basis and solved to find out localisation properties.
This model excludes the continuity of the morphology which results in a number of side effects
at the macro-scale such as unreliable predictions of global elastic constants and ultimate loads.
This is because the global elastic constants are related to the exact strain rates of the
microstructure that are not linked to macro-scale. In addition, the dissipated fracture energy is

crack path dependent.
The typical shortcomings of the uncoupled models are summarised below:

(1) deformation fields and rates often do not match at both scales;
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(i) the fracture modelling at macro-scale is rarely acceptable because of the weak form
formulations that disregard the geometrical nonlinearity;

(ii1) they are partially empirical and/or mathematical, for example, based on the Hill-Mandel
macro-homogeneity relation (Li, 2011) that cannot model non-linear materials; and

(iv) uncertainties exist on both scales.

Because of the above shortcomings, the uncoupled models will not be pursued in this research.

24. Coupled models

The coupled models use the information from both scales and combine them over the same
temporal and/or spatial domains based on conservation principles. This means that some sort
of dynamic constraints/or structural links may be pre-formulated and re-iterated to ensure
deformation compatibility. Moreover, such models consider the expected macroscopic
behaviour by boundary strategies, or by direct matching of high-fidelity deformation fields. In
practice, such deformation fields may be obtained using Digital Image Correlation (DIC)
techniques (Shen and Paulino, 2011; Amini and Kumar, 2014). However, it is generally not
possible to obtain and transfer fully accurate deformation fields, from either measuring or
modelling the fine scale substructures that would match the larger scale simulations, especially
when large scale jumps are sought. This is because the direct characterisation/measuring
techniques such as the DIC and X-ray CT, have limited fields of view (FoV). In addition,
existing theoretical developments of inverse procedures for local load estimations in composite
materials lag behind experimental techniques. Such an example using inverse wave propagation
functions to understand the reflection of line loads on boundaries in composite laminates can
be found in (Liu et al., 2002). The conclusions explain damage localisation and load estimation
difficulties in heterogeneous materials. For example, although 2-D and 3-D DIC could be used
to remotely measure deformation and strain fields, it is still currently rather complicated to

relate them to material local stress fields. This is essential to fully understand the required
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loading conditions that may realistically represent a set of numerical boundary conditions. If
solved, this could potentially deliver the intrinsic information for the calibration of more
accurate fully-nested multiscale models. However, the complicated time functions and
disturbance from composite material interactions remain unsolved. Therefore, the estimation
of'inverse stress fields is one of the long-time persistent research topics in need of more efforts.
As alternatives, the statistical and/or local deformation compatibility methods may be used but
they should not be linked in multiscale platforms when information at the fine scale is missing
without experimental validation.

The following section presents some coupling approaches that attempt to minimise or partially
eliminate the deformation field biases at neighbouring locations. The currently available

approaches in the literature can be classified into three main categories:

(i) concurrent approach (CA);
(i1) hierarchical approach (HA);

(i11) mixed hierarchical-concurrent approach (MHCA).

Two-way coupling strategies are most commonly associated with CA models (Ghosh et al.,
2007; Gonzalez and Llorca, 2006), but can be mixed with HA models as well (Trias et al.,
2006a). Typically, a single global analysis is carried out in the CA models using a hybrid mesh.
The mesh contains various levels of discretisation which can go up to fully detailed
microstructures of some limited region of interests (Ghosh, 2008; Ghosh et al., 2007). This idea
is mainly used to capture damage localisation based on some predefined computational areas
which incorporate sufficiently fine details for the investigated phenomena. It also means that
coarser regions require a computational homogenisation scheme and the study of size
dependence a priori. Once the complete modelling scheme is decided, the global simulation

can be carried out deterministically. The approach is discussed in Section 0.
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Generally, the HAs construct the global analysis based on information of detailed fine scale
simulations. This means that computational homogenisation may not be necessary when
boundary conditions are known a priori. However, continuity should be ensured at fine scales
in order to accurately capture crack initiation and propagation across multiple computational
domains. Statistical expansion methods may also be used to include some uncovered areas and
to characterise the whole structural part (Clément et al., 2013; Guilleminot et al., 2009). It may
also be obvious that when solving large degree of freedom (D oF) models, multiple meso-scale
windows can be separated and computed in parallel. Using such strategies, effective
computation of the entire domain can be enabled. The currently available HA strategies are

discussed in detail in Section 2.4.2.

The MHCA approach aims at minimizing the boundary effects on fine scale analyses before
scale transfer. An example of a MHCA model is the embedded cell approach (ECA). The ECA
minimizes the boundary effects using an ideally homogeneous buffer around the statistical
computed window (Trias et al., 2006a; Trias et al., 2006b; Li et al., 2013; Li and Zhou, 2013a).
In this way, the boundary effects may be decided before the scale transfer. This approach is

discussed in details in Section 2.4.3.

The typical challenges of the coupled models include high computational cost, large data
memory, storage and transfer, complex mathematical formulations, and difficult programing.
The following sections focus on the most important premises of different researchers to solve

the scale transfer problem under the above the three distinct approaches.
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2.4.1. Concurrent approach

The CA approach decomposes the computational domain into non-overlapping sub-domains
which are discretized with different mesh densities (Ghosh and Paquet, 2013; Llorca et al.,
2013; Gonzélez and Llorca, 2006). This means that some parts assume reduced order definition,
while other parts include more complicated definitions such as detailed microstructural
evolution and damage. Periodic cells are usually employed in the sub-domains or where
damage is rarely expected. The other sub-domains with damage potential are coupled with

discretisations at fine-level and more complicated constitutive formulations.

A popular concurrent model based on Voronoi cell discretisation was reported in (Ghosh and
Paquet, 2013; Ghosh, 2008; Ghosh et al., 2007). Although some sub-hierarchical links were
made via Voronoi statistical fibre cells, the homogenisation for the upper scales in this model
assumed the elastic constitutive behaviour, while the top-down scale transfer was ensured
through localisation and damage relationships. The most critical failure regions are captured
only when appropriate partitioning is performed, and transitional meshes are usually necessary,

as illustrated in Fig. 2-2.
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Fig. 2-2: Concurent multiscale model based on sub-hierarchical Voronoi individual fibre

cells, transition elements and detailed micro-scale windows (Ghosh, 2008).
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Several restrictions were posed to the boundaries and discretisation cells in (Ghosh et al., 2007;
Ghosh, 2008). It was also shown that the fully detailed simulations could only consider the
fibre de-cohesion, avoiding more complicated realistic crack mechanisms However, the main
advantage of the concurrent method is that it can make use of the well-known fibre distribution
statistics in (Matsuda et al., 2003; Pyrz, 1994), which can be linked directly to the localized
damage mechanisms when stochastic meso-scale windows with minimum boundary condition
effects are simulated. Such an extension of the Voronoi cells that were used in the

homogenisation scheme of the current method remained unsolved.

In the modelling of fracture process, the CA methods naturally discretise the regions with strain
localisation by fine meshes and the other regions by coarse meshes to save computational cost.
This is particularly useful for problems with cracks or weak interfaces known a priori, where
the crack-tip and the interfacial regions are modelled in detail for accurate understanding of the
fracture mechanism at fine scales (e.g. (Ghosh and Paquet, 2013; Ghosh et al., 2007); (Canal
et al., 2012; Gonzalez and Llorca, 2007b); (Trias et al., 2006a; Trias et al., 2006c; Li et al.,
2013). However, for problems with many distributed cracks or unknown cracks, very dense
meshes or adaptive meshing with local refinements may have to be used in the whole domain

to simulate potential cracks, making the concurrent approaches computationally costly.

2.4.2. Hierarchical approach

In general, the hierarchical approaches can be separated in two categories: (1) sequential, and

(i1) fully nested, according to the data exchange type during the scale transfer.

In the sequential approaches, a representative volume element (RVE) or unit cell, based on the
classical homogenisation theory (Hill, 1963; Hashin, 1965), is assumed to exist at medium
scales. Once the existence and size of the RVE is determined by detailed numerical analyses in

fine scales, the domain at coarse scales is assumed homogeneous and modelled by a number of
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RVEs. In doing so, a full analysis of the domain with fine-scale details is avoided giving favour
to the concept of ‘separation of scales’ (Ostoja-Starzewski, 1998; Ostoja-Starzewski, 2005).
However, recent studies (Phu Nguyen et al., 2010; Gitman et al., 2008; Gitman et al., 2007)
find that the RVE exists only in linear-elastic and hardening regimes; once softening occurs as
in fracture and damage, the RVE loses the ‘representative’ properties and cannot be found,
because the material in softening shows localisation leading to the loss of statistical
homogeneity. If the RVE does not exist, special measures must be taken for multiscale
modelling to maintain the objectivity with respect to the size of the sample cells. Such measures
may not be strictly accurate due to the large transfer ratios using separation of scales that range

between 1:10 in case of RVE models to 1:100 in case of unit cells.

Some improvements to both sequential and fully nested hierarchical approaches have been
made by linking different macro-scale sites with responses obtained from fine-scale models
(Luscher et al., 2010; Unger, 2013; Zhuang et al., 2015; Reis and Andrade Pires, 2013).
However, although the FE?> modelling approach considered so far unrealistic constant and
discontinuous microstructures, different scale coupling procedures were developed. For
example, when fully nested, the linkage to macro-scale meshes could be achieved by
telescoping of initial coarse displacements to local RVEs (Zhuang et al., 2015; Luscher et al.,
2010). Similarly in (Unger, 2013), the nodal displacements of the fine scale domain are a
function of the homogeneous strain, crack opening and a fluctuation part, In general, the
boundary conditions can be informed in two different ways: (1) by applying prescribed fine-
scale boundary conditions, sequentially dictating behaviour of maco-scale material models
(Ozdemir et al., 2008), and (2) using ‘uniquely linked> RVEs with homogeneous mesh
iterations and top-down displacement boundary translations (Gitman et al., 2008). It is then

important to highlight, that when prescribed boundary conditions or initial homogeneous global
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mesh models are used, nested approaches require comprehensive numerical verifications and

experimental validation case studies.

Many other studies have assumed periodic boundary conditions as discussed in (Nguyen et al.,
2012c; Nguyen et al., 2012a; Pham et al., 2013) in the context of computational
homogenisation. However, these are now intrinsically solved by existing FE solvers and
therefore their technicality is well established. In contrast, in (Karpov et al., 2006) a bi-layer
material case study was separated using two concurrent domains, one reading the periodic
boundary conditions and another hierarchically nesting multiscale informed boundary
conditions in different sites, idea which was similarly studied in (Bosco et al., 2015). Of
particular interest are the innovative hybrid-periodic boundary conditions that were developed
in (Ozdemir et al., 2008; Coenen et al., 2012b; Coenen et al., 2012c¢). In their definition, the

‘periodic’ term is enforced by a deformation ‘fluctuation field’.

Other innovative stiffness matrix constructors with novel boundary conditions have been
presented in (Tjahjanto et al., 2010; Liu et al., 2010). Their approaches can also be directly
informed by fine-scale iterations, although the ‘periodic’ boundary conditions are currently
understood as being taken from infinitely fine-coarse grain interfaces at the material point level,
while the analyses are often solved with initially prescribed boundary conditions. However,
although these different numerical boundary approaches were abstracted in various research
views, it is still not trivial to account for realistic multi-phase material definitions and to
transpose the high-order responses of complicated fine-scale interactions within the required

subsequent data updates.

Further optimisation and data exchange studies of particular interest were addressed to the
simulation of large degree of freedom models with non-similar initial displacements (Larsson
and Runesson, 2011), stochastic fine scales (Kouznetsova et al., 2004; Williams and Baxter,

2006) and damage localisation (Geers et al., 2010; Coenen et al., 2012c¢; Bosco et al., 2015). In
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general, due to the complexity of data exchange often taken from homogenised material
models, many of the scale separation ratios different than 1:1 may not support true
heterogeneity of the microstructure for seamless macro- to micro- scale modelling. This is an
essential step for simulating continuous crack growth, and may otherwise require enforced
kinematic/ averaging or nested/multi grid meta models to bridge the missing layers. Examples
of coarse macro-scale meshes taken at a structural scale that ultimately required averaging of
smaller incompatible hierarchical meso-scale mesh elements and enforced kinematics

couplings can be found in (Kouznetsova et al., 2004; Roubin et al., 2015).

In some ways, this inverse macro-to-meso numerical linkage is similar to the many existing
top-down methods. Top-down multiscale methods employ statistical mapping procedures at
macro-scale without following a strict requirement to ensure continuity of material
microstructures. For example, in (Kaczmarczyk et al., 2008; Doskar and Novak, 2013) some
randomly generated microstructure windows were sampled at arbitrary positions based on

targeted volume fractions. Fig. 2-3 shows the assembling algorithm used in this case.
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Fig. 2-3: Microstructural sample extraction and packing assembly

according to (Doskar and Novak, 2013).
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Although nonlinear modelling was not conducted in (Doskat and Novak, 2013), this may still
be a mathematical vicious circle of solving some simple statistical generated micro-scale
structures which should be avoided through direct control of the macroscopic properties by
similar statistics. Also, in this method a small number of distinct windows were chosen to
correlate the entire range of the investigated disordered microstructure (Novak et al., 2012;
Doskat and Novak, 2013). This idea of pre-sampling is expected to lower the geometrical
computational cost as for the continuous representation of the microstructure despite its

unsuitability for elastic and plastic deformation compatibility between two neighbour samples.

A recent example of fully nested hierarchical approach is the oversampling strategy in the so-
called generalised multiscale finite element method (GMsFEM) for solving flow problems in
heterogeneous porous media (Hou and Wu, 1997; Chen et al., 2003; Aarnes et al., 2006;
Efendiev et al., 2004; Efendiev et al., 2014; Calo et al., 2014). In the GMSFEM, the scale-
coupling is realised using multiscale basis functions containing the deformation information of
fine-scale elements (see Fig. 2-4). The oversampling strategy uses larger regions than the fine-
scale elements to construct more accurate local basis functions, making the GMsFEM converge

faster with fewer degrees of freedom.
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Fig. 2-4: The generalised multiscale finite element method (GMsFEM): K is a target coarse
block and w is the oversampling domain (Efendiev et al., 2004; Efendiev et al., 2014).
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The GMsFEM with oversampling has recently been applied to linear elastic stress analyses
(Chung et al., 2014) and seismic wave propagation (Gao et al., 2014). Its extension to
complicated nonlinear fracture problems is not yet reported. Such an extension is very
challenging due to the strain localisation and associated nonlinear material softening, which
may presumably make it impossible to form the rigorous analytical derivation of the GMSFEM
to ensure deformation compatibility between the fine-scale elements for general external
boundary conditions. To address some of these issues, mixed hierarchical-concurrent strategies
have also been attempted. The combination of the two is discussed below in Section 2.4.3,

whereby deformation compatibility is partially tackled using homogeneous material buffers.

2.4.3. Mixed hierarchical-concurrent approach

The MHCA coupling scheme proposed in (Trias et al., 2006a) assumes random failure
properties for macro-scale elements. At the fibre scale, the simulations also use the statistically
representative volume concept to represent the microstructure windows in an embedded cell
(EC) with homogeneous surrounding material as seen in Fig. 2-5. Because the distribution of
stresses and strains at macro-scale boundaries has arbitrary values near the boundaries of the
EC, statistical expressions are necessary to compensate for the constitutive behaviour. This step

1s done before the scale transfer and the link is done statistically.
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Fig. 2-5: The embedded cell approach in (Trias et al., 2006b).

Although the fracture process is boundary dependent, the compatibility compensations in EC
method are based on statistical Weibull distributions of strain energy density. First, the
transformations are applied to multiple meso-scale embedded windows. The macro-scale is
then related to these computational windows via a one to one relationship of the stress tensors.
The limitation in this case is that the preservation of the sampling continuity is extremely costly
from a computational point of view. Since the probability space is used at macro-scale, the final
global model would not necessarily represent the genuine crack localisation. In general, when
using random and statistical fields to cover deformation fluctuations, the mapping continuity is
lost. This means that both the elastic constants and fracture energies suffer of inexact integration

domains and deformation rates from fine scales.

To some extent, the embedded cell idea was also used in (Li and Zhou, 2013a; Li and Zhou,
2013b; Li et al., 2013). In their works, a 3D multiscale homogenisation computational
framework was developed to solve fracture problems with crystal plasticity. The embedded cell
here was a meso-scale image-based mesh model as shown in Fig. 2-6. The method was based
on the cohesive finite element model (CFEM) and used the Mori-Tanaka method to solve the

scale transfer. The bulk and shear moduli were estimated based on stress intensity factors
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computed using the J-integral concept (Li and Zhou, 2013b). The initial anisotropy due to the
crystallographic orientations of the grains was not considered. Instead, in (Li and Zhou, 2013a)
the material phases were assumed to follow the isotropic linear elastic constitutive relations. It

is also unclear how the global anisotropy should be considered at macro-scale.

Microstructure region

€8 Homogenized region

Pre-crack

Mesh tie constraint

Fig. 2-6: A model assembly for computational multiscale

homogenisation after (Li et al., 2013).

At the micro-scale, the hybrid mesh model used in (Li etal., 2013) shows how the mesh embeds
a polycrystalline region of the sample (see Fig. 2-6). A kinematical tie constraint was used
between the two regions so that mesh nodal conformity was not needed. An initial pre-crack
was inserted in the homogeneous mesh. The fracture toughness was then evaluated using a

hidden structured mesh which was also attached to the realistic microstructure.

No attempts were reported to solve the deformation continuity by means of compatible
deformation rates between different stochastic neighbouring samples, although this is essential

in the modelling of realistic multiscale behaviour.
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25. Summary of existing multiscale modelling methods

Various multiscale models have been developed to solve the scale transfer dilemma, e.g., the
coupled-volume multiscale model (Gitman et al., 2008), the multiscale aggregating
discontinuities model (Belytschko et al., 2008; Loehnert and Belytschko, 2007), the multi-grid
method (Miehe and Bayreuther, 2007; Kaczmarczyk et al., 2010), the homogenisation-
localisation methods (Bosco et al., 2015; Coenen et al., 2012a), the enhanced continuous-
discontinuous model (Nguyen et al., 2012b; Nguyen et al., 2011), the reduced integration order
model (Fish, 2011; Fish and Shek, 1999), the two-scale homogenisation model (Greco et al.,
2013; Cusatis and Cedolin, 2007; Desmorat and Lemaitre, 2001), the multi-fractal approach
(Carpinteri et al., 2002; Carpinteri and Chiaia, 1997; Xu et al., 2013), and the variational and
localized Lagrange multiplier method (Hautefeuille et al., 2012; Markovic and Ibrahimbegovic,

2004).

Table 2-1 summarises the currently available multiscale models based on the finite element
method and highlights their main definition level, coupling scheme, specialty and numerical
formulation. The general consensus is that multiscale modelling requires complicated
numerical strategies to transfer both the continuous and discontinuous deformations. Three
categories have been identified to address these issues, namely the concurrent, the hierarchical
and the mixed hierarchical-concurrent approaches. However, so far the existing multiscale
approaches are not embracing true composite behaviour and to ultimately represent the genuine
material length scales, such as for example, to bridge the fibre level to component level

mechanics.
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Table 2-1: Summary of existing multiscale models based on the finite element method.

Method Acronym | References Definition level | Coupling strategy Specialty/ Coupling Design

Representative Volume RVE (Coenen et al., 2012c) Fine-scale Enforced kinematical Constitutive relations/ top-down

Element constraints hierarchical.

Statistical Representative SRVE (Trias et al., 2006a; Trias et al., 2006c¢) Fine-scale Statistical Constitutive relations/ bottom-up

Volume Element hierarchical.

Indirect Heterogeneous & | None (Shen and Xu, 2010; Xu et al., 2009; Coarse-scale Statistical, Multi- Deterministic with material

Stochastic Approaches Shen et al., 2009; Su et al., 2010b; Su et resolution approaches, characterization/ hierarchical.

al., 2009) random fields, fractals
etc.

Adaptive concurrent multi- | None (Ghosh and Paquet, 2013; Ghosh, 2008; | Multiple length | Level ties Detailed mechanics, mixing of

level method Ghosh et al., 2007) scales in single homogenisation & global modelling/

global model concurrent and hierarchical coupling.

Computational CH (Verhoosel et al., 2010; Cid Alfaro et al., | Fine-scale Macro statistics Detailed mechanics & statistical mapping/

homogenisation 2010b; Kaczmarczyk et al., 2008) Energy-based hierarchical coupling.

Generalised multiscale GMSFEM | (Hou and Wu, 1997; Chen et al., 2003; Fine-to-coarse Multi-grids & multiscale | Linear elasticity & fluid flow problems/

finite element method Aarnes et al., 2006; Efendiev et al., 2004; basis functions Energy-based hierarchical coupling.

Efendiev et al., 2014; Calo et al., 2014)

Embedded cell approach ECA (Trias et al., 2006b) (Li et al., 2013) Fine-scale Statistical Minimisation of boundary effects/ bottom-
up mixed concurrent —hierarchical
coupling.

Enhanced continuous- ECDM (Nguyen et al., 2012a; Nguyen et al., Fine-to-coarse Damage localisation Detailed mechanics & damage localisation

discontinuous multiscale
method

2012b; Nguyen et al., 2012c¢; Nguyen et
al., 2011)

mapping/ bulk & crack homogenization
with hierarchical coupling.
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2.6. Numerical Crack Models

The previous section has focused on the transfer of data in multiscale modelling. This section
reviews the most popular numerical methods currently employed to model crack growth.
According to (Su et al., 2010a) these methods can be categorized as: (i) discrete crack models
explicitly separating the crack surfaces, (ii)) smeared crack models based on continuum
mechanics, and (ii) indirect models such as the lattice, truss and fractals, as examples. The
discrete crack models were mainly developed for 2D problems and only recently, complicated
3D fracture behaviour has been simulated mainly in concrete and asphalt materials (Gasser and
Holzapfel, 2005; Su et al., 2010b; Rahman and Chakraborty, 2011; Yin et al., 2013; Ren et al.,
2015; Huang et al., 2015). Some simplified 3D damage simulations for unidirectional fibre
composites can be also found in (Mishnaevsky, 2012; Mishnaevsky Jr and Brendsted, 2009;
Wang et al., 2014). However, in these simulations the damage modelling is understood by a

simple stress intensity threshold.

The broad assumptions of the different crack models are:

(1) Discrete crack models based on re-meshing techniques (Yang and Chen, 2004; Réthoré
et al., 2004; Ooi and Yang, 2009): a representative semi-analytical method based on a
re-meshing routine is the Scaled Boundary Finite Element Method (SBFEM) (Ooi and
Yang, 2009). The method is designed for modelling problems with discontinuities and
singularities (Ooi and Yang, 2011).

(i1)) Smeared crack models (Pham et al., 2006): an infinite number of parallel cracks of
infinitesimal thickness are assumed to distribute over the finite elements (Kwak and
Filippou, 1990). The crack propagation is then introduced by reduction of the stiffness
and strength of the material. A comprehensive literature review including the limitations

of'these models is given in (Galvez et al., 2002).
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(i11) Nodal enrichment models such as the Extended Finite Element Method (X-FEM)
(Meschke and Dumstorff, 2007; Markus, 2007) endorse the concept of local nodal
enrichment of the finite elements. This is achieved by partitioning and allows the
discontinuous displacement field to take place.

(iv) Cohesive crack models are most commonly based on pre-embedding cohesive interface
elements without re-meshing (Su et al., 2009; Yang et al., 2009; Su et al., 2010b; Xie
and Waas, 2006; Yang and Xu, 2008). They assume the existence of a fracture process
zone (FPZ), originally introduced by (Barenblatt, 1959; Dugdale, 1960) for elasto-
plastic fracture of ductile materials and later elaborated by (Hillerborg et al., 1976) to
include the quasi-brittle material effects in the so-called ‘fictitious crack model’. This
model has been later adopted and developed by many other authors (Tvergaard and
Hutchinson, 1992; de Borst, 2003; Bazant and Oh, 1983; Seagraves and Radovitzky,

2010; Yang and Xu, 2008; Carpinteri, 1989).

To summarise, it can be noted that most of the existing crack propagation models have tackled
fracture problems with single, a few cracks or pre-defined bi-material interfaces. The fine-scale
multiphase structures are mostly assumed and the numerical results are difficult to be accurately

validated.

27. X-ray Computed Tomography

Traditionally, the model validation of the FRP parts for fracture resistance was done either by
testing the full-size component or by using a series of small probes (Kabele, 2007; Molent et
al., 1989). An inverse modelling approach was then undertaken to extract relevant material
properties. This is a costly approach. More importantly, many essential mechanical data cannot
be obtained due to the lack of intrusive measurements. A relatively new testing and validation
technique is the X-ray Computer Tomography (X-ray CT). From such tests, image based

models can be built. The research focuses now mainly on the use of image-based models to
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improve and validate numerical models. The advantage is that the numerically simulated
deformation steps or damage progression can be directly compared to the actual mechanical

test results.

So far, the image-based modelling has not been used in multiscale modelling and validation. In
addition, multiscale models considering the effects and inter-scale transfer of stochastic
information are still largely limited to the prediction of homogenised elastic properties (Xu and
Graham-Brady, 2005; Xu and Chen, 2009) rather than complicated fracture evolution. In fact,
realistic 3D multiscale modelling of fracture in composite materials has rarely been reported,
probably due to the very large number of degrees of freedom in the fine-scale models that are
beyond the power of conventional computers. Therefore, much research is still needed to
develop more robust multiscale methods for complicated fracture modelling, as also pointed
out by a report of U.S.A. National Committee on Theoretical and Applied Mechanics
(Belytschko, 2007). This thesis will address the earlier issues considering a hierarchical
multiscale modelling approach. The meso-scale domain will be separated into non-overlapping
and adaptive size-increasing overlapping elements in both 2D using digital micrographs, and

3D using reconstructed X-ray CT models.

2.7.1. Previous X-ray CT tests in fibre composites at fibre level

One of the first X-ray CT tests using the synchrotron radiation technology to investigate the
fracture process in fibre composites is the work in (Kinney and Nichols, 1992). The material
scanned was an aluminum matrix/SiC SCS-8 fibre composite. The fibre outer diameter was
approximately 100 um with a 30 pum carbon core. The X-ray CT resolution was approximately
2-3 um/voxel. Fig. 2-7 shows the 2D projections of the fracture surface and the 3D volume

render of a small portion containing a fibre pull-out failure mechanism.
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Fig. 2-7: Early X-ray CT scans to investigate the fracture process of an aluminum matrix/SiC

SCS-8 fibre composite (Kinney and Nichols, 1992).

A similar Ti-6Al1-4V/ SCS-6 SiC monofilament metal matrix composite was scanned in
(Withers et al., 2012). The fibre diameter was 140 um with carbon core. The resolution was
1.59 um/pixel. A combined approach with high spatial resolution diffraction and synchrotron
X-rays imaging was used to monitor fatigue crack growth. Fig. 2-8 shows the gradual

progression of the crack that by-passes the thick SiC fibres.

Fig. 2-8: 3D visualisation of a transverse fatigue crack progression that by-passes

the 140 um diameter fibres (Withers et al., 2012).
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Other excellent in-situ X-ray CT scans of SiC/ SiC composite rods (Fig. 2-9) were successfully
captured at room and ultrahigh temperatures under the synchrotron radiation in (Bale et al.,

2012). The SiC fibre diameter was approximately 12 pm. The resolution was 0.65 pm/voxel

and the scan area was approximately 5 mm by volume stitching.
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Fig. 2-9: Synchrotron in-situ X-ray CT tests of a single-tow SiC/SiC composite specimen
at room 25°C and ultrahigh 1,750°C temperatures (Bale et al., 2012).
Many other in-situ X-ray CT experiments in fibre composites studied the material
microstructures (either intact or post-mortem) at fabric level only rather than capturing the
fracture mechanism, mainly due to the lack of in-situ loading rigs (McCombe et al., 2012;

Enfedaque et al., 2010; Yu et al., 2015b; Miiller et al., 2015).
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28. Summary

A state-of-the-art review has been presented in this chapter. It is found that there exist two main
multiscale modelling methods, namely, the uncoupled and coupled methods. The uncoupled
models (one-way models) either start with a macroscopic model (top-down) with known
boundary conditions or a microscopic model that is statistically linked to the global scale
(bottom-up). Although in the top-down uncoupled approach, the external boundaries and
macroscopic structure details are often known a priori (e.g. the load-displacement curve, time
to failure from test records), the desired microstructural response is often based on enforced
kinematical windows with lose stiffness assemblies that are contradictory to standard FE
method. On the other hand, due to the difficulty in finding the right balance in coupled methods
between the external and internal forces, the coupled models need artificial boundary
conditions to ensure deformation compatibility between the two scales. However, the
boundaries at the fine scale may be completely non-existent for certain phenomena.
Modifications should be made to avoid such inherent difficulties that come with the coupling
of'scales for scale transfer. This is a major achievement of this project and the new method will
be presented in CHAPTER 3 and CHAPTER 4 of this thesis. Providing X-ray CT data of
detailed fracture process of FRP composites and reconstruction of the raw X-ray CT data to
generate meshes for multiscale finite element modelling of FRP composite fracture is another

pillar of this research project.

In this research, a hierarchical multiscale modelling approach is used to combine reconstructed
image-based meso-scale elements with a global model. Two main assumptions are made herein
without losing the ergodic multiscale objective in quasi-brittle materials: (i) image-based
models are computed in parallel using a complete set of boundary conditions with high
expectation to occur at fibre level and (ii) stochastic variation of material properties can be used

to populate global multiscale models wherever material fine scale information is inexistent.
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The first is acceptable due to the relatively low sensitivity of the crack propagation process to
strain fields developed in each of the constituent phases of the quasi-brittle carbon fibre material
used in this study. The second assumption is necessary due to the large scales jumps that cannot
be currently fully characterised with the X-ray CT and emerged with the available post-

processing tools.
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CHAPTER3. A NEW METHOD FOR 2D MULTISCALE STOCHASTIC
FRACTURE MODELLING

3.1. Introduction

A new coupled method for multiscale stochastic fracture modelling (MsSFrM) is developed.
The coupling is based on fracture energy conservation and exact crack mapping. A key
difference between this new method and other methods is that the mapping is performed before
discretisation of the macro-scale model, and based on the detailed crack paths obtained from
meso-scale simulations. The technique of pre-embedding cohesive interfacial elements is used
in the meso-scale simulations so that complicated multi-crack initiation and propagation can be
modelled. The new method has been developed to enable computation of structures of
heterogeneous quasi-brittle composites with a large number of degrees of freedom (DoF), in
particular, when high-resolution micrographs or X-ray CT images exhibiting multiscale details

are available.

The chapter presents the 2D development of the new multiscale method. The implementation
and validation of the proposed 2D multiscale method will be presented in CHAPTER 4. The

extension to 3D fracture problems will be presented in CHAPTER 7.

3.2.  The new multiscale stochastic fracture mechanics framework

Fig. 3-1 shows the framework of the new method with the key computational modules
highlighted. It starts with acquiring a high-resolution image of the global domain by micro-
tests using advanced techniques such as high-resolution cameras, microscopes and X-ray CT
images. The image is then processed and segmented into different material constituent phases.
For validation purpose, if the crack paths and load-carrying capacities are not available from
the micro-tests, a full micro-scale FE modelling of the global domain is carried out. In this case,

the global-domain image is first transformed into FE meshes of solid elements. Cohesive
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interface elements with softening traction-displacement constitutive laws in normal and shear
directions are then inserted into the matrix mesh and between the matrix-inclusion interfaces,

to model potential cracks.
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Fig. 3-1: A two-scale coupling scheme for stochastic fracture mechanics.

The global domain is then divided into a grid with a number of non-overlapped rectangular
meso- elements (MeEs), illustrated in Fig. 3-3-a as an example. For each MeE, its micro-
structure is meshed with CIEs inserted and a nonlinear FE analysis is conducted. Size effect
studies on the strength are carried out to determine a proper number and size of the MeEs. Two
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boundary conditions as illustrated on the first row in Fig. 3-2, noted as B/ and B2 are necessary
for the MeEs and scale transfer. B/ is the uniaxial tensile condition and B2 is the shear condition
necessary for the nonlinear integration of tractions for the global CIEs. At the global scale, two
types of external uniaxial boundary conditions G/ and G2 are modelled, as illustrated in Fig.
3-2-c and d, respectively. The G/ condition tends to result in the pure mode-1 fracture mode,
while G2 allows core rotations and may lead to two main cracks. The G2 condition has also
been increasingly used (Park and Paulino, 2012; Wang et al., 2015b; Ren et al., 2015). In this
study, this is not implemented as a boundary condition for the scale transfer because it allows

core rotations that bifurcates the global crack path.
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@ . . . 0O
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Fig. 3-2: Boundary conditions for meso-scale modelling and for

global multiscale models.

Fig. 3-3-b shows the crack paths from 16 independent nonlinear simulations of MeEs under the

BI-X condition (X means horizontal and Y vertical direction).
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IR
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o 25 50 75 100

(a) non-overlapping grid (b) crack paths using B71-X

Fig. 3-3: (a) A global domain discretised into 16 non-overlapped MeEs and (b) the modelled
crack paths for each MeEs independently under B/-X boundary condition.

From Fig. 3-3-b it can be seen that not all the cracks across the MeEs’ boundaries are
continuous, indicating that deformation compatibility and crack matching does not hold. This
usually occurs when a non-overlapping grid is used. To improve the situation, an overlapping
grid in Fig. 3-4-a is then designed with the same number and position but larger size MeEs. All
the MeEs are again modelled independently. The resulting crack paths are shown in Fig. 3-4-
b. It can be seen that most of the crack paths now cross the MeEs’ boundaries continuously,
indicating improvement of the overlapping grid over the non-overlapping grid (see Fig. 3-3-b).
Subsequent overlapping grids with larger MeEs can be further designed and modelled if
necessary. Fig. 3-4-c shows the final crack paths which nearly seamlessly cross all the MeEs’
boundaries. This algorithm of using adaptively size-increasing overlapping grids works
because the larger the overlapping regions become, the better deformation compatible support

is provided.

58



CHAPTER 3

A B A AR BV

75 - i
1 S
625 ]

N
55 7
" f & {
g 78 : K.
30 3 i
95 25
20 j
125
0
17 1} ) [
b5 ] T 5 125
e -/ |'.-'m.ﬂ* 50 20 25 30 45 50 55 7075 80 100105 -125 (1] 125 256 375 50 625 75 875 100 1125
(a) 16 overlapping MeEs (b) crack paths (c) final crack paths
(short overlapping) (long overlapping)

Fig. 3-4: Overlapping MeEs and crack paths under B/-X boundary.

However, because the MeEs are separately modelled and the deformation compatibility cannot
be rigorously ensured, some non-critical or possibly non-physical overlapped or biased crack
paths may still be predicted. To improve this situation further, the Bayes inference model is
applied to filter the crack paths to preserve the most critical cracks only for subsequent scale
transfer. This is achieved through filtering between the neighbouring windows as discussed in

detail below.

33. Bayes inference model for overlapping MeEs with biased crack paths

The local crack probability between overlapping MeE neighbours with non-matching or biased
crack paths can be established using the Bayesian inference model in Eq. 3-1. To build a local
crack probability space, the discrete crack surfaces are first identified within all MeEs. Using
this filtering approach, the overlapping regions learn their integration domains using
neighbouring searches as suggested in Fig. 3-5 and the Bayesian probability rule in Eq. 3-1. In
other words, the Bayesian filter checks when cracks are matching at the boundaries and

removes biased cracks according to following equation:
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P(E|C)

.P(C Eq. 3-1
> P(E|C,)P(C,) ©

P(C|E) =

where C represents the crack path to be filtered, £ represents the surrounding cracks from
neighbouring simulations. For simplicity, the likelihood P(E|C) and prior probability of crack
matching P(C) are evaluated using their corresponding image space further explained with Eq.

3-2.

Suppose that the fracture process is generating several independent crack events £, which come
from similar boundary conditions, but their distributions are stochastic in relation to C. The
model in Eq. 3-1 evaluates the degree of matching of a single crack path with all the
neighbouring cracks. For the initialisation, all adjacent crack models obtained from parallel
simulations are collected in C,. In practice, each non-marginal MeE cluster belonging to C,
receives eight surrounding elements that yield eight separate crack paths and is used to
construct a local filter. This is because the MeE shape is rectangular. For example, Fig. 3-5-b
explains the non-marginal MeE cluster approach, although similar steps can be conducted on
other cases. Suppose that the denominator of Eq. 3-1 is represented by some equally distributed

probabilities P(C,,) for all the adjacent half-overlapping MeEs and quarterly overlapping MeEs.

These probabilities can be fixed to any equal numerical quotients so that ZP (C,)=1, but

m=8
otherwise these values are arbitrary. Such arbitrary values are typically accepted in Bayesian
and other filtering models due to the necessary normalisation of data. Therefore, the separate
probability values P(E|C,,) also correspond to the surrounding cracks individually, where m=1,

2, 3.. 8 remain fixed over a typical cluster.

Furthermore, the posterior probability P(C|E) of an element crack to match any of the
neighbouring cracks is checked against collectively with all of crack surfaces at once (see Fig.

3-6-a). Eq. 3-2 explains how the multiplication of the two probabilities can be interpreted in a
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general image space integral. This is taken here by evaluating their pixel intensity distributions

after multiplication, thus:

P(E|C)P(O) = [[ f(x, »)g(x, ) dxdy Eq.3-2

where functions f{x,y) and g(x,y) are the pixel intensity distribution functions and define the

two images containing surrounding crack paths and crack path C respectively.

By further analysis of the Bayesian model at Eq. 3-1 and Eq. 3-2, it can be seen that the so-
called likelihood P(E|C) (here represented by an image f(x,y) containing all surrounding cracks)
is used to update the posterior probability P(C|E) given a test/ prior probability P(C) as
illustrated in Fig. 3-6-a. This is possible due to the overlapping support of the method as also
illustrated in Fig. 3-5. Finally, the evaluated probability P(C|E) can be therefore used to
threshold and filter continuous/discontinuous crack paths by evaluating the number of

overlapped pixels.

It should be mentioned that only one set of boundary conditions is used at a time; nevertheless,
the algorithm can be easily replicated or used collectively to multiple boundary conditions and
Markov chain analogies as for multiple overlapping grids. An example of a binary hidden
Markov model with Bayesian algorithm can be found in (Volant et al., 2012). Alternatively, as
in this thesis, the Bayesian values P(E|C) and P(C) were initially evaluated using a reduced

number of discrete key-points taken at known locations.

As a discussion, there may also exist two general crack path cases shown in Fig. 3-5-a as
follows: (1) grid intersecting cracks and (2) grid-free cracks exemplified in Fig. 3-5-a. The grid-
free cracks can be further split in: overlapping domain cracks and non-overlapping domain
cracks when the short overlapping criterion is used (Fig. 3-5-a). Furthermore, if overlapping
length is equal to or larger than half size of the MeE grid distance, the grid free non-overlapping

cracks merge into grid-free overlapping cracks. This becomes valid for all the non-marginal
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elements due to full overlapping length as illustrated in Fig. 3-5-b. If overlapping length
exceeds half-length of the MeE grid distance, double overlapping regions appear. Those
correspond to twice the exceeding length for non-marginal elements. However, due to
complexity in multiscale transfer, this section deals with single overlapping grids of full-length

only, which bounds the long overlapping criteria to half the length of MeE size.

kernel E  grid free

level-1 crack level-1
level-2 \ | \ ’/ : / ; level-2
Ry \ > I e
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(a) grid crack | 3

| MeE | | grid free crack
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| <
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(b)

Fig. 3-5: Illustration of crack sampling cases for the overlapping windows concept used with
Bayesian criterion in Eq. 3-1. The dark-shaded elements represent four half size overlapping

elements and soft-shaded elements represent four quarterly overlapping elements.

To quantify the matching degree with less computational effort, only two key-points were

initially used in this study. For example, the intersecting points of crack paths cross-cutting the

62



CHAPTER 3

non-overlapping grid. These points are valid when using any overlapping MeE sizes but may
struggle when using multiple boundary conditions at the same time. Therefore, the general case
is implemented using matrices based on pixel metrics. Fig. 3-6 shows the implemented

procedure and results on an element when using the half size overlapping criteria.

Initialise Bayesian filter:

{ BAYES_FILTER_CHECK = zeros (all_cracks, 1)

| for i = 1: all_cracks

P(C;) = get_image_processor (kernel)

P(E|C)) = get_image_processor (all_but_kemel)
Estimate normalisation factor: P(E|Cy)P(Cn)
Update Bayesian probability: P(C|E)

Evaluate/ assume: threshold

if P(C||E) >= threshold
BAYES_FILTER_CHECK (i, 1) =1

end

(b) detailed procedure

Fig. 3-6: Bayesian filtering procedure and threshold probability on a typical

non-marginal MeE cluster.

Fig. 3-7 shows the final crack paths after using Bayesian filtering method proposed in this paper

for two cases using the short and long overlapping grids (half the size of an MeE).
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Fig. 3-7: Filtered overlapping MeE crack path data after using the Bayesian inference model

corresponding to Fig. 3-4-b and c.
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Since the model in this study is overlapping up to half the size of element surfaces (see Fig.
3-5-a and b) probabilities of spaced kernels can only be linked by level-1 searches. Level-2
links are not possible herein because of the maximum overlapping criteria. Consequently, the
method may not currently capture potentially matching cracks that belong to distant
computational domains (such as between spaced elements). Although this was less important
in this case study, the limited overlapping assumption may obscure important cracks from scale

transfer in other applications and it requires further investigation.

34. Construction of macro-scale elements (MakEs)

In general, short and long overlapping can be used as illustrated in Fig. 3-8. This depends on
the size establishment as for the MeE overlapping grid and are limited to single overlapping
regions. This means that the size of an overlapping MeE cannot be larger than twice the MeE
non-overlapping grid size (see Fig. 3-3-a and Fig. 3-4-a). In this research, it is found that for
defective materials, the short to long overlapping method may be used. For less defective
materials, non-overlapping as for elastic studies or short overlapping discretisation in fracture

mechanics may be used.
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(a) short overlapping (b) long overlapping

Fig. 3-8: Illustration of (a) short to (b) long overlapping criteria. The colour intensities

represent distinct MeE windows that are overlapped.
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The average fracture properties from corresponding crack path lengths are denoted with L; in
Fig. 3-8, where i is the corresponding overlapped crack path. Therefore, the obtained crack
paths are integrated using simplified lines and transferred to the macro-scale by inserting
cohesive elements. The macro-scale elements are constructed after the optimised crack paths
are found. The final meso-scale crack paths and non-overlapping grids are naturally used as
guidelines to discretise the domain into a macro-mesh with a number of MaEs. The softening
constitutive laws are piece-wisely mapped from the meso- CIEs so that energy conservation is

ensured in the scale transfer (see Fig. 3-9).

The macro-scale mesh discretisation includes the intersection nodes, the assembly of the MaE
model and the insertion of macro-scale cohesive interface elements. Fig. 3-9 sketches two
possible macro-scale models. The crack paths are identified based on the scalar degradation
parameter d and the energy dissipation rate per unit volume of damage. In the case of short
overlapping MeEs, the MaE nodes are at the intersections of the crack paths that cross cut the
non-overlapping grids. The example illustrated in Fig. 3-9 uses the B/-X boundary conditions.
Two operations are used in the construction of the macro-meshes: merging and splitting (see
Fig. 3-9-a and b). These operations are generally used to reduce the integration order of the
macro-model. However, they also become necessary when the crack path is very close or
intersecting the non-overlapping grid. Their implications on the energy mapping rules are

discussed in next section.
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Fig. 3-9: Illustration of two possible macro-scale meshes. The crack paths are used as

boundary constraints during the MaE mesh generation. The cracks are also represented by

cohesive interface elements (CIE) in the global model.

In fact, many other mesh models can be created at global length scale once the most critical

crack paths avail the detailed simulations. For example, it is possible to build reduced

integration meshes, either by using triangular or non-structured quads or by keeping details of

the heterogeneous meso-scale mesh with coarser macro-scale elements and only inserting

cohesive elements or enrichment nodes where necessary. However, there are some sources of

uncertainty associated with the above strategy, especially for the softening part and their

solutions, for example:

(1) the centreline of the deformed cohesive crack MaEs may not be the same as the initial

zero-thickness crack path which is used to build the MaE elements; this is due to the

reversing of damage process for crack identification paths which were obtained using

prescribed boundary conditions based on the stochastic element cluster assumption.

(i1) the superposed straight edges of MaE elements in reduced order strategies may not be

in line with the true integration crack paths which have a certain tortuosity; however, it
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is a reasonable assumption when using invariant crack paths to MeE boundary effects.
This strategy can be used to reduce the global model size considerably.

(ii1) using more complicated mixed-mode boundary conditions (BCs) and highly non-
homogeneous distributions of defects, two dominant crack failure modes can appear
which may be tackled with a rotational centre. This imposes geometrical non-linearity

in the macro- cohesive model which was not tested in this study.
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3.5. Fracture energy mapping rules

After the macro-mesh is constructed, the traction-displacement softening curves of macro-CIEs
need to be mapped from the meso-CIEs at the same position to ensure energy conservation.
The conversion of stress displacement curves in fracture energy is done according to the
assumption in (Hillerborg et al., 1976) which defines the fracture energy required to open a unit

area of crack by:

_ [ Eq. 33
G, = LU o ,du

where o and U are the ultimate strength and displacement at the onset of fracture.

MaE q— —» CIE
(o)) _ O-
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Fig. 3-10: Illustration of the stress-displacement curve for the macro-scale bulk material
properties. O is the stress due to no damage, d is the scalar degradation variable and
L is the characteristic length (Simulia/Abaqus).
For accurate integration across the scale transfer, L in Fig. 3-8 can be represented by the actual
crack length. This is feasible when appropriate scale discretisation and mesh order reduction

strategy is considered. To prove the suitability of the new multiscale concept,

ABAQUS/Explicit is used. In general, the estimated fracture energy from the collection of
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detailed MeE integration domains is consumed at macro-scale by the opening of macro
cohesive elements. The method can be implemented by using both non-overlapping and
overlapping adaptive strategy as discussed above. However, because the strategy uses fixed or
enlarged computational areas but multiple parallel windows, this particular concept can be used
to capture localised fracture behaviour with lower single simulation computational effort
compared with large full-size detailed models. Two other advantages of the overlapping
approach in this paper are: the capability of coupling weak to relatively strong interface models
and its fully anisotropic formulation for analyses of complicated materials. This means that
larger MeE windows can be adaptively employed for modelling materials with various degrees

of flaws and fully anisotropic properties at any length scale.

Different energy mapping rules are derived for merging and splitting operation respectively,

considering both short and long overlapping.

3.7.1. Merging and splitting approach

The merging and splitting approach (MSA) is an edge oriented multiscale cohesive crack
model. The neighbour cluster of stochastic MeEs is either merged into larger size MaEs or split
into several smaller size MaEs. The fracture energy dissipated is derived accordingly for the
general cases based on average weighting factors of the overlapping regions as given in Eq. 3-4
and Eq. 3-5 for short and long overlapping respectively. Therefore, it should be noted that
before using these two mapping rules, the existence of L; factors contributing towards the

macro-CIE should be first checked (see Fig. 3-8).

u 1 u u u

G gon = _LO/ o, ndu +E(J.uo/ o, ,du +Ju0/ O-f»”du)+.[u0/ O adu Eq. 3-4
1 ll/ u/ M" ll/

G oiong = Z(Lo o, du+ LO o du+ J‘uof o, du+ LO O"/»,Hdu) Eq. 3-5
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It is important to highlight, that the sum of the weighting factors presented in the above
equations Eq. 3-4 and Eq. 3-5 stand for the short and long overlapping criteria, and their
summation do not need to equal 1. This is because the method is a non-unity approach. This is
in contrast to classical continuum mechanics where stress is usually homogeneous and the
integration is self-contained within each element under the inner Gauss points. Here, due to the
nested/overlapping global discretisation and the stochastic arrangement of fibres, all stress
fields are heterogeneous that ultimately result in stochastic crack paths also overlapping on

different portions.

The crack evolution at macro-scale can be also defined by means of a scalar degradation
variable d which ranges between 0 and 1 (see explanation in Fig. 3-10). The linear formulation

of d can be expressed as:

d=" _ _2Gf-Lf Eq. 3-6
Uy UGy

Combining the Eq. 3-4 and Eq. 3-5 with Eq. 3-6, the linear degradation variables become:

short — 5 + Eq 3‘7

_1( 26,y Gr , Gru | 26 ]
Ur,Orr, YUr1,%r1, Urr,%r1, Y5195,

long — 4

1 2G 2G 2G 2G

[ S S Sy Ly Eq. 3-8
UrnOrn Yrn,%n HUrnOrn HUrn%ri,

The degradation rates d can be also expressed exponentially. To ensure that the total energy

dissipation on softening equals the total fracture energy Gy, the following expressions are

derived:

d

short

=1/3d, +1/6(d, +d,)+1/3d, Eq. 3-9
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d

long

=1/4(d, +d,+d, +d,) Eq. 3-10

where d; are the individual contributions of MeEs to the degradation of the macro-cohesive

element as illustrated in Fig. 3-8 and given by:
d=1- exp(— [0, /Gw) Eq. 3-11

This ensures that the fracture energy is gradually consumed during each displacement
increment ;.

3.7.2. Crack path decomposition approach

The crack path decomposition approach (CDA) is an explicit model, in the sense that cohesive
elements are inserted only where necessary, while the homogenized continuum elements MaEs
are integrated correspondingly so as to preserve the individual phases or composite elasticity.
The material properties of cohesive elements for the overlapped mesh can be avoided if similar
crack paths are repeating. Therefore, the general energy mapping rule involving non-

overlapping single cracks or single-split cracks that overlap such as in Fig. 3-9-b reduces to:
uy
G, :IMO O 10 Eq. 3-12

where the linear degradation variables are:

2G,,
d, = —L2— Eq. 3-13

UrrOrut
and the exponential degradation variables are:

d :l—exp(—_[ V0, /Gw) Eq. 3-14
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where i corresponds to the crack site that is replaced by a 4-noded cohesive element. L refers
to the actual crack length that is mapped to a macro-scale element edge. Alternatively, an exact

stress strain evolution can be used giving tabular inputs (Simulia/Abaqus).
3.6. Cohesive interface crack model

The cohesive interface crack model in this chapter is based on the method of pre-inserting
cohesive interface elements developed in (Yang et al.,, 2009). The constitutive relation of
cohesive elements is described by a traction-separation law. The initially linear traction-
separation curve with linear softening is used here for simplicity although other alternatives
can also be used in ABAQUS(Simulia/Abaqus). The response of the cohesive element before

damage initiation is:

it =Kle) Eq. 3-15

where the nominal traction stress {¢} is decomposed into two directional components f, and

which represent the normal and shear tractions respectively. The nominal strains are:
& = % Eq. 3-16
s Oy LO g. 5>-

where L, is the initial constitutive (not geometric) thickness of the cohesive elements which is

equal to 1.0 by default in ABAQUS (Simulia/Abaqus). The salient feature of these elements

is that they are based on the damage irreversibility concept in which the stiffness tensor K(k ,k,)
is degraded upon loading and unloading with the increase of the applied displacements 0, and

O, . The nominal quadratic stress damage initiation criterion based on the quadratic mixed mode

tractions is used in this study:
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Bl
7R G A Eq. 3-17
tnO tsO
where [, and [, are the tensile and shear strengths. Once the damage initiation is reached, the

damage evolution upon unloading and reloading can be based on a similar scalar damage index

D, which is a function of the effective relative displacement
+67, Eq. 3-18

S :
where (5, ) = {g”’ 0, 20 (tension) , and the damage index is

O, <0 (compression)

S5 —5.)
D: mf \~'m,max m0 , _
5 (5. -0.) Eq. 3-19

m,max \~ m,

where 5 is the maximum effective relative displacement during the loading history. 5m0
and o, are the effective relative displacements corresponding to damage onset and complete
failure. D monotonically increases between 0 and 1. Using the damage index D, the new

stiffnesses K, and K, are computed based on the following relations:

kn:(l_D)knO E 3 20
k =(1-Dk, 4
and the new corresponding traction limits are accordingly:
(1 - D) tn > t_n =0
" t, , t, <0 (no compressive damage) Eq. 3-21
t, =(1-D)T,
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where Zl and l_x are the initial tractions which are equal to the initial stiffness times the current

relative displacements.

Alternatively, using the mixed mode fracture energy formulation, the damage evolution upon

softening is defined by the following criterion:

Gn + GS = 1, a = 2 Eq. 3'22
GnC GSC

where G,. and G are the critical fracture toughness of the material corresponding to fracture

modes 1 and 2. The second order power law is used in this study.

The extension of the cohesive interface crack model to multiphase materials in 2D was
developed in a conference paper (Sencu et al., 2014), a book chapter (Sencu et al., 2015) and a

journal publication (Sencu et al., 2016).

3.7. Summary and conclusions
This chapter has presented the development of a new multiscale method for modelling crack
growth in quasi-brittle materials in 2D with heterogeneous distribution of different phases of
the material at meso-scale. The main innovative features of the method are:
(1)  the continuity of the microstructure is ensured
(i1)) anew overlapping discretisation procedure is used for more accurate scale transfer of
meso-to-macro scale mechanics
(11) a new filtering method of non-critical crack paths arising from biased neighbouring
paths
(iv) anew mapping algorithm of potential crack paths and material properties from meso-

to-macro scales
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(v) generation of aligned mesh models at macro-scale that ensure the scale transfer of
random crack paths from multiple loading schemes
(vi) crack growth is modelled on both scales using cohesive interface elements; and

(vil) parallelisation of fine-scale models is enabled for use in quasi-brittle materials

CHAPTER 4 will present details of the implementation in 2D of this method and validation
examples.
The new method can be extended to 3D modelling and can be used in conjunction with image-

based modelling. This will be demonstrated in CHAPTER 7.
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CHAPTER4. IMPLEMENTATION AND VALIDATION OF THE NEW MULTI-
SCALE STOCHASTIC METHOD OF MODELLING FRACTURE
IN2D

4.1. Introduction

This chapter presents the implementation and validation of the new method presented in
CHAPTER 3 for 2D multiscale stochastic modelling of fracture in quasi-brittle materials.
Validation of the method is demonstrated by two case studies of carbon fibre reinforced
polymer (CFRP) composites. The main outputs of the new method include elasticity moduli,
ultimate strengths, crack paths and fracture energies of the material under different loading and

boundary conditions.

The first case study (presented in Section 4.3) investigated the effects of variable geometric
fibre volume fraction and fibre breakage on fracture process. In the second case study
(presented in Section 4.4), 2D micrographs of CFRP acquired using a laser confocal
microscope and the micrographs were reconstructed to form image-based meso-scale models
to validate the multiscale fracture modelling method in CHAPTER 3. Due to a lack of detailed
experimental results, the validation is demonstrated through direct comparisons of the results
from using the multiscale models with full size models. The full size models cover the entire
analysis domain used to build the meso-scale models, but incorporate detailed meshing at the
fibre-level. The validation of the meso-scale cohesive fracture modelling is carried out in

Section 4.2 via a direct comparison of stress fields and crack.

4.2. Meso-scale finite element modelling and validation

The meso-scale heterogeneous discretisation was performed using an in-house MATLAB code

based on the pre-inserting cohesive interface elements (CIE) (Yang et al., 2009).
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The mesh consists of a mixture of two types of linear integration finite elements: triangular
solid elements CPS3 and initially zero-thickness cohesive elements COH2D4. The approximate
element size was 1 um and the simulation was conducted using the ABAQUS/ Explicit solver
with a total time step of 0.04 s. This value was considered adequate loading time for quasi-
static loading condition. The linear traction-separation law with maximum stress initiation
criterion (MAXS) were used for cohesive damage modelling. A complete list of input material

parameters used in the validation simulation is given in Table 4-1.

Table 4-1: Input material parameters for validation modelling.

Parameters Units S-glass fibre | Epoxy resin Interface
Elastic modulus E (GPa) 86.9 3.9 3.9
Traction strength tn=ts (MPa) 600 50 25
Poisson’s ratio v - 0.23 0.37 0.37
F

racture energy (N/mm) 2000e-03 60e-03 35¢-03

G1i=G2
Volume fraction (%) 30 70 n/a
Fibre diameter (um) 10 n/a n/a
Density (kg/m’) 1500

Validation of meso-scale modelling was conducted by comparison with results in (Cid Alfaro
etal.,2010a). An artificially created meso-scale window of S-glass fibre (30%) and epoxy resin
was modelled. Three different cohesive interface element sets are used to represent the fibre,
matrix and fibre-matrix interfaces. A good agreement was found in terms of stress contour plots
and crack propagation patterns. Fig. 4-1 shows the comparable fracture behaviour. The cracks

are represented by the cohesive interface elements with damage index SDEG > 0.9.
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Fig. 4-1: Comparison of stress contour plots on window size 125x125um and fibre volume
fraction 30% at three different load steps: (a) results in (Cid Alfaro et al., 2010a),
(b) the present study.

43. CASE STUDY 1: Investigation of volume fractions variability on fracture process

This section uses the cohesive crack model validated in Section 4.2 to simulate crack
propagation in a CFRP transverse ply at different locations. Four targeted image-based meso-
scale elements (MeEs) were extracted from optical micrographs taken from a CFRP ply. As
also discussed later in detail Section 4.4.5, the MeE window size has to be at least 5% larger
than the feature size. In this case study, the carbon fibre diameter is approximately 5 pm and

the considered MeE size is 70x70 um as shown in Fig. 4-2.
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Fig. 4-2: MeE windows size 70x70 um at four positions from micrographs

of a CFRP specimen.

As shown in Fig. 4-2, the MeE windows contain different volume fractions and stochastic fibre
distributions. The models are simulated separately and compared to a hexagonal fibre

arrangement model of 50% fibre volume fraction shown in Fig. 4-3.

Ideal fibre arrangement 7 hexagonal

fibre units

Fig. 4-3: Ideal hexagonal fibre arrangement in a computer generated MeE size 70x70 um

and fibre volume fraction 50%.
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43.1. Boundary conditions

The type of boundary conditions considered in this case study is the tensile loading
configuration as shown in Fig. 4-4 and previously discussed in CHAPTER 3. This loading
configuration allows core rotations as seen in Fig. 4-5 at MeE-2 and minimises the boundary
effects of single scale simulations. This is because these boundary conditions allow vertical
sliding at the right edge. Fig. 4-4-b and ¢ show the CIE sets in the matrix and on the matrix-
fibre interfaces, respectively. It should be noted that the cracks were not allowed to propagate
within fibres in this case study. This is allowed in later simulations due to the incorporation of
CIEs within the fibre domains, which is particularly important for 3D simulations of fibre

breakage.

Fig. 4-4: Illustration of the MeE-1 model: (a) boundary conditions, (b) CIEs in the matrix
and (c) CIEs on the matrix-fibre interfaces.

43.2. Material properties

The fracture energy is estimated by the stress-displacement area. The maximum admissible
strength of epoxy in this case was 82 MPa and the interface was expected to fail at around 2
pum (the upper limit which leads to perfect debonding and fracture energy). Approximating the
softening with a simple triangular area, the fracture energy of the epoxy resin would become
Gr=82 x0.002 /2 = 82e-03 N/mm. Due to experimental observations on such thermoset resins,

this value can be used as an upper limit of their fracture energies. However, to account for a
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more realistic exponential decaying, the fracture energy estimates in this case study are
decreased with approximately 20%. The other values taken in the present case study are given

in Table 4-2. Similar estimates will be made in Section 4.4.

Table 4-2: Input material parameters for fracture modelling.

Parameters Units Carbon fibre Epoxy resin Interface
Elastic modulus E (GPa) 85 3.35 3.35
Traction strength ta=ts (MPa) 600 82 45
Poisson’s ratio v 0.22 0.37 0.37
Fract

racture enietgy (N/mm) 200e-03 60e-03 35¢-03
Gn=G2
Density (kg/m’) 1500

433. Meshinformation

The approximate mesh size was 1.0 um. The total number of finite elements for the largest

model in this case was 67323, as seen in Table 4-3.

Table 4-3: Mesh information of stochastic MeE models.

Model Fibre Fibre Matrix | Matrix | Interface | Elements Insertion
CPS3 | COH2D4 | CPS3 | COH2D4 | coHzp4 | TOWL | CPUtme(S)
MeE-1 6199 8020 | 5394 7034 2404 29051 225.23
MeE-2 5320 6875 | 6490 8640 2065 29390 240.05
MeE-3 4635 6010 | 7273 9956 1790 29664 245.85
MeE-4 3075 3976 | 19119 39951 1202 67323 306.48
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434. Modelling of transverse crack growth

Crack initiation in this case study was determined by the maximum stress (MAXS) damage
criterion available in ABAQUS (Simulia/Abaqus). The stress field mainly depends on the fibre
distribution and loading configuration. Before the onset of any crack, the stress field is
influenced by the distribution of fibres and material properties. After first crack opening, further
cracks tend to follow the shortest paths in the matrix and along the fibre/matrix interfaces.
Interface cracking or debonding occur in Fig. 4-5 because a relatively weak fibre-matrix

interface is assumed (see Table 4-2).

Due to the random distribution of fibres, the crack paths on the four MeEs are different from
each other. This means that due to the stochastic nature of composite microstructures, both the
crack initiation and propagation are influenced by the location of the simulation window. Fig.
4-5 shows how the stress contours develop in the four MeE models at three loading steps with

the associated crack growth.
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Fig. 4-5: Stress contour plots at three different loading steps.

Fig. 4-6 compares the stress-displacement and stress-strain relationships of the five models

including four image-based models and an ideal hexagonal fibre arrangement model that was

parametrically generated. The crack paths in Fig. 4-5 are directly related to the softening curves
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in Fig. 4-6. In general, such a weak interface as considered in Table 4-2 gives a more tortuous
crack path which ultimately results in a higher dissipated energy and permits fibre debonding
(see for example the crack path of MeE-2 in Fig. 4-5). For the artificially generated hexagonal
fibre arrangements and MeE windows with relatively large matrix volume fractions, the
fracture happens more suddenly, although higher transverse strengths are obtained (see results
of MeE-4 and HEX-50 in Fig. 4-7). This behaviour is also associated with lower dissipated

fracture energy as seen in Fig. 4-7.
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Fig. 4-6: Stress-displacement curves.

Finally, Fig. 4-7 compares the volume fractions, ultimate strengths and dissipated energies of
this case study for the four image-based MeE models with the ideal hexagonal fibre

arrangement model.
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Fig. 4-7: Comparison of volume fractions, ultimate strengths and dissipated energies.

43.5. Fibrebreaking effects in longitudinal meso-scale model
In this section, a longitudinal MeE of size 60x60 um was generated from a transverse fibre
profile containing five fibres of different diameters between 5-7 um. The solid FE mesh was

then inserted with corresponding CIEs to model cracks in the three different phases as usual,
i.e. fibre, matrix and interface between fibre and matrix. The model was then simulated in
tension using the type B/-X boundary conditions previously explained in CHAPTER 3. The

stress contour plots in the horizontal direction X at four different steps are shown in Fig. 4-8.

85



CHAPTER 4

Saaa0an 3

B
|

(a)..

BERR

T, g

1.80um

(€)L..

3.40um

3.60um

Fig. 4-8: Stress contour plots on X direction at different loading steps of
a longitudinal MeE size 60%60 pm.
Fig. 4-8 shows the load-displacement curve. It can be seen that several load-displacement
spike-effects could be simulated with the cohesive interface crack model. These effects
correspond to the fibre breaks illustrated in Fig. 4-8 after the crack tunnelling through the

surrounding matrix (see the multiple matrix cracks on blue layer in Fig. 4-8-a and b).
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Fig. 4-9: Load-displacement curve of a longitudinal fibre model of size 60x60 um. The

annotations represent the diplacement step plots in Fig. 4-8.
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44. CASE STUDY 2: Investigation of interface strength variability, boundary, size and
stochastic effects

In this section, several investigations are conducted for a better understanding of the meso-
scale fracture mechanisms of CFRP in 2D. The case study starts with the detailed geometrical
surveying of a transverse inclined ply by using concentric size increasing windows. The
adhesion effects are investigated by considering four different interface strength properties in
Section 4.4.3. The considered boundary effects are discussed in Section 4.4.4. Section 4.4.5
further simulates the surveying concentric windows at position-2 in Fig. 4-10 under all

boundary conditions to investigate boundary and size effects.

In Sections 4.4.6 and 4.4.7 the collection of a four by four MeE grid is conducted. The resulted
stochastic MeEs are simulated under the micro-scale set of boundary conditions used with the
multiscale coupling strategy previously explained in CHAPTER 3. Thus, all separate MeE
crack path results are first compared with the corresponding detailed MeE covering the whole
surface of the 4 x 4 decomposition grid. The multiscale methodology is then implemented in
Sections 4.5 and 4.6. These two sections present the results of two multiscale models versus
the simulation results of the detailed full size MeE. This strategy is used as a mean of numerical
validation. Two multiscale models are tried. The first multiscale model uses a coarse mesh with
reduced order integration elements, and second model represents a fully detailed mesh minus
the unnecessary cohesive interface elements. The second model is built using the Bayesian

methodology that preserves the most critical and continuous crack paths discussed in

CHAPTER 3.

44.1. Geometrical surveying
A geometrical survey was carried out first within the thickness of a ply to investigate the
volume fraction variations (see Fig. 4-10). The searching approach is similar to the one

originally used for aluminum alloys (Graham and Yang, 2002) .
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Fig. 4-10: +45° fibre ply in front of a notch tip with numbers indicating positions of

the centres of imaging windows.

Fig. 4-10 shows a micrograph extracted from a multi-layered CFRP beam with a V-shape notch.
The images were acquired by image stitching from a laser confocal microscope. The
micrograph covered the thickness ofa single layer of about 220 um. For this particular example,
the elliptical fibres have approximately 5 um shorter diameter because the ply ran at an inclined
angle of +45°. Three concentric square windows of different sizes were used to acquire the
geometrical data. Fig. 4-11 shows the typical acquisition windows at the mid position in Fig.

4-10. Fig. 4-12 summarises the surveying results.

Fig. 4-11: Concentric surveying window sizes at Position-2 in Fig. 4-10.

Fig. 4-12 also shows that within the ply thickness, the selection of the MeE window is

morphologically important. The volume fraction statistics were found to be both position and

89



CHAPTER 4

size dependent. Apparently, the volume fractions converged when the window size was

approximately 50 um, and the variation was more evident for small window sizes (10, 20 and

30 wm) than larger sizes.
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Fig. 4-12: Variations of volume fractions of fibre (Vr) and matrix (V) with increasing

MeE window size at different imaging positions for a carbon/epoxy ply +45°.
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44.2. Material properties
To further simplify the modelling, it was assumed that the shear strength and fracture energy
of each individual phase were equal to their normal ones respectively (Cid Alfaro et al., 2010a;

Vaughan and McCarthy, 2011; Gonzélez and Llorca, 2007a; Yang et al., 2009).

This assumption is acceptable because currently it seems that there is no phenomenological
observation in the literature to clearly demonstrate that the fibre-matrix interface has different
properties in different fracture modes, although the mode-mixity can be easily accounted for in
ABAQUS. The implications of using mode-mixity properties require no changes in the
proposed modelling framework. This is due to the crack path stochasticity assumption before

undertaking the scale transfer.

Table 4-4 gives the main material parameters and the volume fractions used in the simulations
of this case study. Four types of fibre-matrix interfaces with different strengths and fracture
energies, namely: poor, weak, strong and perfect, were modelled. The fracture energy is
estimated by the stress-displacement area and its estimates are larger than expected in real at
micro-scale. The maximum admissible strength of epoxy in this case was 50 MPa and the
interface was expected to fail at around 2 um (the upper limit which leads to perfect debonding
and fracture energy). Approximating the softening with a simple triangular area, the fracture
energy becomes Gr= 50 x 0.002 / 2 = 50e-03 N/mm. The other values were parametrically

taken in this study. Similar estimates will be made in CHAPTER 7.
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Table 4-4: Material properties and modelling parameters.

Carbon fibre | Epoxy resin | Interface

Elastic modulus E (GPa) 85 3.35 3.35
Poisson’s ratio v 0.22 0.35 0.35
Traction strength t.=ts (MPa) 200 50 15 (poor), 25 (weak),

40 (strong), 50 (perfect)
Fracture energy Gu=G (N/mm) | 200e-03 50e-03 15e-03 (poor), 25¢-03 (weak),

40e-03 (strong), 50e-03 (perfect)
Volume fraction (%) 30-60 70-40 -
Density (kg/m’) 1500

443. Effects of interface strength on fracture process

To demonstrate the importance of the fibre-matrix interface strength, a MeE of size 5050 um

was simulated using the four interfacial types in Table 1. Fig. 4-13 shows that the interface

properties can greatly influence the meso-scale cracking mechanism which has important

effects on the macro-scale fracture. This is because local stress concentrations may potentially

divert crack propagation for certain global boundary conditions. Experiments are thus

necessary to examine the interface properties between fibres and the matrix and their

mechanical effects.
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Fig. 4-13: Stress contours at three load steps from MeE-3 of size 50x50 um using (a) poor,

(b) weak, (c) strong and (d) perfect interface properties.
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444. Boundary condition effects

Boundaries also influence crack initiation and propagation and therefore the overall dissipated
energy. Fig. 4-14 shows a two-crack dominant failure in the MeE size 100x100 pm image-
based model using the G2-X type boundary conditions from CHAPTER 3. In general, such
effects were not observed on the other boundary types; thus only B/ type that is identical to G/

boundaries was further used in the scale coupling.

s, 511
(Avg: 75%)

@ 1.,

2.52um 3.06um

s, 522
(Avg: 75%)
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Fig. 4-14: Stress contours at three loading steps using G2-X boundaries and weak interfacial

properties showing a two dominant cracks failure in MeE size 100100 um.

445. Size effects

Simulations for different MeE sizes, in increments of 10 umup to 100 um, with centre at
Position-2 in Fig. 4-10, were carried out to investigate size effects on crack paths and load-
displacement curves. To avoid problems of localisation and mesh interface disclosure for
zoom-out resolution, surface partitions were conducted so that the same mesh in smaller MeE

is contained in larger ones (see Fig. 4-15).
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Fig. 4-15: Image-based MeEs of size 10x10 pm and 20%20 pm illustrating the concept of

partitioned concentric windows by preserving mesh topology.

It is interesting to see that from one size to another, dissimilar crack paths appear when using
G1-X loading conditions (see Fig. 4-16 and Fig. 4-17). This is expected since image-based
models have random inclusions and defects. Also the window sizes are often not sufficiently
large to achieve a more uniform failure mode. A typical set of stress-displacement curves and

the equivalent stress-strain curves are shown in Fig. 4-18-a and b respectively.

Fig. 4-18-b shows that a more sudden failure occurs as the MeE size increases. A strong size
effect of the peak stress was found especially when weak interface properties were simulated.
For all types of interfaces, the size effect of the strength decreases when the window size is
larger than 20 — 30 um which was set as a minimum size of the MeE required for the scale

transfer (see Fig. 4-19). This is consistent with the statistical analysis of volume fractions in

Fig. 4-12.
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Fig. 4-16: G1-X crack paths in different image-based Me¢E sizes in um for weak interface

properties (the interface cohesive layer illustrated in red).
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Fig. 4-17: G1-X crack paths in different image-based MeE sizes in um for strong interface

properties (the interface cohesive layer illustrated in red).
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Fig. 4-18: Stress-displacement and stress-strain curves for G2-X boundary conditions on MeE

step 10 pm to 100 um by using weak interface properties.
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Fig. 4-19: Size-strength results for MeE step 10 um to 100 um using (a) weak and

(b) strong interface properties.

Table 4-5 summaries the all the image-based simulations that were carried out in this particular
case study. The boundary conditions and interface properties are included in this table, while

the other material properties were shown in Table 4-4.
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Table 4-5: Image based MeE simulations with modelling parameters.

Changing Parameters
Number of simulations per
Reference Interface .
Boundary conditions seres
ti=t; (MPa) G=Ggs (N/mm)

MeE-10/100/W 25 25e-03 Gl1-X, G1-Y, G2-X, G2-Y 40
MeE-10/100/S 40 40e-03 G1-X, G1-Y, G2-X, G2-Y 40
MeE-16%25/P 15 15e-03 B1-X, B1-Y, B2-X, B2-Y 64
MeE-16X25/W 25 25e-03 B1-X, B1-Y, B2-X, B2-Y 64
MeE-16X25/S 40 40e-03 B1-X, B1-Y, B2-X, B2-Y 64
MeE-16%25/1 50 50e-03 B1-X, B1-Y, B2-X, B2-Y 64
MeE-16X35/W 25 25e-03 B1-X, B1-Y, B2-X, B2-Y 64
MeE-16%X35/S 40 40e-03 B1-X, B1-Y, B2-X, B2-Y 64
MeE-16X50/W 25 25e-03 B1-X, B1-Y, B2-X, B2-Y 64
MeE-16X50/S 40 40e-03 B1-X, B1-Y, B2-X, B2-Y 64

Note: The first number of all series is the number of MeE windows. The second number in the MeE-10/100 series is the largest computed window in

increments of size 10 pm. The second number in the MeE-16x series is the overlapping grid size based on a non-overlapping grid base of size of 25 pm.
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44.6. Stochastic simulations

To investigate the effects of crack path bias and local orientation diversions in scale transfer,
non-overlapping meso-scale windows such as shown in Fig. 4-20-a were used in simulations
first. The square MeE windows were simulated using the full sets of boundary conditions such
as in Table 4-5. The adaptive short to long-overlapping MeE grid discretisation was then used
to tackle the problem of neighbouring crack paths bias. The idea is to share an overlapped
support as to solve deformation compatibility. The concept may be also understood as an
inverted overlapping limit. The upper bound corresponds to 2x computation of the same core
MeE windows. This means that for long overlapping the integration must be limited by the
distance between two neighbouring mass centres to avoid complicated double overlapping
areas. This is useful particularly when strength and fracture energy variances are relatively
small which holds in most composites with random distribution of features. Obviously, the
short or narrow overlapping criteria will bring further computation savings as the computational
areas are closer to the non-overlapping model. However, for both cases the main advantage is
that the simulation of global large models can be parallelized to achieve a high computational

efficiency.

In Fig. 4-20, the results for two main scenarios are presented as follows: (a,b,c) show weak
interface crack paths and (d,e,f) show strong interface crack paths which were obtained using
BI boundaries on the orthotropic directions X and Y. Thus, given the random distribution of
fibres, the interface layer between the fibres and matrix can be considered an intrinsic defect
entity in this study. It can be seen that, when the non-overlapping method was used (a,d), the

fracture paths rarely matched between the neighbouring MeE elements.
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Weak interface properties
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Fig. 4-20: Crack paths for the adaptive size-increasing non-overlapping MeE-16x25 (a,d) to
short overlapping MeE-16%35 (b,e) and long overlapping MeE-16x50 (e,f). The two sets are
from using weak interface properties (a,b,c) and strong interface properties (d,e,f).
When overlapping MeE windows were used, the matching rates were better in the case of weak
interface properties (see Fig. 4-20). In addition, there was a clear enhancement in crack site
prediction compared with the non-overlapping results for cracks near edges (see and compare
Fig. 4-20 a,b,c and d,e.,f). Fig. 4-21 shows the variation of the predicted ultimate strengths with
varying overlapping areas for different MeEs. Smaller strength variance with larger prediction

errors were obtained for the strong interface models (see Fig. 4-21-b MeE-12 and MeE-14).
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Fig. 4-21: Variation of MeE strengths with different overlapping areas:

(a) weak and (b) strong interface properties.

It should also be mentioned that for the scale transfer the B2-X and B2-Y boundary conditions

explained in CHAPTER 3 are primarily necessary. The confidence domain for the softening

part in such a case was limited to small sliding. This domain is equal to about 0.2 um which is

approximately the size of one finite element used in the simulations. A mesh example is shown

in Fig. 4-15. The set of all curves from stochastic MeE simulations under all boundary

conditions were added in the Appendix A.

In the following sections, the validation of the proposed multiscale modelling method is

established by comparing the detailed crack propagation results and energy dissipation

mechanisms on both scales.
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44.7. Comparison of meso- and macro-crack propagation

This section elucidates the most convenient approach to solving the scale transfer problem
when using different interface properties. Fig. 4-22 and Fig. 4-23 compare all the crack paths
of uncoupled overlapping MeEs using B/ boundaries (shown in coloured lines) against the

corresponding fully detailed MeE-100 simulations (shown in black lines) using G/ and G2

cases on X and Y respectively.
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Fig. 4-22: Comparison of separate crack paths between overlapping series MeE-16x50
(shown in coloured lines) using B/ boundaries against full size MeE-100 (shown in black

lines): (a) GI-X; (b) G1-Y; (c) G2-X and (d) G2-Y for weak interface properties.

102



CHAPTER 4

Strong interface properties
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Fig. 4-23: Comparison of separate crack paths between overlapping series MeE-16x50
(shown in coloured lines) using B1 boundaries against full size MeE-100 (shown in black
lines): (a) GI-X; (b) GI-Y; (c) G2-X and (d) G2-Y for strong interface properties.

After analysing continuity of the crack paths obtained with different interface properties, such
as in Fig. 4-22 and Fig. 4-23, it can be concluded that the predicted cracks agree confidently
their verification crack paths. However, the results have not been perfectly verified in the case
of strong material interface model shown in Fig. 4-23-d. In this case, the model is loaded along
the longitudinal axis of the elliptical shape fibre cross-section. The shifted results can be

attributed to the sensitivity effect of the chosen boundary conditions at meso-scale and the

stochastic stress concentrations with respect to the separation of scales. This may also be
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attributed to the context of a minimum window size that has been imposed by the investigated

size effect study conducted in Section 4.4.5.

45. Multiscale coupling using coarse meshes

Fig. 4-24 and Fig. 4-25 compare the stress-displacement relationships of multiscale models
from using overlapping series MeE-16x50 and detailed MeE-100 for weak and strong interface
properties respectively. These models use coarse meshes and integrate material properties
according to the methodology in CHAPTER 3. The effective stiffness and fracture energy for
each individual MeE was evaluated based on the M¢eE results. However, ABAQUS offers an
orthotropic elasticity model defined by an orthotropic stiffness matrix. Therefore, this matrix
incorporates the effects of individual fracture modes on X and Y directions and the combined
effects (Simulia/Abaqus). A local coordinates system is defined for the orthonormal directions
X and Y to map solid elements and cohesive elements, that are also linked to the corresponding

meso-scale fracture energies.

The corresponding crack paths of both meso and macro-scale simulations are also inserted in
the upper right regions of the plots. It can be seen that the agreement was good when a single
crack dominant path was modelled. If there are two distant crack paths, the matching locations
could be established only in the case of weak interface properties (see the G2-X results in Fig.
4-24 and Fig. 4-25). The reason is that the global macro-mesh is not fine enough to minimise

the global boundary effects in the case of strong interface properties.
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Fig. 4-24: Nonlinear multiscale results for weak interface properties using the overlapping

concept vs fully detailed simulations (solid curve: detailed MeE-100, dashed curve:
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Fig. 4-25: Nonlinear multiscale results for strong interface properties using the overlapping

concept vs fully detailed simulations (solid curve: detailed MeE-100, dashed curve:

using MeE-16x50 assembly).
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4.6. Multiscale coupling using Bayesian inference model

It has been shown in Section 4.4.7 that the crack propagation continuity and scale coupling at
global scale is ensured by the adaptively size-increasing overlapping strategy. The Bayesian
inference model is then used to filter the unnecessary crack paths. Usually, crack bias situations
arise in less heterogeneous materials or regions where crack sensibility is high. Although it is
possible to map all the crack paths, the proposed Bayesian inference model reduces possible
crack propagation errors, leading to a more accurate global model. This is due to updating the
crack probability between adjacent element clusters. This filter ultimately checks if crack
continuity is ensured. Fig. 4-26 shows the resultant crack paths after the Bayesian filter is

applied, compared with Fig. 4-22-a-b and Fig. 4-23-a-b, before filtering.

Weak interface properties

(@) B1-X (b) B1-Y

Strong interface properties

(c) B1-X (d) B1-Y

Fig. 4-26: Filtered crack paths obtained after applying the Bayesian inference model.
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For validation purposes, the multiscale simulations in this section were carried out using fine

meshes that were mapped accordingly. Although a variety of choices were tried, the mapping

was conducted using a simple Euclidean distance to filter element indices of the new macro-

scale meshes. Fig. 4-27 and Fig. 4-28 show that highly nonlinear situations at global scale could

be captured effectively by mapping the macro-CIEs where meso-scale crack paths were

identified. This approach was used to transfer the crack paths from separate MeEs to the global

scale. The results show a good agreement especially for the two dominant crack paths in Fig.

4-9 and Fig. 4-10 using G2-X and G2-Y boundaries respectively.
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Fig. 4-27: Comparison of simulation results using the multiscale stochastic coupling strategy

for weak interface properties. The solid curves represent the detailed geometry models (i.e.

MeE size 100 um) and dashed curves are the Bayesian multiscale models.
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Fig. 4-28: Comparison of simulation results using the multiscale stochastic coupling strategy

for strong interface properties. The solid curves represent the detailed geometry models (i.e.

MeE size 100 um) and the dashed curves are the Bayesian multiscale models.

4.7. Computer implementation

As shown above, the methodology in CHAPTER 3 was implemented in a number of computer

programs. The meshing and extraction of traction-displacement curves of CIEs are conducted

using Matlab and Python scripts. The pre-insertion of CIEs is based on (Su et al., 2009; Yang

et al., 2009). The construction of MaEs and energy mapping for global modelling are

implemented with Matlab codes.

The MeE overlapping series were computed on parallel CPUs. The CPU time on a desktop

computer using Intel(R) processor 17-2600 @ 3.40 GHz with 8 threads was about 5 to 6 hours

per simulation, while when the high performance parallel computing facility at University of

Manchester was used with 48 cores, the average time was 45 min. Simulating the full-sized 100

pum model for validation of multiscale modelling took about 14 hours using 48 cores in parallel.
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4.8.

Summary

This chapter has used two detailed case studies to validate the new multiscale stochastic

modelling method developed in CHAPTER 3 for complicated fracture modelling of quasi-

brittle materials such as fibre reinforced composites. The main conclusions of this chapter are:

(@)

(ii)

(iii)

(iv)

V)

The selection of meso-scale window sizes is not related only to the distribution of
volume fractions. The strength variation of MeE clusters need to be distinctive. For
accurate multiscale coupling, it is necessary to ensure morphological continuity by
accurate mapping of the individual MeEs.

Increasing the MeE window size does not necessarily stabilise the fracture behaviour,
thus invalidating the classical RVE (representative volume element) approach.
Nevertheless, by choosing the appropriate MeE window size and resolving the
boundary deformation compatibility via the overlapped windows concept, the crack
bias effects can be minimized and therefore the scale transfer could be captured
effectively.

The energy mapping rules proposed in CHAPTER 3 were tested for different interface
properties and crack matching criteria. For defective materials, the short to long
overlapping method may be used. For less defective materials, non-overlapping as for
elastic studies or short overlapping discretisation in fracture mechanics can be used.
The Bayesian inference model can be used to reduce the uncertainty of bias crack
paths in the multiscale transfer, owing to its ability to update the matching state of
belief using element cluster searches.

The new multiscale stochastic modelling method offers a more accurate modelling
framework for multiphase heterogeneous materials with various levels of defects.
Heterogeneity features such as material defects, inclusions and voids can be

incorporated at both scales.
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(vi) In this study, the material information is collected in a stochastic manner according to
their real feature distribution and physical space. However, as a proof of concept, only
the most critical boundary results were included in the scale transfer. Monte Carlo
simulations can be further added to solve more complicated loading cases.

(vii) Although all MeE crack paths in this study were bounded by their reduced window
sizes (up to 50 um), they became longer due to matching in the overlapping domains.
Exploring this advantage, the proposed multiscale modelling scheme can be extended
to virtually unlimited computational domains.

(viii) Finally, the proposed multiscale models predicted cracks paths in good agreement with

those from the full-sized model.
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CHAPTERS. INSSITU X-RAY COMPUTED TOMOGRAPHY TESTS OF
CARBON FIBRE REINFORCED POLYMERS

5.1. Introduction

To develop a thorough understanding of multiscale mechanical relationships in CFRP
composites and to justify material selection in different engineering applications, it is important
to have reliable experimental data revealing crack propagation across scales. Such data will not
only reveal detailed material behaviour, but also provide data for the calibration of advanced
crack propagation modelling methodologies, which could apply the limited testing data from
small size components to more realistic real-life structures. As discussed in the literature review
in CHAPTER 2, the most advanced technique nowadays for acquiring the necessary
experimental data is the in-situ X-ray CT scanning. However, conducting in-situ X-ray CT
fracture test of fibre composites with thin fibre diameter is a well-known challenge. Previous
X-ray CT scans at room and elevated temperatures (Bale et al., 2012) were only possible under
synchrotron radiation due to the required radiation energy flux and image acquisition speed to
capture the in-situ deformation steps. There were also imaging problems in revealing details at
the fibre scale even though the fibre diameters were about twice the size of carbon fibres used

in aerospace industry.

Other static in-situ X-ray CT tests were reported in (Moffat et al., 2010; Scott et al., 2011; Sket
et al., 2012) using synchrotron imaging. Although damage progression was captured in some
of these studies, the datasets were not reported in further image-based modelling at fibre scale.
In contrast, using laboratory cone emitter X-ray sources gave poor quality image results at fibre
level. Although it would be possible to enhance the spatial resolution by reducing the distance
between the sample and the cone emitter (McCombe et al., 2012) and enhancing the X-rays

flux energy and phase-contrast (Enfedaque et al., 2010; Rouse, 2012), the fibre resolution still
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remains unresolved so far. Another recent work (Yu et al., 2015a) used time-lapsed X-ray CT
captures of E-glass fibre composites under tension and performed a meta-segmentation of the

resin, weft and binder yarns to quantify damage progression but still not up to the fibre scale.

Currently the United Kingdom is well equipped with X-ray CT imaging facilities. However,
the loading rigs are not considered suitable for in-situ loading tests at the fibre scale, which is
the focus of this study. Therefore, this chapter will present the development of a new loading
device to be incorporated with X-ray CT machines at the national synchrotron Diamond Light

Source in Oxfordshire.

Using the [13-2 Branchline at the Diamond facility incorporating the loading device, two sets
of experiments were carried out: (i) uniaxial tensile tests using double-edge notched samples
and (ii) three-point bending tests of small beams. This chapter will also describe the test setup

and some scanning results to demonstrate suitability of the adopted experimental method.

5.2. Imitial X-ray CT scan using laboratory cone emitter source

An attempt was made first to get images of CFRP samples using an X-Radia micro-CT system
at Henry Moseley X-ray Imaging Facility (HMXIF) with cone emitter source. The scan took
approximately 30 hours to complete due to the use of long exposure time (40 seconds per slice).
This long exposure time was necessary because the X-ray energy flux was not sufficiently
powerful. In contrast, acquisition of raw image projections of a complete tomography is 2 to

8minutes when the synchrotron technology was used, as seen later in Section 5.5.

Fig. 5-1 shows the captured field-of-view (FoV) and two other increased volume renders that
were extracted at different regions of interest (Rol) for quality inspection. The sample is a disc
cut from a braided CFRP laminate using a novel laser cutting procedure developed at University

of Manchester. The X-ray CT machine used has a resolution range of 5 to 120 pm/pixels. The
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highest optical magnification available is 20 times. This leads to an effective tomography

diameter of approximately 1.25 mm.

Punch Rod

Fig. 5-1: X-ray CT volume renders from a CFRP sample scanned using the X-Radia
micro-CT system at Henry Moseley X-ray Imaging Facility (HMXIF).

5.2.1. Experimental details at HMXIF facility

The X-ray CT imaging was taken through a clear Perspex tube (Fig. 5-6). The tube was part of
the loading rig used during the X-ray CT tests. The selection of the Perspex material was made
to minimise material absorption of the X-rays.

An initial compression loading of 320 N was applied manually using a micrometre head. The
loading was transferred via a cone shape punch rod. The punch rod was made of steel metal
and was attached to the loading bar of the rig. The tip of the punch rod is visible in the FoV
area of Fig. 5-1 at the top of the sample. In this case, the reduced FoV could capture the full
thickness of the sample but not the entire disc sample.

Fig. 5-1 reveals some fabric architectures that can be obtained using the cone emitter X-ray CT
scanner. However, the optical resolution and imaging quality are not sufficient to distinguish

the exact fibre scale geometry by means of a volume segmentation approach, as will be shown
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below in Section 5.2.2. Nevertheless, this technology provides a good phase-contrast to
distinguish the material phases and the crack surfaces, as in Fig. 5-1 for Rol-1 and Rol-2

respectively.

5.2.2. Attempts of direct segmentation

In addition to the long exposure time, another major problem with using the X-Radia facility is
the low quality of images for the CFRP material. Several attempts of volume segmentation
were carried out using the AVIZO image processing and visualisation package (FEI/Avizo).
The segmentation process assigns separate material labels to different material phases after the
delineation of images. This means that the phase separation depends on the contrast between
pixel intensities that are naturally mapped on these regions. In the CFRP materials, the
individual fibre and matrix phases could not be separated although multiple Rol areas have
been closely inspected. For example, in Fig. 5-2 two attempts of direct volume segmentation
were conducted as follows: (i) splitting the raw images into two main phases (matrix and fibres)
by using a constant pixel intensity threshold strategy (Fig. 5-2-a) (ii) applying a series of noise

smoothing and image pre-processing filters followed by direct segmentation (Fig. 5-2-b).

Fig. 5-2: Attempts of volume segmentation based on CFRP braided X-ray CT dataset using:
(a) raw images and single threshold segmentation; (b) filtered images and single threshold

segmentation. The processing and visualisation was conducted using AVIZO (FEI/Avizo).
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Fig. 5-2 shows that due to a combination of low quality images and the high fibre volume
fraction (manufacturer specification 50%), the X-ray CT dataset could not be further used in

any detailed fibre-level modelling.

53. Non-X-ray CT loading tests
Before in-situ X-ray CT tests were carried out, the commercially available Deben CT-500 rig
(DEBEN) was tried to identify a proper loading scheme and investigate the suitability of

existing rigs for fibre composite materials.

5.3.1. Description of the Deben CT-500 rig

The Deben CT-500 rig has two loading modes: tensile and compression. The relative travelling
distances between the jaws (one fixed and one mobile) in both tensile and compression modes
is approximately 10 mm. The rig consists of a main body applying the loading, which is placed
at the bottom as shown in Fig. 5-3. According to the design specifications, the Deben CT-500
micro- loading rig is most suitable for high flux energy radiation sources. This is because of
the use ofan X-rays retention outer tube, which is part of the loading frame necessary to transfer
the in-situ load. The tube is made of an opaque carbon treated glass with an outer diameter of
50 mm. The advantage of this testing rig is that the maximum force can reach 5 kN. However,
the maximum loading speed is only 0.3 pm/s. Although the rig has a displacement control, the
sample targeting and re-positioning takes the users a long time (about an hour), typically by
using a series of normalised radiography trials. Fig. 5-3 shows the mechanical rig and a three-

point bending setup used in the non-X-ray CT tests.
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Deben CT-500 Frame tube
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Fig. 5-3: Illustration of the comercially available loading rig Deben CT-500 (DEBEN) and
the short span three-point bending test of a notched CFRP sample.

In total, six in-situ loading tests were carried out to assess the suitability of the Deben system
for the CFRP. The tests were conducted on notched samples as shown in Fig. 5-3. The results

were primarily used to aid the design of a new in-house loading rig.

5.3.2. In-situ loading test measurements

Both uniaxial compression and three-point bending tests (Fig. 5-3) were carried out. The
uniaxial compression loading tests were conducted on disc samples with nominal thickness of
2 mm diameter and diameter of approximately 1.2 mm, 2 mm and 3.8 mm. Such samples were
cut using a novel laser cutting technology. The electroplated diamond core drills were also tried
but they visibly damaged the inner disc samples and thus were not used further.

The uniaxial compression tests were mainly conducted to explore the load-relaxation effects
during the waiting time which was needed to apply the in-situ loading. Fig. 5-4 shows the
recorded forces versus time curves from the disc tests. Significant load-relaxation effects can
be observed, which can be attributed to progressive damage of the internal microstructure of

the sample. This load-relaxation effect started from very low loading levels.
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Fig. 5-4: In-situ stepped loading tests under uniaxial compression on disc samples made of

CFRP composites of different thicknesses: (a) 3 mm and (b) 1.2 mm.

Fig. 5-5 illustrates the force measurements of three-point bending tests using continuous,
stepped and cyclic-stepped loading programs. However, the sample setup is not standard three-
point bending setup due to the small size of the sample. To be able to test small size samples,
the upper short-span part of the provided four-point bending setup within rig package was used.

Therefore, the short-span bending supports were mounted upside-down as shown in Fig. 5-3.
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Fig. 5-5: In-situ three point bending loading tests of cross-ply carbon fibre/ epoxy composite
samples using the Deben CT-500 mechanical rig.
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The three-point bending samples were cut from a cross-ply carbon fibre/ epoxy composite with
a total of 16 multidirectional plies. The samples size was 15x3.8x4 mm. They were notched at
mid-span on a single side as shown in Fig. 5-3. The notch was machined using a 0.3 mm thick
carbide blade. Results in Fig. 5-5 show that during the in-situ stepped loading programme, the
elastic stiffness hardening was less evident than the continuous and cyclic loading programmes.
This was due to potential fibre locking effects at micro-scale of the tensioned part. In addition,
a considerably higher ultimate force was measured using the stepped loading program.
Unfortunately, the non-X-ray CT loading experiments conducted here could not be visualised
during the loading progression. This was due to the opaque carbon treated tube of the loading
rig (see Fig. 5-3). This tube makes it extremely difficult for the users to position small sample
setups for X-ray CT experiments. Therefore, a new testing rig is designed in this study, as

detailed below.

54. Development of a new in-situ micro-loading rig

In an in-situ X-ray CT test, the imaged object should remain as stable as possible. This is
particularly important when the scanned FoV is smaller than the sample geometry size. Fixed
metallic markers of known coordinates can be used to record the deformation of regions outside
the FoV. The new loading rig was designed with a fixed bottom jaw that can be used as a

reference in different loading modes. Fig. 5-6 shows a picture of the loading rig.
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v In-situ

Fig. 5-6: A new micro-loading rig for in-situ X-ray CT experiments.

Fig. 5-7 shows the fully integrated electrical, mechanical and digital assembly of the new in-
situ micro-loading rig. It consists of four main parts: (1) the mechanical components, (2) an

integrated controller box, (3) a data acquisition system (DAQ) and (4) a digital box.

Digital box Mechanical rig
DAQ chassis Controller box
UsB > O Stepper motor
port EN+/- 2*
Module 1: CLK+/- B;
Analog output | CW+/- Stepper =
driver
Labview |
interfaced
Module 2:
Analog input N
L L Load-cell
24V Signal
filter &
| amplifier [——
240v [> 1 12vp> |
BNC1 |
BNC2

Fig. 5-7: General assembly technical sheet illustrating main components of a fully-integrated

new in-situ micro-loading rig.

119



CHAPTER 5

5.4.1. The mechanical components

Fig. 5-8 shows the design layout with all mechanical components of the new rig. The three
main mechanical components are: (i) a frame tube, (ii) metallic dies and (iii) a loading
mechanism (linear actuator). The metallic dies are attached to the ends of the loading tube and
are able to accommodate multiple scanning tubes. The frame tube is made in clear Perspex to
allow imaging and data capture. The Perspex loading tubes are glued at both ends with outer

restraining parts to avoid cracking.
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0OD=15 mm ID=8.9mm
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/ lower die

Fig. 5-8: Mechanical components of a new in-situ loading rig.
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5.4.2. Data acquisition system and sensors

The data acquisition was integrated using National Instruments (NI) modules. Two load-cell
sensors of 500 N and 2000 N are currently available. The voltage reading resolution is 10 puV.
The reading resolutions are equivalent to 0.1 N/step and 0.4 N/step respectively. The load-cell
socket is at the bottom of the rig as shown in Fig. 5-8. The force signal acquisition is
intermediated by an in-house design and manufactured filter-amplifying circuit (see the
controller box in Fig. 5-7). This circuit is powered separately and communicates directly with
the DAQ reading module. For the displacement measurements, a linear vertical displacement
transducer (LVDT) is used. The LVDT sits laterally on the actuator loading frame. The lateral
LVDT sensor has a maximum travelling distance of 11.8 mm and the voltage resolution equals
to 10 uV. This leads to the reading resolution of 23 um/step. The lateral LVDT was only used
as a proof of concept in this version since the LVDT model available was not fully integrated

with the current rig controller box.

The filter-amplifying circuit was designed and manufactured at University of Manchester. This
circuit has a bi-channel interface that accommodates two load-cell sensors at the same time. In
future designs, this circuit may accommodate a third compatible micro-voltage LVDT or other

linear encoders.

5.4.3. Force and displacement data readings

The force readings are recorded from the same button load-cells for both tension and
compression rig loading modes. This is possible owing to the innovative design of the outer
tube. This tube works as a loading frame transferring the sample load from the grip of the frame.
In other words, the tensile forces are transferred through the outer tube in compression and the

compression forces are transferred through the outer tube in tension. The button load-cell is
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suitable in both cases. The tensile rod has a restraint channel at the bottom side. The restriction
of the tensile rod is facilitated by four slotted holes in the restrain pipe. The sensor trigger in
tension mode is made via the outer tube compression that presses against the load-cell. The
sensor trigger in compression mode is simply made via the steel rod that is placed in the tube

and presses against the load-cell.

5.4.4. Automation and loading control

The new rig can be operated in two modes: tension or compression. A built-in loading
mechanism that works as a linear actuator (shown in Fig. 5-8), allows adjustment of loading
from outside the X-rays radiation hutch. This also improves the operability during the in-situ
X-ray CT experiments owing to the flexibility of allowing various loading programmes
digitally controlled by Labview. The linear actuator shaft has fine threads of 0.5 turns per mm
and is operated by a stepper motor as seen in Fig. 5-8. The resolution of the stepper motor is
1.8 9/step. The holding torque at the 2-phase energisation of this particular motor is 1.0 Nm.
For higher coupling torques, a planetary gearbox can be added to the actuator assembly.
However, such a gearbox was not used in the current design.

The motor is connected to a stepper driver. The driver is interfaced with three out of four output
channels of an analog output module. These channels were wired to the enabling and direction
terminals of the stepper motor. The trigger is made by sending digital output signals. Typically,
the control of the motor speed is achieved with a differential frequency of a digital signal
(square shape) sent to the driver. This ultimately defines the traveling speed of the linear
actuator. Conversely, the actuator positioning and loading can be controlled using a
displacement sensor and a feedback module. In this case, the feedback is recorded using an

input module and the motor can stop almost instantly.
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5.4.5. Digital controller system

It is possible to synchronize the displacements and force readings with the motor controller
using Labview. This is particularly useful when using specific in-situ X-ray CT loading
programmes. In this project, the static in-situ loading with manual control has been used during

the synchrotron in-situ X-ray CT loading experiments.

The in-situ loading programme can be input manually into the Labview code or can be
automated accordingly to the optimum loading steps of various loading programmes. If the
auto loading mode is used, the corresponding scan time periods need to be pre-planned. In this
case, some waiting times have to be added to account for possible load-relaxation effects during

the X-ray CT scanning time.

5.4.6. Loading modes

Typically, the displacement-controlled loading is recommended during the in-situ X-ray CT
tests. The force-controlled reading can be used but the force readings can be misleading due to
local damage spike effects. Typically, in fibre composites, multiple damage instances can occur
at the same applied force level due to the localisation of damage. In this case, unequal
displacement steps can be applied but non-X-ray CT loading trials need to be carefully

analysed.

5.4.7. Loading setups and preparation of samples

In the loading system, different loading configurations can be accommodated including: (i)
uniaxial tensile, (i1) three-point bending and (iii) localised compression via a punch rod, as

shown in Fig. 5-9.
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Fig. 5-9: Illustration of loading setups and sample support configurations.

The preparation of samples depends mainly on the loading setups illustrated in Fig. 5-9. In this
study, the CFRP samples prepared for tensile and three-point bending tests were mechanically
cut using a diamond water blade. For the tensile samples, thin metal tabs were attached to the
tensile samples at both ends. These were necessary to secure the tensile supports. The tensile
samples were notched on two sides as shown in Fig. 5-9-a. The cutting of notches was done
using an ultra-thin carbide blade 0f 0.3 mm. The tabs were glued to the CFRP surfaces as shown

in Fig. 5-9. The adhesive is a bi-component epoxy glue of relatively good strength.

In three-point bending tests, the samples were considerably smaller than those tested using the
Deben loading rig in Section 5.3. The supports of the three-point bending setup in Section 5.4.7
were achieved using three cylinder pins of 1.2 mm diameter. The samples were temporarily
stacked for positioning with the supports using double sided sticky tape. The span between the
two cylinder supports was approximately 3 mm. The assembly was then positioned into the
mechanical loading tube. The sketch of such a three-point bending assembly is shown in Fig.

5-9-b.
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5.5. Data acquisition at Diamond-Manchester Branchline 113-2

It is known that the CFRP material has relatively low phase-contrast in X-ray CT due to similar
material densities between the carbon fibres and the epoxy resin (Wright et al., 2009; Moffat et
al., 2010). To enhance the quality of reconstructed X-ray CT images, various phase-contrast
technologies are used and they can be classified into five categories: (1) crystal interferometry,
(2) propagation-based imaging, (3) analyser-based imaging, (4) edge-illumination and (5)
grating-based imaging. Depending on the category, the intensity scatter may be measured
directly which is most common in cone emitter sources, or may be interfered by various X-ray
modifiers such as: beam splitter chambers (sitting mostly before the actual sample but in some
systems, the chambers can be prolonged to contain the sample in between the mirrors),
ionisation chambers (Bliznakova et al., 2015), detector masks (Thuring et al., 2014; Endrizzi
et al., 2013), absorption grating and foils (Fu et al., 2014; Wenz et al., 2015) and many others.
The Diamond-Manchester Branchline 113-2 at Diamond Light Source enhances the phase-
contrast of CFRPs using a special crystal monochromator that converts the X-ray beam into
pink visible light radiation. This can also increase the contrast between fibres and matrix but

can also make distinguishing the fibre - matrix interfaces and crack areas more difficult.

.o Filters,rzf}
ne. e _

Fig. 5-10: Branchline I13-2 setup configuration at Diamond Light Source in Oxfordshire.
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For data acquisition, these experiments utilised a PCO edge 5.5 CMOS detector based
microscope system with 14 bit dynamic range. The system images the light generated by the
X-rays via a GGG:Eu scintillator using a 10x objective. A 2x tube lens is also present in the
microscope providing a total magnification of 20x of the scintillated image. This provides an
effective pixel size at the CMOS detector of around 300 nm; enough for the diffraction limited
resolution of 600 nm provided by this numerical aperture at the scintillator wavelength. The
fast readout of this detection system (up to 100 Hz) combined with the high flux from the
beamline allowed tomographs to be collected in fly-scan mode at around 0.2 s per exposure.

More detailed information about the instrumentation used can be found in (Diamond, 2016).

5.6. Experimental strategy at I13-2 branchline

Although attractive, X-ray CT volume stitching technique where multiple volumes can be
acquired and tessellated in the post-processing was not used in this study. This was due to a
series of experimental challenges such as: difficulties with automating the tessellated image
acquisition, manual scatter reconstruction, the need to acquire a large number of datasets in
limited available beamtime, data storage, computer manipulation of high-resolution images,

long holding times during the in-situ loading and sample load-relaxation effects.

For this experiment, intense radiation over an extended energy bandwidth was used to increase
the speed of acquisition with enhancing phase contrast (Rau et al., 2011). The gap of the
undulator (a 2 m long U22) was set to 5.5 mm for increased flux. To tune the energy bandwidth,
and hence increase the contrast of the image, 3 mm of Al filters were inserted into the beam
path to attenuate soft X-rays below 18 keV. This complemented the cut-off of the platinum
mirror stripe at 25 keV allowing good penetration of the sample whilst maintaining sample

visibility. This mirror can also be slightly focussed to collimate in the horizontal direction to
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counteract the large horizontal divergence of the source, giving around 7x10'3 photons per

second into the roughly 800 um field of view used.

Because of the similarity in density between the carbon fibres and the epoxy resin, it was
necessary to increase the contrast by allowing the beam to propagate slightly (~30 mm) before
detection, making use of the edge enhancement from the inline phase-contrast to pick up

individual carbon fibres in the matrix.

5.7.  Reconstruction of image projections

The reconstruction of the X-ray CT scatter data to form detailed geometrical images at micro-
scale was carried out using a manual in-built software package, operated on Linux. This
reconstruction software converts the ‘in-rotation’ image projections into their physical spaces
by using a manual reconstruction centre that can be only tested by trial and error. However, the
reconstruction is based on a filtered back scattered algorithm and more details can be found in
(Basham et al., 2015). The format of the final reconstructed slice is type float 32 bit comprising
0f2560%2560 pixels. The effective/ physical image resolution of one slice at 20X magnification
is approximately 845x845 pum. A typical reconstructed X-ray CT volume consists of a stack of

2160 slices.

58. In-situX-ray CT tests

Two series of in-situ X-ray CT tests were carried out (i) uniaxial tensile tests using double edge
notched samples and (ii) three-point bending test. The results are presented and discussed in

this section.
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5.8.1. In-situ X-ray CT uniaxial tensile test

Fig. 5-11 shows the experimental loading setup and Fig. 5-12 gives the dimensions of the

sample.

[
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Fig. 5-11: In-situ X-ray CT tensile test setup and loading steps.

128



CHAPTER 5

, tensile Cross-plies A:
grip [-45/90/+45/ 0/-45/90/+45/ 0]s

~—— FoV plies:
; [+45/90/-45/0]

I

&

Fig. 5-12: Sample dimensions and in-situ tensile loading setup.

Because a large dataset (in the order of 120 Gb) is generated for each X-ray CT scan, only a
few scans were conducted at selected loading steps. Five steps were chosen based on the load-
displacement and shown in Fig. 5-11 and Fig. 5-14. The steps were based on the results of a

preliminary static loading test shown in Fig. 5-13.

A — this step corresponds to the initial scan before the actual in-situ loading program. A small
force is typically necessary for fixing the sample. However, the initial force in this case was
approximately 130 N. This force introduced some visible initial cracks in the cross-plies of this

sample. These crack can be seen in Fig. 5-14 at step-A.

B — this loading step illustrated in Fig. 5-11 at step-B corresponds to 90% the preliminary peak
load of the sample in Fig. 5-13. However, the scan at step-B captured the initial pre-peak
deformation, while an extension of damage occurred at this step (observed in the load-time data
in Fig. 5-11-b part B to C). This can be seen as a load-relaxation effect. However, this has not
affected imaging results due to the small deformations observed in the load-displacement curve

shown in Fig. 5-11-a.

129



CHAPTER 5

C — due to the extension of damage at step-B that was associated with some load-relaxation, a
reloading was necessary at step-C. The applied force exceeded the remaining capacity of the
sample (see steep loading drop at the start of step-C on the load-time curve in Fig. 5-11) and

the X-ray CT scan was acquired over the almost constant force plateau.

D — at this step a reloading was performed again. The reloading was done in small increments
in order to generate some new visible crack surfaces in the X-ray CT image. The scan started

similarly to step-C after the loading drop effect.

E — similar to step-D and step-E a reloading was performed. At this step, the failure of the
specimen occurred. This was associated with the visible cross-ply matrix failures and further
delamination. The delamination of two resin-rich interfaces grew over the full height of the
specimen. Finally, this extensive delamination problem led to failure of the bottom support,

which moved the FoV out of the X-ray CT focus.
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Fig. 5-13: Load-displacement relationship of the preliminary in-situ tensile loading test.

Fig. 5-14 shows images obtained for these different loading steps, confirming the success of
their selection as they represent different stages of damage during the loading process. The
step-A, step-B and step-C images in Fig. 5-14 show the initiation and progression of damage
throughout all the plies and the initiation of ply-to-ply delaminations. This was followed by a

substantial delamination at step-D. This progression was visible in the FoV of the experiment.
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However, after the redistribution of load, further damage moved outside the original FoV and
scan at step-E was taken above the X-ray CT volume shown at step-A and due to specimen

rotation also captured the cutting edge of the sample.

(a) In-situ X-ray CT volume renders

B C

(colomap pixel intensity tresholds:128, 136)

(b) Crack and damage areas

(colormap pixel intensity tresholds: 129, 132)

Fig. 5-14: In-situ X-ray CT volume renders of a cross-ply fibre composite under tensile

loading. The images correlate to loading curves in Fig. 5-11.

5.8.2. In-situ X-ray CT three-point bending test

Fig. 5-15 shows the dimensions of the three-point bending test sample and the setup in the [13-
2 branchline facility. The sample in this case was made of a cross-ply carbon fibre/ epoxy resin
composite. The composite panel contained a total of 8 plies made of a 0°-90° braided woven

fabric as opposed to unidirectional plies used in the tensile test.
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Fig. 5-15: Illustration of general dimensions and in-situ three point bending setup of an

unnotched CFRP sample.

The X-ray CT scans in this case were taken at four loading steps. These were based on the
expected behaviour of three-point bending and loading data obtained in Fig. 5-4. These steps

are:
A — initial scan corresponding to a small fixing load.

B — a first loading increment of approximately 200 N is applied at this step as shown in Fig.
5-16. The specimen was expected to produce visible matrix cracking but no fibre breaks. A
combination of compression damage and sliding of the braided fibre tows was observed in
this scan (see Fig. 5-17 step-B). The fibre continuity was confirmed by the further load-

carrying capacity in the following loading step-C.

C — this step corresponds to the pre-peak bending strength of the specimen. Therefore, this
scan was captured before the complete failure. Severe damage was observed at this loading
step, including a combination of matrix cracking, dislocations of several fibre tows, fibre

breaks and tow ruptures.

D — this scan was taken after the complete failure, characterised with complicated

dislocations and fibre tow failures as shown in Fig. 5-17.
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Fig. 5-16: Loading data from three-point bending in-situ test.

Fig. 5-17 shows the images corresponding to the four scanned loading steps. These scans

successfully captured the initiation of damage (step-B), the failure mode of the sample (step-

C) at the maximum load and the final post-failure condition of the sample (step-D).

(colomap pixel intensity tresholds:128, 136)

Fig. 5-17: In-situ X-ray CT volume renders of a braided carbon fibre composite under three-

poing bending test. The images correlate to the loading curves in Fig. 5-16.

Several in-situ X-ray CT volume renders are also shown in Fig. 5-18 to visualize the

complicated fracture processes that often featured severe composite cracks and fibre breaks.

These could be captured here thanks to the three-point bending setup and the use of a braided

fabric sample. As previously suggested, the braided fabric restricted transverse crack

propagation and tow sliding effects, which further allowed the rupture of several fibre tows.

The fractured fibre tows are clearly seen in Fig. 5-18.
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(colormap pixel intensity tresholds: 128, 136)

Fig. 5-18: Rotated views of X-ray CT volume renders showing severe damage,
fibre breaks and fracture from three-point bending in-situ loading test

in braided carbon fibre composites.

Fig. 5-16-b also shows some load-relaxation effects. Fortunately, these effects do not affect the
image quality because deformations are small. However, in all the X-ray CT scans there were
a number of sources for image distortions including: ring artifacts, pixel noise effects, low
phase-contrast, optical blurring and lens induced oversaturation. The lens induced

oversaturation can be observed in first three volume renders of Fig. 5-18.

5.9. Summary and conclusions
This chapter has presented the rationale and the strategy of the in-situ synchrotron X-ray CT
imaging tests, the development of an innovative micro- loading rig and the test setups for

uniaxial tensile and three-point bending tests. The main conclusions are:

(i) The in-situ experiment was necessary to provide multiscale crack propagation data to
check accuracy of the image-based numerical modelling methods, to be developed in
CHAPTER 6 and CHAPTER 7 of this thesis.

(i1)) The experiments were carried out at the Diamond-Manchester Imaging Branchline 113-
2 at Diamond Light Source. The existing experimental facility required additional

developments to enable it to achieve the goal of this research. A key component of the
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device is the in-situ micro- loading rig. A new rig was designed by the author and
manufactured in the School of Mechanical Aerospace and Civil Engineering, University
of Manchester.

(1i1) Using the experimental facilities, two sets of tests on CFRP specimens were carried out,
one under tensile loading and another under three-point bending. The recorded imaging
datasets show that the experimental facility successfully captured the main features of
multiscale crack propagation.

(iv) Due to time limitation of this PhD project, only the tensile loading case was further used
to develop the image-based fibre mesh generation to inform the multiscale modelling
method. These two main contributions (i.e. integration of image-based FE models and

FE multiscale modelling) are presented in CHAPTER 6 and CHAPTER 7 respectively.
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CHAPTER 6. X-RAY CT IMAGE-BASED MODEL GENERATION OF
CARBON FIBRE REINFORCED POLYMER COMPOSITES

6.1. Introduction

This chapter develops a numerical algorithm for the generation of image-based models in
carbon fibre composites at fibre scale. The algorithm is needed to convert X-ray CT datasets
captured with large field of view (FoV) that contain a large number of fibres. Due to the large
number of fibres it is not possible to accurately resolve the fine details for the many thousands
of individual fibres in the reconstructed volume with conventional segmentation routines. The
reconstruction approach in this chapter is based on a combined approach that identifies the fibre
centres first using a local maxima method and tracks these centres from slice to slice using a
Bayesian inference model. The slices are arranged in stacks with reduced widths that are
overlapped to ensure 3D fibre continuity. A major advantage of the Bayesian approach is that
it facilitates the identification of fibres that would otherwise be segmented as discontinuous or
dislocated fibres with low computational effort. It is shown that the proposed method is able to
provide quality fibre centrelines (skeletons) from an X-ray CT scan of a CFRP multidirectional
laminate sample. The fibre centrelines are then used to reconstruct the 3D geometry to generate
partitioned meshes for multiscale damage evolution modelling. The approach is illustrated for
a multidirectional fibre orientation region that contains different orientation plies [+45/90/-

45/0].

6.2. Imaging and high-fidelity modelling challenges

One of the current limitations of X-ray CT is that the imaged volumes are often limited to very
small regions. This means that the model can be insufficiently informed at the constituent
length-scale and may not capture the external support boundaries. Stitching together of multiple

images to increase the size of high resolution images has been examined (Kyrieleis et al., 2009)
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and has recently been applied for 3D woven composites (Yu et al., 2015a). This method comes
with additional experimental and numerical post-processing costs due to the multiple images

that must be acquired and the larger image reconstructions.

An improved understanding of the multiscale mechanical behaviour of composite materials can
be obtained through detailed numerical modelling of damage evolution. Traditionally such
approaches have relied on simplistic unit cells or representative volume elements (RVE)
approaches that often cannot accurately capture manufacturing artefacts (variations in fibre
alignment, touching fibres etc.) or entrained defects (fibre-free matrix regions, pores,
delamination etc.). This can only be done by using larger more faithful microstructural models.
One way of obtaining such models is to use the X-ray CT to capture 3D microstructure images
as the basis for faithful numerical modelling. Such image-based modelling has become very
popular in recent years (Maire and Withers, 2013) but is still very rare for cross-ply composites

or 3D woven composites.

6.3. Overview of existing segmentation models

The approaches for generation of FE models from X-ray CT images can be categorised into
two classes: (i) direct voxel (or pixel) to mesh mapping and (ii) phasic segmentation based
meshing. In the first class, each voxel or pixel in the image is directly transformed into a finite
element, and the resultant sharp bi-material interfaces in the mesh can be further smoothed. The
material constituents are distinguished based on their respective grayscale intensity values.
Such approaches are widely reported, e.g., the direct voxel mapping methods (Requena et al.,
2009; Ren et al., 2015), the discrete Fourier transform approach (Hamad et al., 2012; Landi et
al., 2010), and the enhanced volumetric marching cubes (Young et al., 2008). A problem of
these approaches is that automatic meshing algorithms are difficult to apply and the element

sizes are usually too uniform. In the second class of approaches, the X-ray CT image is
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segmented into different constituent phases based on the grayscale value thresholds for each
phase. The bi-material interfaces or boundaries can be naturally identified and smoothed if
necessary. Examples for fibre reinforced composites include the combined segmentation and
voxel-based fibre tracking algorithm (Yang and Lindquist, 2000), the simplified marching
cubes method (Coindreau et al., 2011; Vignoles et al., 2011; Coindreau et al., 2003), the fibre
contacts and orientation method (Viguié et al., 2013; Latil et al., 2011) and the intersecting
fibre cluster method (Soltani et al., 2014). The main advantage of direct segmentation for fibre
composites is that various 3D skeletonisation algorithms can be applied to extract fibre
centrelines (Viguié et al., 2013; Soltani et al., 2014) after segmentation, so that the fibres can
be modelled as exact cylinders. Another advantage of these approaches is that the segmented
image can be automatically meshed with flexible control so that dense meshes can be used in

stress concentration areas such as bi-material interfaces.

However, most of the above-mentioned approaches are difficult to implement for fibre
reinforced composites with highly congested fibres and/or touching fibres, before the numerical
models can be built. The difficulties include finding exact segmentation boundaries, nonlinear
fibre tracking due to the inherent X-ray CT noise and fibre discontinuities, and high
computational cost due to very large X-ray CT datasets. The low image contrast between the
polymer matrix and the thin fibres (~5.2 pm) may also lead to FE models with inaccurate
material interfaces. New reconstruction methods with advanced image filtering and stack
conditioners have thus been development for feature tracking and noise reduction. For example,
Czabaj and co-workers developed a template matching (TM) algorithm to determine the fibre
centre points for X-ray CT images of unidirectional carbon fibre reinforced polymers (CFRP)
(Czabaj et al., 2014; Whitacre and Czabaj, 2015). The fibre centre points are then converted
into higher-order splines followed by sweeping non-overlapping 3D volumes along each spline.

However, the method has not been tested on multidirectional fibre ply volumes.
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This chapter aims at building high-fidelity micro-scale image-based FE models for 3D, cross-
ply, multidirectional woven fibre reinforced composites by developing a new set of
reconstruction algorithms to resolve some of the above issues. The images of a CFRP cylinder
with [+45/90/-45/0] fibre orientation sequence are captured by fast synchrotron X-ray CT
scanning with a voxel resolution of 330 nm. The images are then analysed in the commercial
software Avizo and segmented in the open-source code ImageJ (ImageJ). FE models are finally

built in ABAQUS.

64. X-ray CT dataset for reconstruction and modelling
The datasets consist of stacks of 2160 slices each comprising 2560x2560 pixels. The FoV
volume size is therefore approximately 712 um(height) x 840 um(diameter). Fig. 6-1 shows

the rendered FoV in the software Avizo (FEI/Avizo) using the volrenGreen tool. It contains

11954 fibres in total.

(colormap pixel intensity tresholds: 128, 136) (colormap pixel intensity tresholds:128.5, 134)

Fig. 6-1: An in-situ X-ray CT volume render of the multidirectional CFRP

sample under tension.
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6.5. Image-based model generation

Fig. 6-2 shows the main steps to extract the CFRP material geometry from X-ray CT image
slices. The method converts grayscale images to geometrical models. Two numerical strategies
to obtain continuous fibre centrelines will be discussed in Sections 6.5.5 and 6.5.6 respectively.
Firstly, effective filters were identified and applied to the stack of X-ray CT images to remove
noises and facilitate fibre identification. The 3D dataset was then delineated into plies according
to fibre orientations. The fibre centres were then identified using the ultimate eroding point
approach. Image binarisation was also tried using the traditional watershed splitting and
skeletonisation techniques. The conventional approaches presented in Section 6.5.5 failed to
obtain continuous fibre centrelines. Therefore, a new algorithm for fibre tracking with two steps
using stack conditioning incorporating a Bayesian inference was developed. The obtained fibre
centrelines were finally processed with consideration to manufacturing practice of CFRP,

before they are used to generate FE models in ABAQUS assuming a constant fibre diameter.

Reconstruction of CT volume import &
Binary images |—»{ direct segmentation
(6.5.4) (6.5.5)

A o = - - - ——

Image filtering Volume Identification of Image binarisation
©.5.1) [ 7| delineation Mgy e centres (6.5.3) ) (6.5.4)
(6.52)

__________________________________________________________________

A New Fibre tracking algorithm using stack conditioning & Bayesian inference v

|
|
i Final processing Local tracking of fibre Global overlap stack
|
|
|

(6.5.12) ﬁcentrelines(6.5.10-6.5.11)4_ filtering (6.5.7-6.5.9)

Generation of FE mesh (6.5.13)

Fig. 6-2: Illustration of image-based model extraction framework from

X-ray CT images to FE meshes.
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6.5.1. Images filtering and pre-processing

Fig. 6-3 shows that due to the presence of cracks and damage some pixel oversaturation was
observed near the crack surfaces. In addition, from a segmentation viewpoint, the X-ray CT
image slices exhibit poor phase-contrast and too few pixels per individual fibre domain. The
commonly used filtering operations use fixed stencil and gradient based kernels. They often
fail to enhance the detectability and shape of congested fibres. Many combined filters including
those in Table 6-1 were tried and evaluated. They were implemented using the JavaScript
library in the open source package ImageJ. None of the filters in Table 6-1, namely the Filter-
A to Filter-D alone were found sufficient for the purpose of direct segmentation of the X-ray

CT datasets.

STACK

A raw Rol Filter-A + Filter-B FiIter-C Filter-D

Fig. 6-3: De-noising of raw X-ray CT image stack using three different filter

combinations explained in Table 6-1.
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Table 6-1: Image filters for X-ray CT datasets.

Reference | Image Filter Combinations & Order Intended use

Filter-A Mean 2 pixels — Smooth De-noising, intensity smoothening.

Filter -B Mean 2 pixels— Mean 2 pixels — Smooth — Unsharp mask (radius: 7 pixels, mask Phase contrast, Edge enhancing,
weight: 0.2) Interface threshold.

Filter-C Smooth — Mean 2 pixels — Min maxima & region growth 2.5 pixels — Max maxima | Pragmatic fibre centreline search.
& region growth 3 pixels

Filter-D Smooth — Median 7 pixels — Min maxima 3 pixels - Max maxima 2.5 pixels — High fidelity fibre centres & fibre
Unsharp mask (radius: 7 pixels, mask weight: 0.2), Enhance contrast (saturated identification.
pixels: 0.01% & normalisation)

Filter-E Smooth — Mean 2 pixels — Kernel convolution — Max maxima 2.5 pixels — local Fidelity fibre centroids & Fast

maxima search for fibre identification.

processing.
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The identified image filter strategy with best effect was a combination of a series of filters
(Filter-E in Table 6-1). A fixed size kernel convolves all the pixels contained within the image
slices. The convolution uses a continuous stencil pattern (pixel-wise) and the new images are
obtained through multiplication and weight summation of the 2D matrices overlaid as

demonstrated by Eq. 6-1:
wooh
2 2
comv(f,k)=f,,®k,= D > flx+elly+e,l*k [w/2—e]/2-¢,] Eq.6-1
h

where f, are the pixel intensities from the image overlay and £, is the processing kernel of size
[(w+1) x (h+1)] with the square size kernel property w=h. This approach has been widely used
in the image processing, especially for edge detection and target tracking (Wu et al., 2013;
Wang et al., 2015a). Typically, 2D convolution operations have been implemented using vector
operations such as the one-dimensional convolution approach. In particular, Habibi et al.
(Habibi et al., 2014) describe a decomposition strategy using two consecutive vertical and
horizontal convolution steps for a 3x3 kernel size. Instead, in this study the size of kernel and
convolution factors were semi-empirically estimated based on Eq. 6-2 that represents the
general probability density kernel (Epanechnikov, 1969). This was fitted iteratively by trial and

error adjusting the sample values x;.

1 & - X
kxy=ke(x)=—2ks[x x’], 0 <x<w, Eq. 62

where 7 is the kernel size, k; is the kernel smoothing function and /4 is the bandwidth (4=1). A
similar model can be found in (Comte and Genon-Catalot, 2012). Fig. 6-4 shows the parametric

estimation of the convolution factors based on few most popular smoothing functions used in

Eq. 6-2.
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Raw image
0.18 '
T . —normal
' v Epanechnikov
! __+ |~~stepconvolution
0.16 T _ triangular
__ 014"
X
~° 012 Filter-E + step conv
. v LR
0.1
0.08

-3 2 -1 0 1 2 3
X; (pixel centre positions)

Fig. 6-4: Estimation of the convolution factors based on different smoothing functions; the
insets typify the effect of the combined filter Filter-E and convolution using the step function

estimates at the boundary between 0° to -45° plies.

The step function k. illustrated in Fig. 6-4 is used to estimate the convolution factors &, in Eq.
6-1. Once the 2D convolution kernel %, is established, all the X-ray CT slices are processed
according to the volume delineation strategy in Section 6.5.2. In this case, because the average
fibre diameter is 5.2 um and due to high fibre congestion in the X-ray CT datasets, the size of
the convolution and local filtering kernels in Eq. 6-1 and Eq. 6-2 were set at 5x5 pixels.

Therefore, the convolution factors are collected from step function range (-2, 2) in Fig. 6-4.
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6.5.2. Volume delineation of different plies

Prior to the fibre identification and further reconstruction steps it is necessary to split the X-ray
CT volume into plies. This step removes the composite plies that are not transverse to the fibres
prior the image processing and fibre identification steps. The delineation of the plies can be
also situated after the image processing, but prior to the fibre identification. The delineation
was organised as a Rol parameter tool to fit variable volume extractions from the 3D stack.
These volumes are based on a changing polygon algorithm with linear pitch between the
corresponding extraction corner points. The corner points in this case belong to the margin

slices (first and last slices of the X-ray CT dataset).

Due to the transverse eroding basin approach that ultimately leads to a single point
identification (Ferreira and Rasband, 2011), the current reconstruction method requires
transverse scans with fibre orientations <50°. Consequently, the X-ray CT image was separated
into two sub-domains, one with fibres oriented at < 50° (the 0°, +/-45° plies in Fig. 6-5-a) and
the other with fibres > 50° (the 90° ply illustration in Fig. 6-5-b). The former was analysed
using the Filter-E in the X-Z plane and the other in the X-Y plane. The two reconstructed

datasets were then combined to form a single volume geometry (illustrated in Fig. 6-5-f).
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Fig. 6-5: Illustration of the volume delineation tool used to delineate X-ray CT datasets based
on fibre orientations (a,b,c). The schematic volume re-composition (f) is shown after

combining the two orthonormal volumes (d,e).

For convenience, the image filtering and fibre identification procedure in the following sections
are applied to delineated image slices that are transverse to the fibre direction. Other more
complicated material architectures containing ply orientations beyond the 50° angle orientation
limit in Fig. 6-5 were not contained in the current dataset. However, to solve this, two further
routes may be applied as follows: (1) reconstruction of transverse image masks based on
inclined volume cuts and (2) combined 3D segmentation to evaluate the fibre inclination angle

a priori.

6.5.3. Fibre identification algorithm

To identify the fibre centres, the well-established local maxima finding algorithm in Imagel,
based on an ultimate eroding point (UEP) approach (Ferreira and Rasband, 2011), was applied.
The UEPs were obtained using a procedure combining watershed delimitation basins and

eroding Euclidean maps. The algorithm is able to retrieve the fibre centre points from the 0.33
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um image resolution datasets in this study with relatively low error, as can be seen from the

tortuosity of fibre volumes shown in Fig. 6-6-a and b.

Fibre UEPs identification Filtered volume render

Fig. 6-6: Identification of the fibre centroids after applying Filter-E and image convolution.
The Rol was taken at the 0°/ -45° ply boundary illustrating: (a) the fibre UEPs identification
and (b) corresponding filtered volume render. Discontinuities are most significant in the

inclined ply as shown with solid red lines.

Fig. 6-6-b shows that multiple fibre discontinuities still arise due to the misidentification of
local fibre UEPs. This can be attributed to the highly-congested areas which make the
identification of separate Euclidean maps difficult. This artifact was most evident when
inclined ply regions were processed. The discontinuity problem was tackled using a stack
overlapping procedure as discussed in Section 6.5.6. As explained in this section, the

overlapping procedure also minimises noise fibre identifications.

6.5.4. Image binarisation

Further to the image filtering and the identification of UEPs in previous sections (6.5.1 and
6.5.3), the 2D image slices were converted into binary images by growing uniform intensity

fibre domains of equal diameters centred on the UEPs. The well-known water basins approach
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was used to separate touching fibres when necessary. A volume render based on the binary
image slices is shown in Fig. 6-6-b, from which either direct segmentation or skeletonisation
to retrieve the fibre centrelines by volume shrinking can be carried out. However, it was found
that this reconstruction method was not only computationally expensive due to the large

number of fibres, it could also result in imprecise boundaries and discontinuous fibres in

volume renders (see Fig. 6-8-b).
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Fig. 6-7: Fibre tracking from binary images in a Rol at the 0°/ -45° ply boundary

(the fibre discontinuities are highlighted using yellow arrows).

6.5.5. Hybrid reconstruction using binary images

To explore the possibility of skeletonisation methods that also retrieve 3D fibre centrelines, a
volume segmentation attempt was first carried out. This step is applied after a combined image
processing to binary conversion algorithm. The image filter before binarisation in this case is
the same Filter-E in Table 6-1. The conversion of filtered slices into binary images is done by

growing uniform intensity fibre domains of equal diameters centred on the identification UEPs
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discussed in the paper. If the reconstructed binary images contain touching fibres, they are
separated based on the well-known water basins approach. An example of binary reconstructed

images and corresponding volume from the UEP approach is shown in Fig. 6-8-b.

Binary reconstructed slice Binary volume render

Fig. 6-8: Illustration of fibre centroid identification from binary slices. The Rol was taken at
the 0°/ -45° ply boundary same position as in Fig. 6-6 boundary illustrating: (a) a binary
reconstructed slice and (b) the corresponding binary dataset volume render. Discontinuities

are most significant in the inclined ply as shown with solid red lines.

Following this procedure, the binary images were used for volume segmentation and labelling.
When the discontinuity problem will be resolved, this strategy could open two further routes,
namely: (1) direct export of the volume model (e.g. into mesh generation packages) and (2)
skeletonisation to retrieve the fibre centrelines by volume shrinking. However, it was found
that the hybrid reconstruction method was also computationally expensive due to the very large
number of fibres and discontinuities contained within the CFRP dataset. It also led to imprecise
segmented boundaries in 3D (see Fig. 6-8-b). As a result, the fibre centrelines could not be
distinguished and their continuity within the 3D stack could not be ensured. Therefore, a more

sophisticated reconstruction method based on stack conditioning and local to global fibre
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tracking was necessary. This method is based on a Bayesian inference model presented in

Section 6.5.6.

6.5.6. New fibre tracking algorithm with stack conditioning

After the fibre UEP identification, the fibre centrelines are tracked using a stack reduction
algorithm that reduces the computational overload. In (Czabaj et al., 2014), the fibre tracking
algorithm was based on a Kalman filter with two main steps: a predictor and a corrector step.
A linear extrapolation of the fibre centre points is used in the predictor step. This is followed
by the correction step that minimises local mean square error based on the adjacent slices.
However, this algorithm follows a bottom-up approach and may not capture the continuity of
inclined fibres if certain number of fibre centroids is misidentified over the stack and further

noise presence.

To acquire more continuous fibre centrelines with lower computational cost than the
conventional image processing techniques tried and discussed above, a new fibre tracking
algorithm has been developed. It consists of two steps: a global stack overlap filtering and a
local fibre centreline tracking, both employing a Bayesian inference algorithm, as explained

below.

In the global stack conditioning, an overlapping discretisation of the continuous slices is used
to find the best matching slices. This step is necessary to test the continuity of fibres and
transpose data in best possible filtered stack. The step is discussed in details in Sections 6.5.7
to 6.5.9. The local tracking step then searches only within the filtered slices for the individual
fibre coordinate datasets using a local updating approach as discussed in Sections 6.5.10 and
6.5.11. This strategy is used to track fibres in 3D and ensure the continuity across fibre oriented
domains. Therefore, to capture the fibre composite geometry, these two main steps are

necessary because the material contains long, continuous, curvilinear and inclined fibres.
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6.5.7. Global overlapping stack filtering

After the identification of fibre centre points equivalent to UEPs and the image binarisation, an
overlapping discretisation of the continuous slices was conducted to find the best matching
slices. This step is necessary to test continuity of the fibres and to transpose data in the best
possible filtered stack. It can also lower the computational cost compared with tracking fibres

in 3D within the full stack.

The idea of stack overlap filtering is illustrated in Fig. 6-9. The total stack domain D comprises
2160 CT image slices. The images within the kernel stack domain d are iteratively correlated
in pairs covering all combinations with respect to the stack centre. A first global filter can be

then applied according to the degree of matching between all image pairs.

¢ F level-2
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kernel stack
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Fig. 6-9: Bayesian inference domains for fibre tracking applications with kernel

stack domain d and stack overlap d/2.
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6.5.8. Estimation of image matching and fibre shifts

Two main parameters can be used as initial estimates in further reconstruction algorithm steps.
In general, the covariance of two images f and g or slice to slice using a typical pixel block

searching strategy is:
con(f.8)=E[ (f(x.»)~ N +i,y+/)-8) ] Eq. 6-3

where f and g are the average pixel intensity values of the images and i and j are the integer

image shift. The mathematical expectation of pixel intensity of an image with m x n pixels is

= - Eq. 64
Ef-D=2, /-]
Note that the variance of a reference image f can be generally written as:
conf.N)=E(f-f) =0(f) Eq. 6-5

The total variation index can be calculated by the Normalised Correlation Coefficient (NCC):

cov(f,g) Eq. 6-6
JE. [V E@g8))

Cyee =corr(f,g) =

The NCC index measures the degree of similarity and ranges between 0 and 1. Furthermore, a
global integer shift can be obtained by maximising the NCC index. Similarly, by maximising
the NCC index a local integer fibre shift can be found by using smaller image masks. If needed,
a sub-pixel shift can be then found by applying the local quadratic fitting around the peak value
(4x, Ay) of the correlation results:

o corr(Ax —1,Ay) —corr(Ax +1,Ay)
2[corr(Ax —1,Ay) + corr(Ax +1, Ay) — 2corr(Ax, Ay)]

Eq. 6-7
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Sy corr(Ax, Ay —1) — corr(Ax, Ay +1)
Y 2[corr(Ax, Ay —1) + corr(Ax, Ay +1) — 2corr(Ax, Ay)]

where Ox and S5y range between -0.5 and +0.5 pixels. For completeness, the total image shift
can be estimated by the summation of results in Eq. 6-7 to a simple integer estimate based on
subset searching by the maximising criterion in Eq. 6-6. This becomes useful mainly to estimate
the total metric threshold for fibre tracking when inclined angle plies are contained within the
reconstruction dataset. Herein, the estimated threshold is further used with the local Bayesian

inference model to track the individual fibres (see Sections 6.5.10 and 6.5.11).
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6.5.9. Global Bayesian inference model for optimal kernel width

To reduce the large number of slices from an X-ray CT dataset, the slices within a kernel are
correlated in pairs with respect to the overlapping stack centre. The filtered slices can be
selected by maximising the NCC index over each kernel domains (meaning the selected slice
contains most similar pixel patterns out of the total number of pairs). Instead of using pixels,
the slices can be simplified to separate sets of independent fibre UEPs. Therefore, the filter
iterates over a prescribed number of half overlapping kernel stacks as shown in Fig. 6-9. The
overlapping stacks were thus divided in two equal subdomains (K;,=K+N). For all slices
contained in half of a kernel stack (K), the prior probability field P(K) was defined as the total
number of UEPs contained within the slice K. The neighbouring slices in N were also defined

in a similar manner via prior probability P(N|K) that contain the corresponding UEPs. By
iterating over the slices in K, the slice UEP filtering from similar probabilities P(K|N) could be

found by maximising the following Bayesian equation:

P(N|K)

PKIN) = > PN[KP(K)

P(K) Eq. 6-8

where N= {nl,nz,n3,...,nk} represent the UEP sets from the corresponding slices within half the

kernel width (i.e. k=d/2). In Eq. 6-8 K denotes the slice that contains the average number of

UEPs over stack K. P(N|K ) represents the probability of all slices within kernel Kj.

This method can be applied when the kernel stack is relatively narrow and the overlapping
region captures the inclined fibre plies as illustrated in Fig. 6-10. In contrast, the number of
correlated fibres is relatively large for the aligned fibre plies as shown by the correlated images
in Fig. 6-10-d and e (shown by the left-hand ply points). Because the method correlates all

slices within a given stack width, the fibres that do not cross this full-width are not detected.
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To solve this problem, the method was calibrated using a sensitivity study as explained below.
Results in Fig. 6-10 indicate that a kernel width of 8 slices can be used that reduces the

computational stack 4 times.

Fig. 6-10: Sensitivity of fibre tracking UEPs with different Bayesian overlapped stack

widths, using the parameters in Table 2.

In order to capture fibre continuity, the kernel width d should be sufficiently large to avoid
misidentified UEP centres, while same width should also be reasonably small to reduce the
computational time. The optimal kernel width is determined by inspection of fibre discontinuity
visually in the volume render in Avizo, for example Fig. 6-6. In this study, it was found that
the method could be applied to kernel widths equal to approximately half the fibre diameter,
namely, 8 voxels, as demonstrated in Fig. 6-10-b and the optimum overlapping distance was

found to be 4 slices.
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Table 6-2: Bayesian overlapped stack width sensitivity study.

X-ray CT Kernel width d in Overlapping distance in | Initial number of Matched number | Image reference
experiment number of slices number of slices fibre UEPs of fibres in Fig. 6-10
reference:
4 2 4847 (a)
CFRP-001- 8 4 4497 (b)
MT10456-2
10 5 4267
Transverse 6198 ()
ortho-1:
binary 16 8 3017 (d)
2pixels
20 10 2029 ©)
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6.5.10. Local Bayesian inference model for tracking individual fibres

This local tracking step searches only within the filtered slices for individual fibre coordinates

to ensure fibre continuity.

The general Bayesian inference theory was tailored to map the identified fibres in a kernel slice

to the globally filtered neighbouring slices as follows:

PRIV = e M) Eq. 69
> P(N[K)P(K) 4

where N are the UEP fibre centres coming from the neighbouring/overlapping domains with
unknown probability P(N |K) and K are the UEPs from the searching slice, the process being
updated from slice to slice. The fibre UEPs from kernel slice K here, are seen as events
representing the total number of identified fibres in the slice. The probability P(K |N) is
therefore stored in a vector defined over a slice that can be also unequal to the neighbouring

slice after the global filter due to errors in the identification process (especially in inclined fibre

plies).
The denominator P(N | K) represents a local conditional probability of a perpendicularly
projected point that is the degree of belief of each fibre in NV to match its projection UEP point

K versus the probability of the same point, i.e. P(K).However, the denominator in Eq. 3-1

plays a minor role and can be also dropped or used for normalisation and calibration purposes.

The numerator in Eq. 9 is the probability P(N |K ) calculated using the asymmetric power law

metric in Eq. 6-8, or can be directly limited by a prescribed fibre shift distance. When the power
law metric is used to map and threshold the matching fibre coordinates, the probability can be

expressed as follows:
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P(N|K)=xe" + ye' Eq. 6-10

where (x, y) are the coordinates of a fibre UEP and (p, q) are two arbitrary power law indices
with the asymmetric property (p = g; p,q <1) . In this case, an initial threshold of 10 pixels is
approximated as the equivalent to a maximum inclination angle of approximately 50°. The
probability is then substituted back into Eq. 3-1, which is updated iteratively until processing
of the filtered stack. Alternatively, a fibre shift distance can also be used. This shift can be
estimated by maximising the NCC index in Eq. 6-6 or by calculating the distance between each
two consecutive fibres. For more accurate geometric estimates, Eq. 6-7 can be used to quantify
the fibre shift with sub-pixel precision. In this paper, the threshold distance is 8 pixels, namely,

approximately half the fibre diameter.
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6.5.11. Calibration of local inference model

The local Bayesian model discussed in Section 6.5.10 is calibrated using a series of restrictive
fibre shift trials. These were implemented by an inverse exponential fitting to find the adaptive
threshold coefficients using the power law in Eq. 6-10. Fig. 6-11 shows two such cases used to

estimate the threshold values based on the two corresponding shifted probability distributions.

1.8 T T : 1.6 - : :
—Manual fitted exponential —Manual fitted exponential
o Relative error 4pixels 1.4} © Relative error 4pixels
 Relative error 9pixels Relative error 9pixels
---Fitted exponential 12F ---fitted curve
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Fig. 6-11: Calibration of the local Bayesian tracking approach using Eq. 6-10 by inverse
fitting for: (a) tolerant fibre shifts equivalent to less than 9 pixels and (b) restrictive fibre
shifts to less than 4 pixels (the power law factors are: p=0.2, g=0.3).

In summary, the advantage of the fibre tracking algorithm using stack conditioning presented
in this section is that the applied filters can identify the fibres within individual slices by cutting
the local minimum and maxima intensities until a suitable eroding radius kernel localises the
fibre centre. After the fibre centre identification in each slice and further corrections to ensure
3D continuity, the fibre centrelines can be reconstructed using a constant fibre cross-section.
The volume can then be re-imported into rendering and analysis packages for further data
analyses and inspections. The reconstructive geometry of fibres of the small region in Fig. 6-1-

b is shown in Fig. 6-12. It can be seen that the fibres are now clearly defined.
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Fig. 6-12: Reconstructed fibre centrelines of Fig. 6-1-b.

6.5.12. Reconstructed data filtering before final mesh generation

In the final reconstruction step, a series of filters are added. These data filtering operations aim

at rendering the realistic reconstruction data.

The first filter after fibre tracking is done, is the deletion of some of the fibres. These fibres
may be deleted from the final geometry if their length is unfeasibly small, i.e. less than fibre

diameter size.

The second filter is a duplicate removal and coordinate averaging filter. This filter identifies
where multiple UEPs correspond to same fibre over the same slice, averages their coordinates

and replaces the multiple UEP coordinates with a final centre point coordinates.

The third filter allows fibres to split into several segmented fibres. The fibre splitting option
separates interrupted fibres that may be present in the dataset. This option is important due to
two main reasons: presence of a notch or other physical discontinuity in the reconstructed
dataset and realistic interrupted fibres that come from manufacturing. Such interrupted fibres
arising from manufacturing process can still be aligned with each other ends along same 2D
projected coordinate locus, but different volume heights. However, the splitting of fibres was

set to a minimum distance of 50 um. Therefore, whenever the minimum distance that lies
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between two consecutive centre identifications is found, the existing fibre splits in two. This is
possible by simply tracking the fibre centres after height coordinates in the stack direction and
comparing the first order derivative using shifted dummy vector containing same coordinate

values.

Finally, the inclined fibres are tracked in two modes, namely forward and reverse. The forward
mode means that the procedure follows the filtered slice to slice approach, starting with first
slice up to the last slice, while the reverse mode repeats same operations starting from last slice
up to the first slice. This is necessary in order to capture the 45° inclination fibres contained in
the present case study and should be tuned accordingly to other X-ray CT datasets containing
new geometrical features. The final reconstructed fibre centrelines are combined from the two
modes by removing any duplicate fibres. In this case the duplicate centrelines are easily

removed based on their overlapping over the aligned fibre plies at 0°.

6.5.13. Geometry reconstruction and mesh generation

The reconstructed fibre centrelines in each ply are then integrated into a single domain of FoV
as shown in Fig. 6-13, followed by image-based mesh generation. The fibre centrelines are

modelled by third-order splines.

Fig. 6-13: Full size X-ray CT reconstructed fibre centrelines.
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It is known that the FE mesh size for accurate modelling of composite materials should be at
least one order of magnitude lower than the size of the inclusions or reinforcements (Sencu et
al., 2015). The free meshing capability in ABAQUS offers full user flexibility in terms of
element types, integration order and model size. However, an extracted cube model of smaller
size equal to 100 pm was converted into a FE mesh shown in Fig. 6-14-a. The mesh model has
an element size of ~1.0 um (note that the fibre diameter is 5.2 um) and was generated in
approximately 2 minutes. The model contains 149 number of fibres shown in Fig. 14-b. In total,

the FE mesh contains about 4 million of C3D4 elements.

Therefore, due to the large FoV domain (712 um height x 840 um diameter) containing 11954
fibres, converting the full geometry will lead to a gigantic number (over 10 billions) of finite
elements that even supercomputers may struggle to model. This makes multiscale modelling a

must.

(a) Fibres + matrix (b) Fibres only (c) X-ray CT

Fig. 6-14: X-ray CT image-based FE model with reconstructed fibre

volume fraction V= 37%.

Table 6-3 gives two other examples of partition grids that can be used to generate such meso-
scale FE mesh models. The meso-scale models are smaller than thickness of composite plies.
The output from this chapter will be used in CHAPTER 7 towards development and validation
of new anisotropic macro-scale elements.
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Table 6-3: An overlapped partition strategy to extract image-based fibre meshes for multiscale modelling.

X-ray CT experiment

Non-overlapped Size of overlapping MeE model (increased | Total number of MeE
reference: extraction grid to double the size of extraction grid) partitions
CFRP-001-MT10456-2 | 14 x 14 x 14 100x100%100 pum (143) 2744
712 x 840 pm 28 x 28 x 28 50%x50x50 pm

(28%) 21952
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6.6. Summary

A special reconstruction algorithm to convert low phase-contrast X-ray CT images into finite
element models was developed. Typically, using large scanning FoVs is leading to fewer pixels
per fibre features. This makes the high-fidelity image-based models (e.g. by direct
segmentation) not only unsuitable from a FE limitation point of view, but also leading to inexact
boundary segmentations. An alternative solution is to reconstruct image-based models from a
combined approach that includes: local maxima identification to obtain individual fibre centres
and Bayesian inference filtering. The Bayesian model is applied to overlapped stacks to track
the fibres in 3D. A major advantage of the Bayesian model in this chapter is that it facilitates
the identification of potentially biased and discontinuous fibres with low computational effort
that is necessary in nonlinear fibre datasets. It is shown that the proposed method is able to
provide quality fibre centreline models from the initial in-situ X-ray CT scan of a CFRP
multidirectional region. Because, the sample was subjected to uniaxial tension, the fibre
centrelines are further used to reconstruct the 3D geometry via partitioned models. These

models will be used in multiscale damage evolution and fracture modelling in CHAPTER 7.

To summarise, the new reconstruction model includes the following main features to overcome

the various shortcomings of existing models:

(1) The identification of fibre centre points is enhanced by using a combination of various
image filters and the image convolution.

(i1) A delineation of the X-ray CT dataset is proposed using a region of interest parameter
tool to further allow identification of fibres in multidirectional CFRP laminates.

(i11) The reconstruction process is made computationally efficient by the implementation of

a global Bayesian filter that reduces the number of tracking slices. This feature is
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necessary to lower the computational overload while re-iterating the fibre tracking
algorithm locally to detect inclined ply margins.

(iv) The fibre tracking algorithm update the fibre centre coordinates incrementally using the
local Bayesian inference model. This is necessary to track inclined fibres.

(v) The FE models can be built naturally once the fibre centrelines are identified.

Finally, the potential of reconstruction method presented here is to quantify several geometric
features such as: constituent volume fractions (e.g. volumes and wetting surface), fibre lengths,
global versus local fibre orientations and distributions, fibre/ ply waviness and fibre centreline
tortuosity. These features are enabled for further explorations which can be either as a function
of manufacturing conditions or during in-situ loading steps and valued with powerful image-

based modelling.
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CHAPTER7. 3D X-RAY CT IMAGE-BASED MODELLING OF DAMAGE AND
FRACTURE OF FIBRE REINFORCED COMPOSITES AND
VALIDATION

7.1. Introduction

3D Modelling of discrete crack propagation in composite materials has hardly been carried out
using realistic microstructures. This is mainly due to high computational costs and a lack of
reliable numerical frameworks capable of modelling complicated damage and fracture
processes in composites. So far, discrete crack propagation modelling based on X-ray CT
images has been rarely carried out for concrete in 3D (Huang et al., 2015) and 2D (Ren et al.,
2015). A few studies have simulated fibre reinforced composites with microstructural fibres
using computer generated (CG) models but they based on continuum damage mechanics rather
than discrete crack propagation (Wang et al., 2014; Mishnaevsky, 2012). Multiscale modelling
of 3D fracture in fibre reinforced composites considering realistic random distribution of fibres

and scale transfer has also hardly been reported.

In this chapter, sophisticated FE models for complicated 3D discrete crack propagation in fibre
reinforced composites were developed and validated, using both CG models and micro-scale
X-ray CT image-based multiscale stochastic models. A set of innovative in-house computer
programs, written in Matlab, Javascript and Python, were developed to assist modelling and
manipulation of big datasets. These programs perform insertion of cohesive interface elements
in multi-phase materials in 3D, automatic boundary assignments, data imports and exports,
post-processing and data analysis. The programs support the X-ray CT image damage and

fracture modelling framework.

The CG models were used to test the capability of various computer programs developed for

simulating realistic damage and fracture in fibre reinforced composites. The multiscale
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stochastic fracture modelling framework in 2D, presented in CHAPTER 3 and CHAPTER 4
was extended to 3D, using the X-ray CT images obtained from the in-situ tests presented in
CHAPTER 6. Several stochastic and overlapping image-based models are extracted from the
reconstructed X-ray CT dataset and simulated first. The new stochastic and overlapping
strategy allows a smoother scale transfer by preserving the fracture energy and crack
propagation paths. In this sense, the MeEs and the macro-scale model were purposely designed
by combining efficient parallel computation and enhanced capability of modelling complicated
ply deformations, damage and fracture at macro-scale. The global multiscale stochastic model
that incorporates the results of the image-based models is also simulated. The results are then
compared with the in-situ X-ray CT tensile test in terms of load-deformation and fracture

mechanisms.

7.2. Methodology of multiscale modelling and validation

Highly refined models of a large X-ray CT scanned region at the fibre scale are currently not
possible due to high computational cost in generating and solving gigantic models. Therefore,
a limited number of overlapping image-based MeEs (meso-scale elements) are modelled in this
study. The image-based geometries are extracted in pairs from different fibre orientation plies.
Although it may be possible to generate a fully detailed multiscale model to incorporate
multiple MeEs by stitching smaller sized X-ray CT volumes at different locations, this is not
undertaken here due to an enormous numerical cost. Instead, the anisotropic behaviour of the
CFRP material is tested using a computationally feasible size MeE equal to 50 um. The
anisotropic behaviour is simulated using different boundary conditions explained described in
Section 7.3. The knowledge is then transferred into a global multiscale model using a

hierarchical multiscale approach. The procedure is in-line with the bottom-up hierarchical
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approaches currently accepted by automotive and aerospace industries (Morishima, 2015;

Orchard, 2015; Richardson, 2015).

Because of these limitations, the validation process follows the approach illustrated in Fig. 7-1.
It includes two main sections as follows: (1) comparison of global failure mechanisms in terms
of fracture surfaces and (2) comparison of mechanical loading data of in-situ versus FE
modelling. The local crack surfaces obtained from X-ray CT scans could be also compared

with MeE image-based modelling results, but it was not conducted due to the time limit.
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Fig. 7-1: Modelling framework and validation with in-situ X-ray CT experiments.

Five key steps are implemented to assist the proposed multiscale modelling framework as
presented in Fig. 7-1. These steps include: (1) mesh generation and simulation of image-based
MeEs, (2) random generation of material responses based on previous knowledge and MeE

anisotropy diagrams, (3) global model generation taking into account the realistic ply sequence
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and specimen boundaries (for example the notch shape cylinder shown in CHAPTER 6), (4)
coupling of MeE simulation responses and assignment of further randomly generated material
properties and (5) assignment of boundary conditions and simulation of global macro-scale

model.

7.3. Modelling of damage and fracture in fibre reinforced composites

In this section, several CG models were simulated for crack propagation at fibre scale. The
models consist of three phases: fibres, matrix and fibre-matrix interfaces. The meshes are
generated using ABAQUS and have micro-scale cohesive interface elements inside the matrix
and fibres, and on the fibre-matrix interfaces. The considered boundary conditions in 3D are
illustrated in Fig. 7-2: (a) uniaxial tensile with restrained sides (#ype-A4), (b) shearing using
central bandwidth (zype-B) and (¢) uniaxial tensile with single restrained side (¢ype-C). To avoid
numerical difficulties, the shearing bandwidth for #ype-B conditions was assumed one-third the
size of MeE edge. However, this shearing bandwidth may decrease when using highly refined

meshes.

(a)

Fig. 7-2: Boundary conditions considered at meso-scale: (a) uniaxial tensile with restrained
sides, (b) shearing using central bandwidth, and (c) uniaxial tensile with

single restrained side.

169



CHAPTER 7

7.3.1. Three-fibre models

In this section, a CG model containing three randomly oriented, tortuous fibres is solved under
nine boundary conditions (three on each type of boundary type in Fig. 7-2), to see if different
failure modes could be modelled. The fibres are not touching each other. The size of cubic
model is 100 um and the fibre diameter is 10 um. Weak bonding between the fibres and matrix,

with material properties in CHAPTER 3, was modelled.

Fig. 7-3 shows different failure modes obtained under tensile (zype-A4 and type-C) and shear
(type-B) boundary conditions. One or two dominant crack surfaces are identified for tensile
boundary conditions along the fibre longitudinal direction as seen in Fig. 7-3-a and d
respectively. Fig. 7-3-d shows that the failure modes with two cracks are associated with
rotation of the core region between the two cracks. This was also observed in 2D modelling in
CHAPTER 4. The failure mode with two cracks is most prevalent when the #ype-C boundary

conditions are used.

QUADSCRT QUADSCRT

5 JADSCRT
(Avg: 75%) (avg: 75%) [ o

(Avg: 75%;

> 96E-03 |
4E-0 %
40 16603

QUADSCRT
(Avg: 75%)

Fig. 7-3: Crack simulation results in three fibres model using different boundary conditions:

type-A: a-b-c, type-B: d-e, type-C: f.
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7.3.2. Modelling FRP with high volume fraction of fibres

Due to random distribution and waviness of fibres, most common cube models induce sharp
edges at interfaces between matrix and fibres as shown in Fig. 7-4-a. In FE mesh generators,
these edges automatically create localised mesh refinements due to knot geometrical
approximation of the cutting curves. Such knots lead to distorted mesh refinements in Fig. 7-4-
a. In general, due to the reduction in mesh size caused by mesh refinements, modelling crack
propagation using cohesive elements is often problematic because solver instabilities can arise
from integrating steep stress gradients, thus affecting the crack initiation criteria. In addition to
numerical convergence problems, locally refined models may have a total number of degrees
of freedom (DoF) up to millions which require high performance computing resources. These
challenging situations are illustrated in Fig. 7-4 as follows: (a) mesh refinements with steep
changes of aspect ratio and (b) inconformity problems with interfacial nodes when the fibres

and matrix are meshed separately.

Fig. 7-4: lllustration of numerical challenges induced by curvilinear fibres

and local cutting edges.
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One way to avoid the computational bottleneck associated with these problems is to divide the
region of interest into smaller and computationally feasible parts and restrict mesh refinement
options. Small geometrical tolerances and precise intersection tools are necessary in such cases.
Although FE meshes containing cohesive interface elements with various mesh densities can
be obtained, models generated using small geometrical tolerances do not always ensure
convergence of results. Another strategy will be proposed for image-based models in Section

7.4 where edges intersecting fibres are removed before mesh generation.

74. Assumptions of multiscale modelling informed by in-situ X-ray CT tensile test

Three modelling assumptions were made: (1) image-based models at fibre scale are overlapping
and computed in parallel using a prescribed set of boundary conditions, (2) meso-scale
responses are coupled hierarchically to a global model (sample size) via macro-scale cohesive
interface elements and (3) random material properties with small variances are used at global
scale where microstructure images and models are inexistent. The third assumption is based on
previous 2D modelling knowledge in CHAPTER 4 and should be replaced with full image-
based information where possible. The three distinct constitutive phases (matrix, fibres and

interfaces) at meso-scale are modelled with different material properties.

7.4.1. X-ray CT image-based models at fibre scale

Eight individual image-based MeEs are extracted from a reconstructed X-ray CT geometry at
fibre scale and presented in Table 7-2. The MeE are taken in pairs of two from each
reconstructed ply as shown in Fig. 7-5. The size of cubic MeE is 50 um. The overlapping
volume of the MeE pairs is 50x50%25 um. The fibre orientation angles contained in these MeEs

are therefore directly based on the multidirectional ply sequence and X-ray CT volume
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captured. Fig. 7-5 shows the reconstructed ply sequence from right to left that includes fibre

orientations [+45/90/-45/ 0] and the image-based model positions.

Top-view

Isometric-view

Fig. 7-5: X-ray CT image-based models extraction from a multidirectional

CFRP reconstructed region.

Fig. 7-6 shows a typical mesh for MeE-8 in Table 7-2, generated using the reconstruction

methodology in CHAPTER 6. The modelling of crack propagation and fracture processes

usually requires a fine mesh. This is to avoid local mesh distortions and FE sensitivity problems.

However, a relatively coarse element size 1 pm was used here because the fibre diameter is

assumed as a constant 5.2 um. The solid element size is approximately five times smaller than

the fibre diameter. These allow a computationally feasible cohesive-model of size 50 pm.
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X-ray CT volume render Image-based mesh

Fig. 7-6: An X-ray CT region render in 0° fibre oriented CFRP and the reconstructed

image-based mesh associated with MeE-8 in Table 7-2.

7.4.2. Meso-scale element modelling

The cohesive interface elements are then inserted into the solid element meshes in Fig. 7-6 to
model crack initiation and propagation in fibres, matrix and interfaces. The resultant mesh is
shown in Fig. 7-7. The mesh consists of two finite element types, namely, 4-node tetrahedral
solid elements C3D4 and 6-node cohesive elements COH3D6 with zero thickness, both of
single integration type available in ABAQUS. There are 1527588 nodes, 383375 C3D4

elements and 760739 COH3D6 elements in Fig. 7-7.

Linear elasticity material models are used to define all material phases at meso-scale
(Simulia/Abaqus). The fracture process is modelled in any of the three constituent phases
(fibres, matrix and interfaces) using meso-scale CIEs (cohesive interface elements) that are pre-
inserted accordingly. The crack growth is allowed to transit any of the three cohesive element

sets.
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Image-based mesh Fibre-matrix interfaces
’ micro-CIEs

Fig. 7-7: Image-based mesh reconstructed from in-situ X-ray CT dataset
of'a CFRP region.

Crack propagation can be decided based on two criteria, namely the maximum stress criterion
(MAXS), or the quadratic traction-interaction criterion (QUADS) in mixed-mode behaviour.
The QUADS criterion was used in this study. The softening (after crack initiation) follows the
energy-based evolution (ENERGY) and the softening element control in mixed-mode

behaviour is based on the power-law (POWER) available in ABAQUS (Simulia/Abaqus).

As seen in Fig. 7-7, the solid and cohesive interface elements are distributed in a uniform
manner without mesh refinements. In all simulations, the explicit dynamic solver is used with
displacement control and adequate loading time for quasi-static loading condition. The meso-
scale material modelling properties are given in Table 7-1. The meso-scale boundary conditions
are identical to Section 7.3.1. For completeness, a set of nine boundary conditions are simulated
on each MeE model. These boundary conditions are performed in separate numerical runs along
the global directions X, Y and Z. The three responses are accurately transferred to macro-scale
depending on the fibre orientations contained in the MeE domain and further ply sequence of

the CFRP sample. The MeE modelling responses are presented in Section 7.4.3.

175



Table 7-1: Material specifications and properties for meso-scale fracture modelling.

Parameters SI Units Carbon fibre Epoxy resin Interface

12%533 g’lf_‘i‘(l)lku)s GPa 276 335 335
Tensile Stz%ﬁh tr=ts=t: MPa 5515 50 25

Poissor\ll’s ratio i 022 035 037

Fracture energy G1i=G2»=Gs3 N/mm 0.287 50e-03 25e-03
Density kg/mc 1500

Volume fraction % 50 50 -
Filament diameter mm 5.2e-03 - -
Ultimate elongation at failure % 1.9 2 2
Twist - never twisted - -
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7.4.3. Meso-scale modelling responses

To ensure numerical efficiency, Fig. 7-5 shows that the partitioned MeEs of relatively small
sizes (edge equal to 50 um) become computationally feasible. The modelling procedure starts
with simulation of a single MeE using boundary condition type-A in Fig. 7-2-a. The complete
set of simulations in Fig. 7-2 (type-A4 to type-C) is then performed for all global directions as
explained previously. The simulations provide essential information for transferring crack
propagation process at macro-scale more accurately. For example, Fig. 7-8 presents the
sequence of damage and crack propagation in MeE-8 model subjected to tensile loading. The
response corresponds to #ype-A boundary conditions along Z axis direction (parallel to fibre

centrelines).
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De-bonding damage sequence
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Fig. 7-8: Sequence of damage and crack propagation in image-based model MeE-8 subjected
to tensile loading along Z axis (parallel to fibre centrelines).

Fig. 7-9 shows the most common examples of fracture surfaces obtained from MeEs that

contain 0° and 90° fibre orientation plies. Fig. 7-10 illustrates some typical examples of fracture

surfaces obtained from MeEs that contain -45° and +45° fibre orientation plies.
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Fig. 7-9: Fracture surfaces of CFRPs obtained from MeEs containing 0° and 90°

fibre orientation plies.
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Fig. 7-10: Fracture surfaces of CFRPs obtained from MeEs containing -45° and +45°

fibre orientation plies.
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Fig. 7-11 and Fig. 7-12 give the stress-displacement curves from -45°/45° and 90° simulations
respectively. These curves are used in macro-scale modelling according to the scale coupling

methodology in CHAPTER 3.
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Fig. 7-11: Stress-displacement curves of CFRPs at fibre scale obtained from MeE simulations

that contain (a) -45° and (b) +45° oriented fibres and different fracture modes.
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Fig. 7-12: Stress-displacement curves of CFRPs at fibre scale scale obtained from MeE

simulations that contain 90° oriented fibres and different fracture modes.
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Table 7-2: X-ray CT image-based models extracted in overlapping pairs from a multidirectional CFRP sample as shown in Fig. 7-5.

Coordinates of

Mesh model information

Imagecllaalsed non-overlapping . Plyt. I;esonstrlucted - . Insertion
) I;l(; rel extraction grid OI'lG;l all ton ) 1t 1£re Vg 1;me Fibre Fibre Matrix Matrix Interface num(l)aear of num(‘:)ear of CPU time
elerence (um) angie actio C3D4 | COH3D6 | C3D4 | COH3D6 | COH3D6 (s)
elements nodes Intel(R) i7@
3.40Ghz
MeE-1 gﬁgg’ifg’gg +45° 25% 91314 | 166418 | 264008 | 508469 | 29839 | 1060048 | 1417668 | 647140
MeE-2 gﬁgg’gg’gg +45° 20% 69727 | 126775 | 267230 | 518523 | 22834 | 1005089 | 1343688 | 548132
Pl
MeE-3 Pzg;g’ifg’gg 90° 15% 50871 | 92782 | 270852 | 527530 | 16629 | 958664 | 1277544 | 357343
P1(350,41
MeE4 | | 283 2’ ) 32’32 90° 15% 50347 | 91730 | 272222 | 530362 | 16631 | 961292 | 1280764 | 566716
MeE-5 gﬁg i?gg g 450 38% 139395 | 254198 | 249367 | 470815 | 45042 | 1158817 | 1552048 | 792675
P1(585,410,50
MeE-6 PZE 10,435 75§ 45° 37% 141152 | 257280 | 247583 | 467455 | 45759 | 1159229 | 1551988 | 803531
MeE-7 ;g;gifggg; 0° 349 122823 | 223587 | 271143 | 515826 | 40402 | 1173781 | 1575144 | 525211
MeE-8 gggg’gg’;g 0° 31% 110360 | 201310 | 273015 | 523401 | 36028 | 1144114 | 1527588 | 563613
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7.4.4. Strength anisotropy diagrams

The advantage of modelling multidirectional CFRP materials at meso-scale is that most
common fibre orientations can be captured with a limited number of numerical jobs. To further
benefit from this advantage, the anisotropic material behaviour is investigated in this section.
This investigation is conducted by combining the results obtained in Section 7.4.3 for tensile
and shearing boundary conditions in different directions. Because in this study, the prescribed
set of boundary types are only simulated along global X, Y and Z directions, the complete
anisotropy diagrams are interpolated between local fibre orientations and shown in Fig. 7-13
and Fig. 7-14. The two diagrams in Fig. 7-13 and Fig. 7-14 are obtained using tensile
boundaries #ype-A4, and shearing boundary conditions type-B, respectively. The diagrams show
high contrast of ultimate strengths under tension with different fibre orientations, and a
relatively low contrast for shearing boundary conditions. Similar effects can be observed

combining other results in Fig. 7-11 and Fig. 7-12.
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Fig. 7-13: Tensile strength anisotropy diagram of CFRPs at fibre scale
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Fig. 7-14: Shearing strength anisotropy diagram of CFRPs at fibre scale

using #ype-B boundary conditions.
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7.4.5. Scale transfer

The elastic part of stress-displacement curves is first converted into stress-strain. The elastic
stress-strain relationship is decomposed into an orthotropic 3D elasticity tensor that combines
the results from different MeE boundary simulations. The 3D elasticity tensor is then linked to
the solid elements contained in the global model. The plasticity (non-linear) part between the
upper linear-elastic point and the maximum stress point, is used in the scale transfer as a
pseudo-orthotropic plasticity input. This pseudo-orthotropic plasticity model is actually only
taken from the major boundary response in this study. For example, the tensile boundary
conditions along the MeE fibre direction. To ensure numerical convergence, the plasticity curve
continues after maximum stress point. The continuation is done in a ramp-manner taking the
local slope of the curve and infinite strain. Typically, when an elastoplastic model with a
monotonically increasing plasticity is used, there should be no dissipative competition between
the bulk elements’ plasticity versus the cohesive elements opening. This is due to the fixed

initiation criterion, such as the QUAD or MAXS criteria available in ABAQUS.

The pseudo-plasticity material model is attached to solid elements contained in the global
model to ensure that the cohesive crack initiation stress at interfaces is kept at approximately
the same initiation value. Therefore, the cohesive interface elements will then take over once
their crack initiation criterion is reached. As before, after the first crack initiation, the fracture

softening is dictated by an evolution criterion.

The softening criterion can be estimated based-on the actual fracture energy released by the
corresponding MeEs. This input can be delivered in ABAQUS using a tabular definition or an
equivalent fracture energy release dictated by a power-law as previously explained in
CHAPTER 3. However, when the power-law is used, the meso-scale sequence of damage/ fibre

breaks cannot be transferred very accurately. For simplicity, the total energy released in MeEs
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are first calculated and used with second order power-law in the scale transfer of this study.
This step is essential to ensure the conservation of fracture energy in scale transfer. The details
about further discretisation linkage to preserve more accurate crack paths at global scale and

the afferent FE modelling parameters are given below in Section 7.4.6.

7.4.6. Macro-scale mesh generation and preparation for scale transfer

In this section, the macro-scale mesh is generated using an in-house Python script that uses the
ABAQUS/CAE library (Simulia/Abaqus). The model is prepared for scale transfer by a special
structured mesh. The mesh contains interfaces that are aligned with most expected crack
surfaces based on the ply sequence of the multidirectional CFRP material. The expected crack
surfaces at macro-scale refer to matrix transverse cracking, fibre bundle and matrix breaks and
resin-rich failure as shown in Table 7-3. As mentioned above, the mesh interfaces at macro-
scale also contain macro-CIEs shown in Fig. 7-15. The macro-CIEs incorporate the responses
obtained from meso-scale modelling. The coupling of MeEs to macro-CIEs that belong to

different CFRP plies is discussed in details in Section 7.4.7.
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Fig. 7-15: Multiscale model at global scale showing geometrical idealisation and

mesh-unit for scale transfer.

Fig. 7-15 shows that the global mesh consists of a mixture of solid elements type C3D6 and
two types of cohesive interface elements, namely COH3D6 and COH3D8. COH3D8 refers to
zero thickness cohesive elements with 8 nodes and single edge integration. These elements are
available in ABAQUS and can be mixed in a single model. The aligned/ structured mesh has
two advantages such as: (1) easy FE post-processing due to visualisation of the entire detailed
crack surfaces after thresholding, and (2) better control with material sub-routines including
the orientation sub-routine encountered in this study. The solid elements are assigned
orthotropic material properties obtained from meso-scale modelling and were able to simulate
the complicated multidirectional response of CFRPs. The orientations are established using the
ORIENT subroutine available in ABAQUS. The constitutive formulation of these elements is
linked with elasto-plastic responses of the MeE simulations above. Further material properties
are generated randomly by assuming a maximum parameter variation of 10%. Although, the
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extent of random material properties holds no exact continuity due to unavailable meso-scale
information, this practice is currently a competing alternative to solving the complete
computational domain. In addition, this modelling tool may also be necessary due to limited
field-of-views that can be currently captured with the X-ray CT technologies and further
characterisation challenges. A few of the experimental challenges were previously discussed in

CHAPTER 5 when running the current in-situ X-ray CT tests.
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Table 7-3:

Meso-scale information and global multiscale modelling using ABAQUS.

Boundary type/ Failure mode
at meso-scale

Macro- element types

Anisotropy considerations at
macro-scale

FE sub-routines for initiation/
propagation / mixed modes control/
orientation

Type-A transverse to fibres/
Matrix cracking with 3D
decohesion (M)

Cohesive: COH3D6, COH3DS

3D orthotropic

QUADS, ENERGY, BK or power law
for mixed modes

Type-A along fibres/
Matrix cracking with fibre bundle
breaks (F)

Cohesive: COH3DS8

3D orthotropic

QUADS, ENERGY, BK or power law
for mixed modes

Type-A transverse to fibres/
Transverse matrix cracking (T)
(inclined fibre orientations at
+45°/ -45°)

Cohesive: COH3DS8

3D orthotropic

QUADS, ENERGY, BK or power law
for mixed modes

Type-A along fibres/
Off-axis matrix cracking (O)
(inclined fibre orientations at
+45°/ -45°)

Cohesive: COH3DS8

3D orthotropic

QUADS, ENERGY, BK or power law
for mixed modes

Type-A transverse to fibres/
Resin-rich opening failure mode
(RO) (bulk delamination)

Cohesive: COH3D6

3D orthotropic

QUADS, ENERGY, BK or power law
for mixed modes

Type-B along fibres/ Resin-rich
transverse failure mode (RT)
(bulk delamination)

Cohesive: COH3D6

3D orthotropic

QUADS, ENERGY, BK or power law
for mixed modes

Elastic-plastic deformations (EP)

Solid: C3D6

Poisson elasticity or 3D
orthotropic

ORIENT, UMAT
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7.4.77. Macro-scale element sets

To assist the scale transfer, the orthotropic elasto-plastic responses of MeEs are linked to the
macro- solid elements using the orientation sub-routine ORIENT available in ABAQUS as
follows. Each ply contains a unique macro- element set of solid elements (C3D6). Because the
exact failure surfaces of MeEs are integrated using reduced order elements, they are also
mapped to the closest macro-CIEs. However, different failure modes are mapped to different
cohesive macro- element sets. For example, the matrix cracking that comes from MeE
transverse simulations are linked using separate macro- cohesive element sets that are ply
dependent. Another example is the fibre ply breaks of MeE that contain longitudinal fibres.
Those are also linked using separate macro cohesive element sets that are ply orientation
dependent. The delamination of ply-to-ply are modelled using a single set of macro cohesive
elements, although different responses can be linked to resin-rich layers bridging different bi-

layer orientations such as 0° to 90° plies and +/-45° to 90° or +/-45° to 0° plies.

Table 7-4: Coupling information of macro element sets contained in

different fibre orientation plies.

Modelling Links of macro-CIE orientation sets to Number of

) ) Element types o

instance MeE responses in Table 3 similar instances
Coh0°::M, Coh90°::F, COH3D6, COH3DS,

0° plies 4
Coh+45°::0, Coh-45°::0, S::EP C3D6
Coh0°::F, Coh90°::M, COH3D6, COH3DS,

90° plies 4
Coh+45°::0, Coh-45°::0, S::EP C3D6
Coh0°::T, Coh90°::0, COH3D6, COH3DS,

-45° plies 4
Coh+45°::F, Coh-45°:M, S::EP C3D6
Coh0°::0,Coh90°::T, COH3D6, COH3DS,

+45° plies 4
Coh+45°:M, Coh-45°::F, S::EP C3D6

Resin-rich Coh0°::RO Coh0°::RT (3D

] COH3D6 15

interfaces orthotropic)
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The fracture energy release for macro-CIEs is kept less than the elasto-plastic energy as
recommended in (Lopes et al., 2015). In fact, this is true in cohesive crack modelling in fibre
reinforced composites due to the relatively small mesh-size requirement of the global scale
model. This is somewhat fixed because the global mesh quality and element sizes are primarily
required to capture the deformation of plies. In this particular case study, the ply thickness is

approximately ~250 pm.

7.4.8. Multiscale model simulation and validation

This section presents the final multiscale model used for validation. The simulation is based on
the following simplifications: (1) the metal end tabs and rig tensile grips present in the in-situ
tensile test are not modelled due to complicated contact interactions, (2) the global modelling
is isolated to a local region of the specimen while the remaining domain is rigid and (3) the
resin-rich material properties are assumed 10% weaker than epoxy matrix due to potential fibre
bridging effects of plies. First and second assumptions are made to reduce numerical cost when
generating the complicated mesh containing mixed elements. The third assumption is necessary
because of realistic fibre bridging effects. The fibre bridging effects are predominantly in plies
and can also occur in resin-rich layers if special manufacturing specifications are given. In this
case, although such fibre bridging effects could be visualised in the off-axis tensile type
boundary simulations conducted in Section 7.4.3, they were usually hard to be captured with
modelling of relatively small volumes. The maximum principal stresses at different loading
steps during the global simulation are shown in Fig. 7-16. Because the maximum principal
stresses occur in different ‘principal’ directions, they are important to understand the load
distribution across each ply. Itis predicted that the inclined fibre plies fail before the transverse

fibre plies oriented at 90°. The delamination of the resin-rich layers also begins before stress at
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failure in inclined fibre plies (i.e. bellow 14 um loading extension in Fig. 7-16-a). The extensive

delamination can be visualised in the overstressed single element rows in Fig. 7-16-c and d.

Stress at failure
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(Avg: 75%) . (Avg: 75%)
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| e
34E-06 34E-06
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+/-45° plies cracking

0° plies final cracking

18.2 um

Fig. 7-16: Maximum stress contours in multiscale model at different damaging steps.
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3,522
{Avg: 75%)
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g, 822
(Avg: 75%)
-0

(d)

26.6 um

+/-45° plies cracking

18.2 um

0° plies final cracking

39.2 um

Fig. 7-17: Contour stresses along vertical loading direction Y in multiscale model at different

damaging steps corresponding to Fig. 7-16.
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Fig. 7-18 gives a comparison between the multiscale model and the X-ray CT failure
mechanisms in terms of fracture surfaces. The modelled fracture surface is extracted based on
the damage index variable SDEG > 0.9. It appears that the complicated global failure

mechanism can be simulated using the multiscale model in this study.

Multiscale model

In-situ X-ray CT

step-D: 20 um

Fig. 7-18: Comparison of damage and crack patterns in multidirectional CFRP sample from

FE multiscale modelling and in-situ tensile test.

Fig. 7-19 shows the comparison in terms of the load-displacement curves.

700
600
500

Z 400

e
S 300
—

- in-situ tensile test
——multiscale modelling

0 . . .
0 10 20 30 40 50
Dsiplacement (um)

Fig. 7-19: Comparison of load-displacement curves in CFRP sample
from FE multiscale modelling and in-situ tensile test.
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It was observed that the failure mechanisms in multidirectional fibre reinforced composites
involve a sequence of matrix cracking, fibre ply breaks and delamination of resin-rich layers.
Although, some local fibre breaks have potentially initiated during the mechanical loading, a
complete fibre ply breaking could not be captured during the in-situ tensile test due to a
premature failure of support. However, one of the main advantages of carrying detailed fracture
modelling at meso-scale is that the fibre breaking and resin fracture mechanisms can be
inspected in greater details and incorporated in macro-scale modelling. The macro-scale
simulation also suffices a predicted fracture energy release that depends on meso-scale
responses. This fracture energy can be calculated as a total in the modelling or as a cumulative
function of damage created during several in-situ loading steps.

Finally, the multiscale modelling implementation in this chapter is directly contributing to an
enhanced understanding of CFRP material’s reliability and caters additional parametric studies

to optimise various microstructures.

7.4.9. FE simulation runtimes and use of high performance computing
facility

The total number of simulations at meso-scale in 3D is 72 jobs. Each MeE simulation set
contains 9 jobs as a result of the three boundary types along X, Y and Z orthotropic directions.
The jobs were run using batch scripts programmed on 12, 24 or 32 cores using the high
performance computing (HPC) facility at University of Manchester. The maximum duration of
a single MeE simulation on the HPC’s parallel environment using ABAQUS-6.12-2 is

approximately 60 hours to complete.

The final global simulation has ~3.5 million degrees of freedom (DoF) and consumes
approximately 4 hours on a desktop computer using an Intel(R) processor i7-2600 @ 3.40 Ghz
with 8threads and 16.0 Gb installed memory (RAM). The global simulation runtime is expected
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to increase slightly with increasing number of DoFs. However, this sensitivity study is not

further investigated.

7.5. Summary and conclusions

In the first part of this chapter, the cohesive crack interface model was tested on a number of
computer generated (CG) models. Several computational tools have been developed to make
modelling flow easier. The resulting crack surfaces from different boundary conditions were
also identified and shown for better visualisation and understanding of fracture in fibre
reinforced composites. As a result, CG models can also be used instrumentally to prove the
suitability of crack numerical frameworks at dealing with complicated fibre reinforced

composite.

In the second part of this chapter, the developed multiscale stochastic fracture mechanics
modelling method has been tested and validated in 3D. Typically, in discrete fracture
mechanics (where crack propagation is included), the assumption of using bulk discretisation
models without a clear understanding of meso-scale mechanics cannot be used in conjunction
with incommunicative or statistical material properties to accurately simulate crack propagation
and fracture processes in composite structures. To overcome this situation, the multiscale
stochastic fracture mechanics modelling method has been applied to image-based models from
X-ray CT reconstructed volume of a CFRP sample. The method is therefore capable of
modelling quasi-brittle materials with multi-phasic microstructures such as the fibre reinforced

composite, various degrees of bonding and feature distributions.

Following conclusions may be drawn from this chapter:
(i) The image-based simulations show that CFRP’s responses including elasticity, fracture
energy and crack surfaces, have dissimilar results for different sampling positions which

invalidates the classical RVE approach.
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(i1) Various boundary conditions can be used to study the CFRP behaviour in a more
comprehensive meso-scale study. In this study, MeEs that contain different fibre
orientations were used to understand strength anisotropy by illustrating their contrast in
two main diagrams namely the tensile and shearing boundary conditions.

(ii1) Image-based models of CFRP material can now be used to realistically capture crack

propagation and fracture processes at fibre scale.
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CHAPTERS. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
RESEARCH

81.  Conclusions

Through a comprehensive research programme, a new multiscale stochastic fracture mechanics

modelling framework informed by in-situ X-ray Computed Tomography (X-ray CT) tests has

been developed for fibre reinforced composite materials.

The following tasks have been undertaken:

(1) development of cohesive interface crack models for modelling multi-phase composites in
2D and 3D;

(i) development and validation of a new multiscale stochastic coupling procedure capable of
conducting the meso to macro scales transfer;

(ii1) development of an innovative in-house micro- loading rig incorporated into the X-ray CT
facility at Diamond Light Source;

(iv) design and undertaking of in-situ X-ray CT scanning tests of CFRP;

(v) reconstruction of low phase-contrast X-ray CT datasets of CFRP;

(vi) development X-ray CT image-based FE models for cohesive fracture simulations in CFRP;
and

(vii) validation of a partially informed multiscale stochastic modelling method by direct

comparisons with in-situ X-ray CT tensile test results.
The main achievements and novelties of this research are:

(1) the existing cohesive interface crack model has been extended to multi-phasic materials in
2D and 3D, and image-based modelling in an object oriented way;
(i1) the multiscale coupling holds the microstructural stochastic continuity using the innovative

overlapping meso-scale elements procedure;

196



CHAPTER 8

(111) in-situ X-ray CT imaging of crack propagation has been successfully captured at fibre scale
using the new in-house loading rig which is fully integrated and can be controlled manually
or automatically by computers;

(iv) arepository of X-ray CT datasets of CFRP from in-situ experiments is available for further
research. However, due to the limited time a single X-ray CT volume dataset was used to
generate meshes for the multiscale finite element modelling in this work;

(v) micro-scale X-ray CT image-based models were built and tested partially validated for the
first time for CFRP;

(vi) validation of modelling crack propagation at macro-scale is achieved using a partially
informed multiscale stochastic model, which incorporates meso-scale image-based
modelling responses and randomly generated material properties when the material’s

microstructure is not available.

8.2. Recommendations for future research

The modelling framework developed in this thesis can be further improved in a few ways.
Firstly, the various codes and scripts developed can be improved to achieve higher efficiency
by optimisation. For example, the object-oriented CIE insertion program can be further

parallelised and tested in multiphasic datasets.

Secondly, the reliability of the proposed X-ray CT testing, imaging and reconstruction to
image-based modelling framework can be verified part by part and used with other CFRP
datasets available from the testing repository. Several research directions may develop from
the reconstruction methodology herein, for example, analyses and in-situ quantification of
kink-band failure mechanisms, quantification of localised damage and failure mechanism to
global component mechanics, quantification of different fabric and manufacturing parameters,

image-based modelling of various fibre reinforced material systems.
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The image-based modelling also opens various opportunities towards realistic multi-physics,
shape and deformation analyses (with realistic volume fractions, fibre distributions, labelled
phases and interfaces), deformation tracking, local to global multiscale interactions and
visualisation of realistic 3D fibre reinforced composites. Given the simplicity of the proposed
modelling framework, it can be linked in the future with multiscale models that incorporate
more than two scales and mesh insensitive heterogeneities (e.g. ultra-fine voids, uniformly

distributed porosity etc.).

Finally, as demonstrated by the various sensitivity analyses carried out in 2D and 3D, the
cohesive interface crack model is capable modelling of complicated failure mechanisms in FRP
under quasi-brittle loading conditions. It may also be extended to model dynamic scenarios,

such as FRP plates under impact and blast with further development of constitutive relations.
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APPENDIX-A: 2D MESO-SCALE

STRAIN RESPONSES
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Fig. A-1: Stress-displacement and stress-strain curves for B1 boundary conditions for MeE step 10 to 100
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MeE-16%35/W: t,s=25 MPa, G112=25 N/mm.
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