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Abstract

This thesis summarises the research on the development of structural assessment of
carbon fibre reinforced composites using non-destructive based techniques. Carbon fibre
reinforced composites are widely used in the aerospace industry because of their high
stiffness and low weight. However, the performance of composite parts is affected by defects
induced during the manufacturing stage. The aim of this thesis is to improve the structural
assessment of aerospace composites based on non-destructive measurements, such that
defect identification in industry can be enhanced and better analysis of component failure

can be achieved.

A novel technique for identifying defects in carbon fibre reinforced plates has been
developed when investigating the resonance behaviour of defective composites with in-plane
fibre waviness. Amplitude-fluctuation electronic speckle pattern interferometry combined
with modal analysis were used to obtain the mode shapes of composite plates first. Then the
contours of the nodal regions visible in the mode shapes were extracted using a specially
developed algorithm based on density-based spatial clustering of applications with noise.
Fourier descriptors were used to decompose the contours to reduce data dimensionality and
make comparisons. The differences in contours can be used for identifying the presence of
defects. This technique for nodal region comparison was found to greatly simplify the
comparison of fringe patterns for the purpose of damage assessment and could potentially

be used as part of validation procedures for finite element models.

This thesis also investigates the prediction of residual strains caused by fibre waviness
using finite element models. Based on the prediction accuracy by comparing with
experimental data, a novel method for identifying the most effective algorithm for
characterising fibre orientation for the geometric ply map using ultrasonic C-scan data has
been developed. Finite element models were generated based on the fibre-orientation data
from three different algorithms: the Radon transform, 2D fast Fourier transform, and Sobel
filter. Residual strains on the surface of the specimens were obtained from calculations based
on the out-of-plane displacements measured using a digital image correlation system. The
predicted and measured residual strain maps were decomposed into feature vectors using

orthogonal polynomials to reduce data dimensionality and make quantitative comparisons.



The measured residual strains and the predictions based on models using optimised
parameters showed good agreement. The differences in performance were quantified based
on the accuracy of the predicted residual strains, which showed that the Radon transform

performed best.

The performance of defective composites under mechanical loadings were
investigated. Four severities of in-plane waviness were induced in composite specimens. The
specimens were loaded to failure using four-point bending tests, and progressive changes in
strain in both the bottom and top ply of the specimen during the tests were obtained using
digital image correlation (DIC). For specimens with lower level of waviness, delamination was
the dominant failure mode. For specimens with higher level of waviness, micro-buckling of
carbon fibres occurred first at the defective regions then propagated through the surface of
the ply under compression, and local delaminations were also observed. Finite element
analysis was used to predict the failure behaviour. A cohesive zone model was used to model
the delaminations and Hashin-Rotem damage criterion was applied via a UMAT (User
Material Subroutine) to model the intra lamina failure. The model was shown to be effective
for predicting the failure of different severities of waviness. The investigation on the
delaminations and micro buckling behaviour is crucial for understanding the failure
mechanism of composites containing in-plane fibre waviness. The results should also be
useful in designing and repairing composite components with in-plane fibre waviness to

prevent potential occurrence of such damages.
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1. Introduction

1.1. Background

The advances in materials have boosted the development of modern technology.
Engineers and scientists have been endeavouring to invent new materials to satisfy the
increasingly challenging industrial requirements. Traditional materials, such as metals,
ceramics and polymers are becoming less competitive compared to their new counterpart:
composites. A composite material consists of two or more materials forming a structural unit,
which enables it to outperform traditional materials. This is because a composite has better
properties arising from the combination of its constituents than can be achieved by any one
of the constituents alone. Natural composites, e.g., wood, bone, and man-made ones in
ancient times, e.g., clay with straws, have something in common with modern composites
because they contain a ‘matrix’ reinforced with ‘fibres’ that give them superior properties.
This provides inspiration for researching and designing advanced composites. In the early
1930s, glass fibre was invented by Games [1] from Owens Illinois Glass Company. This
invention laid the foundation for a new type of popular composite, known as fibre reinforced
polymers in the later decades. With the commercialisation of unsaturated polyester resin in
the 1940s, glass fibre reinforced polymers were widely recognised for their outstanding
properties and thus were utilised in the aerospace industries for manufacturing the fuselage
and wings of airplanes. Later in the 1960s, one alternative material for replacing glass fibre in
composites was discovered: carbon fibre. In comparison with glass fibre, laminates reinforced
with carbon fibre can be more than three times stronger but with 20% lower weight [2].
Despite a higher manufacturing cost, carbon fibre is gradually replacing glass fibre in the
aerospace industries. In the recent two decades, due to the improvement in processing and
synthesis technology, carbon fibre has also been successfully used in many civil applications:

sports equipment, wind turbine blades, automobiles, pressure vessels, etc.

Carbon fibre reinforced polymers have been used extensively in the aerospace
industry due to their relatively high specific strength. In addition to good mechanical
properties, they can also have good corrosion resistance and electrical and thermal insulation
properties. Using carbon fibre reinforced composites can greatly reduce the weight of aircraft,

therefore increasing the fuel efficiency and saving energy costs. To satisfy industrial demands,



appropriate designs of carbon fibre reinforced polymer (CFRP) structures need to be carefully
considered. However, it is commonly found in industry that even after the correct design has
been selected and applied, properties of the manufactured CFRP components are often lower
than desired. Defects such as: voids [3], disbonds [4], delaminations [5] and cracks [6]
introduced during the manufacturing process are often the cause. Apart from the
aforementioned defects, there is a growing awareness that the misalignment of fibres, often
referred to as fibre waviness, can also lead to significant reductions in strength. Therefore,
fibre waviness was selected as the type of defect to be investigated in this thesis. Fibre
waviness is defined as occurring when some fibres deviated from its designed placing
directions in the manufacturing process. There are two types of fibre waviness: in-plane and
out-of-plane fibre waviness. The former type is formed within a plane, while the latter type is
formed in the thickness direction of a laminate, also known as wrinkles. Fibre waviness can
act as an initiation site for damage that may lead to total failure. Thus, components with fibre
waviness often have a lower strength than expected. Although fibre waviness causes a
reduction in strength and influences the performance of composite components, the onset
of the first damage and the following failure mechanisms of defective components subjected

to load are not fully understood.

Characterisation of fibre waviness is crucial for investigating the failure behaviour of
composites. Researchers in the past used visual inspection and optical microscopy to perform
characterisation, it is popular nowadays to use non-destructive techniques to characterise
waviness defects. Three commonly used non-destructive techniques are: ultrasonic
inspection, eddy current testing, and X-ray computed tomography. They all performed well in
providing accurate fibre orientation results without destroying the specimens being
inspected. Considering the ease-of-use, efficiency and safety reasons, ultrasonic inspection
was selected in this study to characterise the waviness defects. Christian et al. [7] applied
pulse-echo ultrasonic inspection to characterise in-plane fibre waviness and they found that
residual strains correlated well with the ultimate strength of the material. This thesis extends
their findings by developing better algorithms to process ultrasound data and importing the
results into finite element models to predict residual strains and failure behaviour. The
optimised algorithms are also useful for understanding the mechanism of the initiation and

propagation of damage in composites.



Digital image correlation(DIC) and electronic speckle pattern interferometry(ESPI) are
two non-contact techniques for performing displacement measurements. The two
techniques can provide full-field measurements of displacement and deformation for objects
under various loading conditions thus are helpful in investigating the failure behaviour of
composites subjected to load. Damage analysis is performed by conducting strain assessment
from measurements of DIC. It will be the first time that DIC is used to analyse the micro
buckling failure mechanism caused by a high level of in-plane fibre waviness in defective CFRP
laminates. ESPI is widely used for taking displacement measurements for objects under
vibration loads, thus mode shapes can be obtained. Wang et al. [8] applied ESPI to obtain
mode shapes from defective CFRP plates under a vibration load at various resonant
frequencies, and identified pre-embedded delaminations by visually inspecting the change in
fringe patterns. This thesis extends their method for identifying a different defect, fibre
waviness in composite plates. However, a technique is needed for quantitatively analysing
the difference in fringe patterns between defective and defect-free plates to reveal the
severity of the defect. This thesis develops such a technique that can discern even a minor
difference caused by waviness defects, which is believed to be applicable to detect other

types of defects.

1.2. Aim and Objectives

The aim of this thesis is to develop experimental and numerical techniques to improve
the detection, characterisation, and assessment of defective composites, with the focus on

fibre waviness. To achieve this aim, three objectives were set:

e Develop a non-destructive technique for identifying and quantifying the
severity of defects in composites.

e Develop a method for better utilising non-destructive evaluation data for
characterising defects in composites.

e Enhance the assessment of the performance of defective composite

components subjected to loads.



2. Literature Review

This chapter is a review of literature related to assessing composites with defects both
experimentally and numerically, with the focus on fibre waviness. The chapter is split into six
sections. The first section focuses on the formation and effects of fibre waviness. The second
section reviews characterisation techniques of defects in composites. The third section covers
reviews of non-contact measurement techniques. The fourth section focuses on fracture and
failure criteria for composites. The fifth section reviews shape descriptors for representing

images. Knowledge gaps are identified in the sixth section.

2.1. Formation of fibre waviness and its effect

Fibre reinforced composites are widely used in the aerospace industry and other high-
tech fields due to their relatively high specific stiffness and strength. A typical continuous fibre
composite consists of multiple laminae stacked with a pre-determined sequence to achieve
desired properties. Each lamina consists of reinforced fibres embedded in a matrix material,
in which the fibres strengthen the lamina in the direction in-which they have been placed and
the matrix plays a role in holding the fibres together and protecting them from external
damage. The reason for using multiple laminae is that a lamina is strong in the longitudinal
direction where fibres are aligned, but weak in the transverse direction. Thus, several laminae
need to be stacked with a designed sequence to form a structural unit that can achieve
balanced properties in all the desired directions. Based on classical lamination theory, once
the materials for a composite laminate are selected, the properties of the laminate are
determined by the ply orientations and stacking sequences of the plies [9]. However, not all
fibres can be ideally placed in the designed direction neither within a ply nor in the thickness
direction of a laminate during the manufacturing process. Specifically, the former type of
misorientation of fibres is known as in-plane fibre waviness and the latter is out-of-plane fibre
waviness. Fibre waviness plays a major role in influencing the mechanical performance of

composites, hence is the focus of this thesis.

The formation of fibre waviness is closely related to the manufacturing process in
industry. In a recent comprehensive literature review, Kulkarni et al. [10] summarised four
mechanisms of fibre waviness formation in continuous-fibre composites. The first mechanism

is that the formation of fibre waviness is a result of thermal stress, and this stress can lead to



a local thermal distortion, which can become a source of fibre waviness [11]. It has been
reported by Parlevliet et al. [12] that thermal stress in composites can be divided into three
levels: micromechanical, macro-mechanical and global. In the micromechanical level, a
thermal stress may arise due to the difference in thermal expansion coefficients between the
fibre and the matrix. In the macro-mechanical level, a thermal stress can form due to the
difference of thermal expansion coefficients in the longitudinal and transverse direction of a
lamina. In the global level, the cooling speeds for the surface and the core of a laminate are
different, and this gradient in cooling speed may lead to a thermal stress. The second
mechanism for forming fibre waviness is that for composite components under compressive
consolidation, excess pressure applied on the components may cause inter-ply friction to
exceed a limit causing out-of-plane fire waviness be created. In-plane fibre waviness may also
be created due to an excess resin pressure when resin transfer moulding process is applied
[13]. Excess resin pressure causes a rapid resin flow during the resin transfer moulding
process, which may lead to undesired fibre waviness. The third mechanism is similar to the
first mechanism, the difference is that for the third one, discrepancies of thermal expansion
coefficients may exist between the tool and component being manufactured. Thus during the
cooling stage, volume shrinkage is different for the tool and the component, which may lead
to the creation of fibre waviness. The fourth mechanism is that buckling of continuous fibres
may occur when they are forced to form a curved shape, resulting in fibre waviness. Based on
the formation mechanisms of fibre waviness, it is evident that fibre waviness is inevitable
during the manufacturing process of a composite component. For instance, it is impossible to
fully eliminate the difference in thermal expansion coefficient between fibres and a matrix in
composites, or between a composite component and a tool. Therefore, instead of being
treated as a type of defect, fibre waviness is often considered to be an unavoidable feature
in composites. Hence, the tolerance of fibre waviness depends on establishing evaluation
criteria for judgment about whether to accept or reject a composite part, which brings

forward the necessity to investigate the effects of the defect.

Over the past three decades, numerous studies have adopted analytical, numerical,
and experimental methods to investigate the effects of fibre waviness. It has been well
acknowledged that fibre waviness leads to reductions in mechanical properties and correlates

with failure initiation. The magnitude of performance reduction varies with the property



types and the tests that have been undertaken. One early study of the effects of fibre
waviness on stiffness and strength can be dated back to 1992, when Bogetti et al. [14]
reported that the geometric shape of fibre waviness correlated with mechanical properties
reduction. Their findings were based on an analytical model using sinusoid waves to represent
waviness shapes, where the amplitude and half wavelength of a sinusoid were used as two
primary geometric parameters. A 60% reduction in the Young’s modulus in the longitudinal
direction was observed in a graphite composite with some cases of fibre waviness. However,
Young’s modulus in the transverse direction, Poisson’s ratio, and in-plane shear modulus were
not affected significantly. Uniaxial compression and biaxial compression tests were
performed to investigate the strength reduction. A maximum of 65% reduction in the
compressive strength was found for the uniaxial tests and a maximum of 35% compressive
strength reduction in the longitudinal direction was observed for the biaxial tests. However,

compressive strength in the transverse direction for the biaxial tests was barely affected.

In 1996, a similar analytical model was developed by Hsiao and Daniel [15], who also
used sinusoidal waves to represent the physical shape of fibre waviness. Amplitudes and
wavelengths of the sinusoidal waves, combined with classical lamination theory, were used
to deduce expressions of Young’s modulus, Poisson’s ratio, and shear modulus. It was found
that the calculated properties based on the analytical model matched well with the properties
obtained from tests. The researchers also reported that the Young’s modulus in the
longitudinal direction decreased significantly in the unidirectional composites with the
increase of fibre waviness. However, this property was less affected by fibre waviness in the
cross-ply composites, which shows that the stacking sequence of defective composites with

fibre waviness should not be overlooked.

One attempt at using finite element models to investigate the effect of fibre waviness
was conducted in 2004, when Garnich and Karami [16] developed a micromechanical model
based on a unit cell consisting of unidirectional waved fibres embedded within matrix. The
fibres were packed hexagonally in the unit cell, and the geometric shape of the unit cell was
a sinusoidal shape with the wavelength and amplitude as variable parameters. The
researchers reported that the major influence of fibre waviness was on the axial properties,
i.e., the Young’s modulus in the longitudinal direction. The model could also predict local

stresses when performing a structural analysis, which is crucial for predicting failure. The
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methodology of using sinusoidal functions representing waviness shapes has also been taken
by Zhu et al. [17] in 2015, who developed similar analytical models to investigate the
relationship between fibre waviness and properties. Their findings confirm that Young's
modulus in the longitudinal direction significantly decreases with the increase of fibre
waviness and the effect of fibre waviness on properties varies with different stacking
sequences. However, they observed a significant increase of shear moduli in the plane
perpendicular to the transverse direction with the increase of fibre waviness, which may be
helpful in designing an ideal laminate. They also discovered that the effect of fibre volume
fraction on the stiffness of defective composites with fibre waviness is barely noticeable.
While their work has shown the effect of different parameters of fibre waviness on

mechanical properties using analytical models, the results lack experimental validations.

Investigations of the dynamic response of defective composite laminates with fibre
waviness have been focussed mostly on the resonant behaviour. Studies have shown that
natural frequencies and vibration modes of unidirectional CFRP laminates change with
different fibre orientations, e.g. 0°, 45° and 90°, and that the change in the stiffness of the
laminates was the main cause [18]. Similar findings in [19] show a reduction in resonant
frequencies of the first two modes for laminates made of glass fibre reinforced polymers, due
to an increase in fibre orientation from 0° to 90°, when five fibre orientations were
investigated: 0°, 30°, 45°, 60° and 90°. These findings consider the effects of specific fibre
orientations, but fibres with random alignments, such as when fibre waviness is present, have
not been experimentally studied. The most recent work conducted to investigate the effect
of fibre waviness on vibration behaviour was in [20], where using analytical and numerical
methods, it was found that fibre waviness caused a reduction in resonant frequencies for
certain modes. This effect was predicted to be more significant if the waviness defect
occurred in the plies that contributed more to the stiffness of the laminate. They also found
that bending modes are more susceptible to waviness defects that occurred in the 0° ply.
However, whether the mode shapes of CFRP components would be affected by fibre waviness
has not been explored in any research.

It is important when investigating the effect of fibre waviness in a laboratory to be
able to reproduce defined levels of waviness. One technique is to stack prepreg over a glass

rod to create out-of-plane waviness, and then roll the uncured laminates on a flat surface to



produce in-plane fibre waviness [21]. Another method involves a two-step forming process
[22]: first, a V-shape is created in the central region of a laminate by compression moulding;
and second, the laminate is flattened in a hot press. In-plane fibre waviness can also be
created by laying up prepreg on aluminium formers with various arc shapes, and then
flattening them manually before curing [7]. The arc shapes of the aluminium formers
controlled the levels of fibre waviness that were induced into composites. This is because
when a prepreg laid up on an aluminium former with an arc shape, a length difference was
created between the bottom plies and the topmost ply. Once the prepreg was flattened on a
flat surface with a minimal force provided manually, fibres in the topmost ply buckled to
compensate for the length difference. This buckling of fibres created in the topmost ply of the
prepreg was maintained after curing, from which in-plane fibre waviness was formed. The
nominal waviness level was controlled by two parameters, which are the arc radius of the
aluminium formers and the uncured laminated thickness. This method described in [7] is

more flexible in creating different levels of fibre waviness with an ease.

2.2. Characterisation techniques for defects in composites

Characterisation of defects in composites is essential for quality control and design
purposes. There are techniques for characterising defects in composites such as voids [3],
disbonds [4], delamination [5], and cracks [6], and some of the techniques for characterising
these defects are also suitable for fibre waviness. However, characterisation of fibre waviness
has never been an easy task as the scale of fibre size is small and there exists uncertainties
and measurement errors that cannot be overlooked, especially for low degrees of fibre
waviness with random orientations. Conventionally, characterisation of orientations of single
fibres is not practical as fibres are often bundled together in fibre tows. Therefore, to obtain
the orientation distribution of fibre waviness experimentally, the orientations of the fibre
tows in the localised defective regions is often the focus. Characterisation of fibre orientations
can be divided into two steps: the first step is obtaining raw image data with techniques that
can interact with composites optically, electrically or acoustically in order to “capture” the
morphology that contains orientation information of fibres; while the second step is applying

various image processing algorithms to reveal fibre orientations from these image data.

In 1987, Yurgartis [23] developed a technique that can determine the fibre angle
distributions using microscopy. In his research, a plane was cut at a small angle of 5 ° with
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respect to the mean fibre direction, leading to the cross-sections of fibres at the sectioned
plane appeared to be ellipses. The fibre angle distribution was then calculated by measuring
the major axis of the ellipse at the sectioned plane and the fibre diameter. Although it
provides a method to measure the misalignment angles of fibres, the disadvantages are that
specimen preparation and manual data collection are time consuming, and the method can
only provide fibre orientation without giving the morphology of fibre waviness. Furthermore,

for determining the fibre orientations, this technique destroys the specimen.

Creighton et al. [24] developed a method called multiple field image analysis (MFIA)
in 2001, which is an image analysis algorithm that can determine the fibre misalignment
angles. The images were obtained using an optical microscope to view the surfaces of
specimens which were ground and polished first to achieve a good contrast of fibres and
matrix. The dark elongated features in the images were considered to represent bundles of
fibres or matrix between fibres. The images were divided into a number of facets that covered
the entire field, and a 1-D pixel array of a certain length was created that superimposed on
each facet. Light intensities were sampled along the pixel arrays. By rotating a facet through
a series of angles and calculating the light intensity variation of the pixels in the facet
superimposed on the induced pixel array, a minimum light intensity variation can be
identified. The fibre orientation in a facet thus was identified at the rotation angle when a
minimum light intensity variation was achieved, which means that most of the fibres within
the facet of interest were parallel to the induced pixel array, as shown in Figure 1. This method
is believed to be applicable to a large volume of composites with relatively low magnification
photographs, but the preparation of specimens with good contrast is destructive as grinding
and polishing of the specimens are required. Additionally, the effect of pixel array length and

facet size is not fully understood.
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Figure 1: Intensity distributions along two interpolation arrays with different angles relative to the
fibre orientation. The more parallel an interpolation array is to the fibre orientation the smaller the
intensity variation [24].

Sutcliffe [25] improved the MFIA algorithm by boosting its calculating efficiency and
increasing the accuracy of the results. They applied an autocorrelation function on the data
processed by MFIA, which can characterise the width and length of a waviness region. The
algorithms were applied on images obtained from a microscope and a micro-CT X-ray imaging
system. The characterised waviness based on both techniques show a good agreement. The
MFIA algorithm has been further improved by Kratmann et al. [26], who combined the 2D fast
Fourier transformation (FFT) with MFIA to characterise the misalignment of fibres. The
micrograph of a polished section of a specimen contained much noise affecting the accuracy.
Therefore, the FFT was used to transform the section from the spatial domain to frequency
domain to filter out the noise. They also applied an object filter to remove short objects from
the section to further improve the image quality for applying the MFIA. The short objects in
the images could be the fibres that were not fully revealed by the polishing process of the
specimen, leading to part of the fibres being captured by the imaging system. The
computation time and memory usage has been reduced greatly without losing accuracy using

the two algorithms combined.

The methods discussed previously are mostly based on optical microscopy. The
advantages of using an optical microscope are that the equipment is available in most
laboratories and operating procedures are user friendly, while the drawback is that it requires

well prepared specimens, normally grinding and polishing of the surface of the specimens are
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necessary for good quality images. Therefore, optical microscopy is often considered as a
cumbersome technique unsuitable for processing large quantities of composite specimens or
complex components. X-ray computed tomography, eddy-current testing, and ultrasonic
testing are three widely used non-destructive methods for characterising fibre orientation. X-
ray computed tomography can provide images of the 3D microstructure of a specimen from
which waviness can be measured [10]. However, it is difficult to distinguish some fibres, such
as carbon fibres, from the resin matrix as the fibres and the matrix often have similar
radiodensities [27]. Eddy-current testing can be utilized to characterise the fibre orientations
based on the directional electrical conductivity of CFRP material [28], and both in-plane and
out-of-plane fibre waviness can be detected by the technique [29]. However, eddy current
testing has two significant limitations: the measured signal is difficult to interpret, and the lift-
off effect needs to be considered [30]. Ultrasonic C-scans can also be used to measure the
fibre orientation and ply stacking sequence [31]. The feasibility and easier applicability of

ultrasonic testing make it a favoured method in industry to characterise fibre orientation.

In comparison with the algorithms based on MIFA, there are some other image
analysis algorithms that can be used to characterise fibre orientations. The most commonly
applied algorithms are the Radon transform (RT) [32] and 2D fast Fourier transform (FFT) [33].
These algorithms have been successfully applied to characterising fibre orientation in: optical
micrographs [34], electron microscopy images [34], eddy-current testing images [35], and
ultrasound images [31]. Comparisons of the two algorithms were made by Hughes et al. [35],
who concluded that the RT outperformed the FFT. The reason for this finding was that RT can
generate sharper orientation peaks and had a higher computational efficiency in image
processing than FFT. Schaub et al. [36] also compared the two algorithms, and found RT was
a more stable function for analysing fibre alignment as it had less noise and could assess
smaller changes in fibre alignment than FFT. When applying RT and FFT for image processing,
facet size is an important parameter that controls spatial resolution, but analysis of an
appropriate facet size for characterisation of fibre orientation has not been considered by any
of the prior research. Gabor filters have also been implemented to process the ultrasound
data to generate fibre orientation map, which is found to be more noise resistant than RT
[37]. However, due to the large number of filters required to form a Gabor filter bank, the

computation time is much higher.
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To summarise, the potential methods that can be used in characterising fibre
waviness in CFRP specimens are: Yurgartis’s techniques, multiple field image analysis (MFIA),
Fast Fourier Transformation (FFT), and Radon Transformation (RT). The above techniques can
be applied to images from optical microscopy, scanning electron microscope (SEM), X-ray
computed tomography, ultrasonic testing and eddy-current testing. Ultrasonic testing is
considered to be the best option as it is: non-destructive, can provide 3D information and has
easier applicability. FFT and RT appear to be the two optimal techniques for characterising
fibre waviness considering their accuracy and computing time. However, the comparisons of

the two algorithms in performance have not been made quantitatively in the studies.

2.3. Non-contact measurement techniques

The measurement of response from a structural material under different loading
conditions is important for determining its properties and evaluating its performance. Non-
contact techniques have become very popular recently to perform these measurements.
Without physically touching the objects being measured, non-contact techniques are able to
perform measurements on objects that are sensitive to pressures, and the measured data
normally provides full-field information. Among the rising non-contact techniques that have
been developed in the last half century, digital image correlation (DIC), and electronic speckle
pattern interferometry (ESPI) are two popular ones that have been used significantly in

studies.

DIC was firstly proposed in 1983 by Sutton et al. [38], when they developed a digital
correlation algorithm that can be applied to comparing two digital images before and after
loading to calculate surface deformations. The algorithm has improved rapidly since then and
now it has been adopted by many researchers in both the academic and industrial fields. The
principle of DIC is to correlate digital images recorded before and after deformation to
calculate displacements. The correlation is based on tracking a subset of the images, which
requires each subset to be assigned unique features that can be distinguished from one
another. A pattern is created by spraying background paint on the surface first and then
creating distinct speckles, so that the grey scale of every subset in the images varies. Full-field
measurements can be obtained by tracking the subsets before and after deformation. The
tracking process is shown in Figure 2 [39]. Figure 2(a) shows a reference subset image, and
Figure 2(b) shows a deformed image of the same subset. The reason for selecting a square
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subset instead of an individual point is because a subset of points is more distinctive and
easier to track. By predefining the matching criterion, e.g., cross-correlation criterion or sum-
squared difference, the same subset in the deformed image can be correlated and its

displacement can be calculated [40].
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Figure 2: (a) Reference image of a subset for DIC analysis; (b) Deformed image of the same subset for
DIC analysis [39].

DIC can be used to measure both in-plane and out-of-plane displacement, from which
strain calculations can be performed. This makes DIC a very suitable tool in fracture mechanics
of composites based on displacement or strain assessment. Catalanotti et al. [41] developed
a method to calculate the crack resistance curve for carbon fibre reinforced composites. The
curve has been correlated with the fracture toughness and used to identify parameters of
softening laws. In their research, DIC was used to measure the displacement jump associated
with crack propagation during compact tension and compact compression tests to locate the
crack tips. The strains calculated based on DIC measurements were used to deduce the J-
integral, which was combined with crack length to generate resistance curves in real time for
the tests. The results calculated using DIC matched well with those obtained from numerical
methods using finite elements analysis. Unfortunately, this method did not work properly

when dealing with failures associated with delaminations.

Godara and Raabe [42] used DIC to measure the strain distribution for composites
with two fibre orientation lay-ups at eight stages during tensile tests. They found that for
composites with fibre orientations of 0°/90°, the strain distribution was heterogeneous at
each tensile stage. However, for composites with fibre orientations of +45° there was a
transformation of strain distribution from homogeneous to heterogeneous. The reason for

this phenomenon was because at the initial stage of testing, transmission of the loads was
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fibre dominated for the 0°/90° case while was matrix dominated for the +45° case. This theory
was confirmed by fractography of the composites using a scanning electron microscope
(SEM). The findings reveal the effect of fibre orientations on the strain distribution and
fracture morphology when carrying a tensile load. Their methods show that DIC is a useful
tool for measuring full-field strains simultaneously while performing tests, which is important

for understanding the failure mechanism of composites.

DIC equipped with high-speed cameras can enable full field measurement of
displacement during fast events. This can greatly enhance its ability in analysing the damage
occurrence and evolution in composites, as crack propagation speed in composite can be as
fast as the speed of sound [43]. Sun and Hallett [44] used three DIC systems with four standard
cameras and two high-speed cameras to investigate the damage initiation and evolution in
composites subject to compression tests. The composite specimens had been impacted to
induce barely visible impact damage into them prior to the compression tests. The two
standard DIC systems were used to take measurements from both the front and back surface,
while the high-speed DIC system was used to obtain the deflection of either the front or the
back surface at the instant when the fracture occurred. It was shown that when the frame
speed was set to 30,000 fps, the high-speed DIC system captured the local buckling band
growth over a time interval of 0.06 ms. The experimental results matched well with those
from simulation using finite element analysis, which showed that DIC measurements can be
used for quantitative validation of model predictions. One limitation for their investigation is
that only one high-speed DIC system was employed to analyse one side of the specimen,
therefore whether it was the growth of the buckling band on the front surface or the back

surface that triggered the final failure could not be understood.

Electronic speckle pattern interferometry (ESPI) is a non-contact and full-field
measurement technique that can be used to measure small displacements with a high spatial
resolution [45], with the sensitivity of measurement of the order of tens nanometres [46].
The invention of ESPI for displacement measurements dates back to the 1970s, when
Leendertz [47] pointed out that when a surface was illuminated by a highly coherent light,
e.g. a helium-neon laser, a speckle pattern representing the distribution of light intensity can
be obtained. The intensity was determined by the amplitude and phase of the light. If two

speckle patterns were superimposed, the summed pattern contained information of the
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relative phase of the two light waves. Displacement measurement can thus be performed by
recording the change in the relative phase before and after deformation, as this change is
correlated with the deformation. An exemplar ESPI set-up for measuring out-of-plane
displacement is shown in Figure 3 [48]. The interference of the object and reference beam
shown in Figure 3 can generate a speckle pattern. By subtracting the speckle pattern after
deformation from the speckle pattern before deformation, a fringe pattern representing the
surface contour of out-of-plane displacements can be obtained. Similarly, by changing the

arrangements of the optical components, in-plane-displacement can also be measured.
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Figure 3: Electronic speckle pattern interferometry set-up for measuring out-of-plane displacement
[48].

An early attempt at strain measurement using ESP| was made by Moore and Tyrer [49]
in 1994, when they developed a novel method to measure in-plane displacements in two
directions simultaneously. The in-plane normal strains and shear strains could thus be
calculated from the measured displacements. Four beams from the same laser source were
adopted in their method, where two beams were paired to measure displacement in the
horizontal direction and the other two were paired to measure displacement in the vertical
direction. The splitting of the four-beam system into two two-beam systems was achieved by
using a polarizer, which enabled the first two beams to be orthogonally polarized to the
second two beams, therefore speckle patterns obtained from each pair were separated. The
accuracy of the displacement measurements was +0.03 um, while for the strain measurement
it was 6 p€. The measured strain distribution matched well with those obtained from

analytical solutions.
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ESPI can also be used to detect damage. In 1998, Zhang et al. [50] reported that both
fringe patterns and phase maps obtained using ESPI revealed the location and area of internal
damage in composite plates. The detection process included impacting the composites plates
to induce damage first and exciting the damaged plates mechanically with a hammer
subsequently. ESPI was then used to measure the out-of-plane displacements during the
excitation process. Phase maps were extracted from the intensity fringe patterns using a
phase-stepping method. The method was developed using a piezoelectric transducer to move
a mirror a precise distance in the reference beam to create three intensities, which were used
to calculate the optical phase. The intensity fringe patterns showed the damage in real time
but with noise, while the phase maps were able to provide non-real-time detection with
noise-free results. The detection results from ESPI were compared with ultrasonic inspections
and a sectioning technique, which showed a good agreement. The researchers claimed that
the technique could also be used to quantify the level of damage. Similarly, Pagliarulo et al.
[51] investigate the possibility of using ESPI to identify delaminations in composites. In their
research, a composite specimen was first subjected to a three-point bending load and then
analysed by the ESPI technique. Prior to performing the displacement measurement using
ESPI, a thermal load was applied to the specimen to create a perturbation. Both the abnormal
fringe pattern and unwrapped phase map indicated the existence of delaminations. It was
believed that the technique could also be used for detecting micro-cracks and residual

stresses.

Apart from measuring displacement under static conditions, ESPI is also popular in
measuring the dynamic surface displacements when investigating the resonant behaviour.
The high spatial resolution enables ESPI to measure the vibration mode shapes of materials
in real time. Time-averaged ESPI has been used to obtain mode shapes of a vibrating plate,
which were compared with results from analytical methods and showed good agreement, but
the authors noticed a decrease in contrast for some fringes [52]. Both the visibility and spatial
resolution of the fringe pattern can be significantly improved when using amplitude-
fluctuation electronic speckle pattern interferometry (AF-ESPI) [53]. For vibration
measurement, AF-ESPI differs from normal ESPI in taking the reference image at a vibrating
state rather than the stress-free state. The quality of fringe patterns can be further improved

by also using radial basis functions as a pre-filtering method to remove noise [54]. AF-ESPI has
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been used to identify pre-cut square and circular defects in composite plates based on
changes in mode shapes, with the effects of the defects being more visible in the fringe
patterns for higher modes [8]. Interfacial cracks can also be detected using AF-ESPI by
comparing the fringe patterns of specimens with and without defects [55]. Whilst these
studies could identify defects by comparing fringe patterns for defective and non-defective

specimens, these comparisons were made qualitatively.

To summarise, DIC and ESPI are two non-contact techniques to measure both in-plane
and out-of-plane displacements. DIC equipped with high-speed cameras can be used to
analyse a transient process. AF-ESPI is an improved way of performing ESPI analysis, which is
often used to detect defects in composites. However, the detection based on the comparison
of fringe patterns between defective and non-defective specimens is made qualitatively

rather than quantitatively.

2.4. Fracture and failure analysis for composites

2.4.1. Failure modes

Fracture and failure analysis in composite laminates is complicated due to composites
being made of two or three different materials, and each material behaves differently under
load. Nevertheless, the failure of continuous fibre reinforced laminates can be classified into
two modes: intralaminar and interlaminar. Intralaminar mode include failures that occur and
propagate within a ply, such as: matrix damage, fibre breakage, fibre pull-out, fibre kinking,
fibre debonding etc. While the interlaminar mode is mainly about delamination that occurs
and propagates between plies causing the adjacent plies to detach from each other. One
exemplar micrograph of the two failure modes including three failure types is shown in Figure

4 [56].
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Figure 4: Two failure modes including three failure types in composite laminates [56].

The failure behaviour of defective laminates with fibre waviness has aroused a
growing academic interest in recent years. In 2015, Mukhopadhyay et al. [57] investigated
the compressive failure behaviour of laminates with out-of-plane fibre waviness. Three levels
of out-of-plane waviness were created by varying the thickness and width of the inserted
strips between plies to induce the defects. The tangential angle of the wavy plies was used to
qguantify the severities of the waviness defect, which were 5.6°, 9.9°, and 11.4° respectively
for the three levels. A high-speed camera was used to capture footage of the failure events
at one edge of the specimens. The compressive test results indicated that failure progression
was different for the three levels of defective specimens. For the specimens with the lowest
fibre waviness, fibre failure occurred first in the axial plies due to the compression load
exceeding a critical value, which then led to delaminations and matrix cracks in the adjacent
plies. While for the other specimens with higher levels of fibre waviness, transverse cracks
and delamination in the 90° plies occurred first and then led to the fibre failure in the axial
plies. The failure behaviour was verified by numerical analysis using finite element models. It
was also noted that there existed a threshold severity represented by the tangential angle of
the wavy plies. The failure modes changed according to the severity of defects. Exactly the
same method for inducing out-of-plane fibre waviness into laminates was adopted in [58],
where failure behaviour was investigated for defective laminates having three levels of
waviness defect subject to tensile loads. In comparison with [57], there were no differences
in the failure mode for specimens with different levels of waviness. All the specimens
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experienced a matrix failure first and then the matrix crack propagated with increasing tensile

load. Surface split and delaminations occurred afterwards.

The effect of in-plane fibre waviness on the compressive properties of composites was
investigated by Sitohang et al. in 2021 [59], when they found that effect of in-plane fibre
waviness on the global laminate stiffness was negligible. However, they pointed out that the
waviness defect led to the initiation of damage and the subsequently formed kink band was
the dominant failure type. During the compression tests, a high-speed camera system was
used to capture the footage at the instants when damage occurred, and DIC was used to
obtain the surface strains. The high-speed camera system captured the instants when fracture
initiated at the wavy plies and delamination occurred in the through-thickness direction.
Additionally, a post-mortem analysis showed evidence of kink bands by using SEM to
characterise the wavy regions. Finite element analysis was performed to investigate the
dominant stress component that caused the initiation of failure. It was observed from both
the simulation and DIC results that regions with large in-plane shear stresses corresponded
with the kink bands, which were formed at the locations of large misalignment angles. One
limitation of their research was that only the elastic deformation was simulated, but not the
whole process including the progressive failure after the damage initiation. Hence, the
progressive failure cannot be verified by the numerical analysis. Moreover, more evidence is
required to explain the initiation of damage caused by in-plane fibre waviness. This is because
the high-speed camera system only captured the footage of one edge of the specimens to
show the initiation of damage. Therefore, the in-plane damage in the specimens was not
detected. Since in-plane fibre waviness mainly occurs within a ply, it would have been more
useful if high-speed camera systems had been set up to capture footage of failure events on
the surface of either the top or bottom ply. The research indicated that the number of wavy
plies affected the strength. However, the specimens being tested were all quasi-isotropic
specimens. It appears that the effect of waviness defects on other common stacking

sequences remains unexamined.

Although kink bands are considered to be the dominant failure mechanism for
defective composite laminates with in-fibre waviness, it is not always the case for other
mechanical tests. Sitohang et al. [60] investigated the first ply failure associated with in-plane

waviness in 2022, when they applied a four-point test and an end-loaded bending tests to
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load the laminates to failure. They found that the severity of in-plane fibre waviness
influences the failure behaviour. For specimens with smaller waviness angles, kink bands
occurred first then followed by matrix failure and delamination. While for specimens with
larger waviness angles, only kink band failure was observed. For specimens containing wavy
regions having waviness angles larger than 45° and with another wavy region having smaller
waviness angles, no kink band was observed. However, the authors suggested that more work
on laminates with larger waviness angles were needed to confirm this. The high-speed camera
images and micrographs of the fractured specimens showed the failure progression.
However, the high-speed camera only captured images from the edge view, therefore, the

initiation and propagation mechanism of in-plane damage is still unclear.

2.4.2 Failure criteria for composites

Many failure criteria have been established for composites, however, there is not a
universal one that can explain all failure behaviour under different loading scenarios. Each
criterion has its own advantages in explaining some phenomenon and each has its limitations.
The earliest failure criterion for orthotropic laminae was proposed in 1920 by Jenkins [61],
when he suggested using maximum stresses to evaluate failures. To avoid failure, the criterion

was expressed as follows:

—SL(_) <o < SL(+)

—s7V <, < 5P (1)

|T12] < sp7

where g; and g, represent the principal stress components in the longitudinal direction and

transverse direction; SL(_) and SL(+) represent longitudinal compressive strength and

. . . —_ + .
longitudinal tensile strength; s§ ) and s§ ) represent transverse compressive strength and
transverse tensile strength; 1, represents shear stress component and s, represents shear

strength.

Similarly, in 1967, Waddoups [62] proposed the maximum strain criterion for
predicting failures in composites. To avoid failure in composites, the criterion was described

by the following inequalities:
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—e{) <&, < el (2)

lv12l < err

where ¢g; and &, represent the principal strain components in the longitudinal direction and

transverse direction; ef_) and e£+)represent longitudinal ultimate strains in the two principal

directions; eg_)and e§+) represent transverse ultimate strains in the two principal directions;
Y12 represents shear strain component and e, represents ultimate shear strains. One major
drawback of the maximum stress and maximum strain criterion is that these two criteria do
not consider the interaction between the stress components or between the strain

components. Therefore, they are only suitable for cases when unidirectional laminates are

subjected to unidirectional loading.

Hill [63] in 1948 developed a new failure criterion based on the maximum stress
criterion, while in 1968 Tsai [64] further improved it. The upgraded criterion is known as the
Tsai-Hill criterion. When only plane stress was considered, the Tsai-Hill criterion can be
expressed as follows:

0_12 010, 05 Ti,

- r=+2< 3
2 2 tate e

The main improvement of the Tsai-Hill criterion is that it takes the interactions between stress
components into consideration. This enabled the Tsai-Hill criterion to predict failure in

orthotropic and transversely isotropic laminates [65].

All the failure criteria discussed so far do not consider the shear coupling effect, which
can cause shear strains in an anisotropic material and lead to failure. To overcome this
problem, in 1971, Tsai and Wu [66] developed a new failure criterion to predict failure in
anisotropic laminates. When only plane stress was considered, the Tsai-Wu criterion can be

expressed as follows:

Fi102 + Fy502 + Fye0¢ + Fi0q0 + Fy0, + F,000, < 1 (4)
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where g, represents shear stress component. The value of F;; and F; can be obtained using

the following equations:

1 1 1
Fii1=—-—=andF, =—F———=
.= 1 ) =)
Sp 7S Sy Sy
1 1 1
Fpo === and F, = —————=
[ONG) 2 +) )
ST ST ST ST (5)
F 1
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F;, can be obtained using a biaxial test according to Tsai and Wu. However, Tsai and Hahn

[67] suggested using a simplified equation instead to obtain F;,:

1
__ (F11F22)2 (6)
12 — 5

In 1973, Hashin and Rotem [68] developed a criterion (hereinafter called Hashin-
Rotem criterion) predicting fibre failure and matrix failure separately. The criterion is

expressed in the following equations.

Fibre failure under tension (g;; > 0):

0112 T%z +Tf3
ft XT SE ( )
Fibre failure under compression (g;; < 0):
011
ch = (X—C) = 1 (8)

Matrix failure under tension (a,, > 0):

=1 (9)
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Matrix failure under compression (g,, < 0):
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In the above equations, X and X represent tensile and compressive strengths in the fibre
direction; Yr and Y. represent tensile and compressive strengths in the perpendicular
direction; S; and St represent the longitudinal and transverse shear strengths; 0;1, 052, 033,
T12, T13, T3 represent the six stress components in three-dimensional stress state. Either
fibore damage or matrix damage starts due to tension or compression when one of the
corresponding failure indicators Fr, Frc, Fint, Fnc is greater than 1. The benefit of using
Hashin-Rotem criterion [68] is that fibre and matrix failure are considered separately, which

is closer to experimental results.

Recently, a comparison of failure criteria for composites was performed in the “World
Wide Failure Exercise Il Competition”, where twelve leading criteria were tested for their
prediction of the response of composites made of different materials, with various lay-ups,
and under diverse three-dimensional stress states. The results were summarised in [69]. In
the competition, no criterion was found to outperform the others for all the test cases.
Therefore, there still exists a need to develop a unified failure criterion that can predict all

damage behaviour in composites.

2.5. Shape descriptors and image decomposition

A great number of images can be generated when using optical techniques, e.g., digital
image correlation (DIC) and electronic speckle pattern interferometry (ESPI), to take full-field
measurements. However, using such a great amount of image data for comparisons or
validation of model predictions can be time-consuming and sometimes unnecessary.
Therefore, image data reduction is indispensable to simplify the comparison of full-field data.
Industrial digital camera sensors capture light intensity over an array of pixels. The pixel
location can be denoted by their spatial coordinates x and y, and the pixel intensity at each
location can be represented by a range of grey levels. Normally for an 8-bit camera, the grey
level ranges from 0 to 255. This means that an image can be presented by a two-dimensional
function f(x,y). However, this function is not the only way to convey information in an

image. Alternatively, images can be presented differently without losing important
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information. Shape descriptors are one of the tools that can be used to process images and
generate numerical values that still carrying the same information. Shape descriptors can be
used for applications such as: pattern recognition [70], feature extraction [71], or edge
detection [72] etc. While in the engineering field, shape descriptors are more widely used for

the validation of model predictions using measurements [73].

Shape descriptors can be classified into two groups: contour-based and region-based
[74]. This classification is based on whether the shapes are extracted from the contours or
from the whole regions, in other words, whether the interior content of the extracted shape
is represented or not. Of all the contour-based shape descriptors invented, Fourier
descriptors might be the most widely used for applications such as recognition of three-
dimensional objects [75] and two-dimensional image classifications [76]. Fourier descriptors
are rotation, scaling, and translation invariant when describing images [77]. However,
conventional Fourier descriptors can only be used to represent a closed curve. Thus for
representing broken shapes, auxiliary methods need to be developed [78]. Another problem
is that conventional Fourier descriptors, like all the other contour-based shape descriptors,
can only be used to represent the one-dimensional boundary of a shape. This makes it
unsuitable for analysing cases when the interior content within a shape is not negligible, for

example, when analysing full-field strain maps.

Region-based shape descriptors, instead of only processing the boundary information,
take all the pixels within a shape into account. Orthogonal moments, such as Zernike
moments and Chebyshev polynomials are region-based shape descriptors. They are invariant
to translation, scaling and rotation, which enable them to be widely used to process structural
responses, such as strain maps when subjected to static loadings or mode shapes obtained
from modal analysis to reduce data dimensionality. One attempt of using Zernike moments
to decompose strain maps was made by Patki and Patterson [79] in 2010. They found that
although Zernike moments can be used to decompose and reconstruct strain maps with ease
and data reduction can be achieved, they cannot be used to deal with strain maps with
discontinuities, for example, a hole at the centre of a specimen causing sharp discontinuities
in the strain maps. This is because the Zernike moment descriptors are only orthogonal over
a unit circle. The problem was overcome by using a two-dimensional discrete Fourier

transform on the strain maps with discontinuities first, then performing the decomposition
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using Zernike moments on the magnitude of the frequency domain generated from the
Fourier transformation. This new method was named by the authors as Fourier-Zernike
descriptors. The Fourier-Zernike descriptors were then used to decompose three strain maps
obtained using DIC for three composite specimens subjected to tensile loads. One specimen
had an impacted hole, one specimen had a machined hole and the other one was a virgin
specimen. By comparing the Fourier-Zernike descriptors for the three strain maps, it was
observed that although the two holes have approximately the same size, there existed a
difference in the descriptors plot. Their findings indicated that Fourier-Zernike descriptor can
be used to decompose discontinuous strain maps with a high accuracy and provide a way to
assess damage in structures. They also proposed that this descriptor could be used for
validation of finite element models with experimental data. In 2015, Lampeas et al. [80]
developed an alternative approach of using Zernike moments to decompose displacement or
strain images for validation of models. They proposed to select the most important Zernike
moments according to their magnitudes, which can reduce the number of moments for
representing the images from 400 to less than 50, although this caused a slight increase of
reconstruction error. Their results were proved to be robust and effective for validations of
models and overcame the complexity of pointwise comparisons between models and
experimental data. They also developed two approaches to decompose displacement or
strain maps with discontinuity when using Zernike moments, for example, a hole in the middle
of the maps. The first approach was to partition the maps with a hole into several regions but
excluding the hole, then perform the decomposition and comparison separately. Although
this approach might exclude some critical regions, the situation could be improved by adding
additional “patches” to cover more regions with a relatively higher computational cost. The
second approach was to interpolate the hole with neighbouring values around it, and then
perform the decomposition and comparisons. However, this approach might bring too much
extrinsic information to the original image if the discontinuous areas are too big or the
gradients between the boundaries are severe. The solutions to this could be examining the
interpolation outcome with care and making sure the reconstruction error is not affected.
The two approaches were shown to be consistent in validating the models with experimental

results.
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In 2012, Sebastian et al. [81] proposed an approach for validating model predictions
with experimental data. Their approach was based on image decomposition of strain maps
using Chebyshev polynomials. The measured strain map was obtained using DIC for a
composite bar under tensile loading, while the predicted strain map was obtained by
simulating the tensile test using finite element analysis. The decomposition of the strain map
resulted in a series of numerical values representing the coefficients of the Chebyshev
polynomials. A scatter plot was made by plotting the resulting coefficients for the predicted
strain map against those for the measured strain map. To investigate the validity of the model
predictions, a confidence interval was drawn on the scatter plot. The width of the interval was
based on the experimental uncertainty and the average squared residual between the
reconstructed and original strain map. Therefore, they established an integral way of
investigating the reliability of the model predictions. Good predictions were defined as when
all the scattered data points representing the coefficients of Chebyshev polynomials were
located within the confidence interval. While perfect predictions were achieved if all the
scattered points lie on a straight line of a gradient of unity, however, in practise this will never
happen. It can be observed that their method is capable of eliminating the influence of data
redundancy when validating model predictions with experiment derived strain maps. More
importantly, the method can provide robust evidence on the reliability of model predictions.
In 2014, a wide range of organizations, institutions, and universities [82] drafted and
approved an agreement on validating computational solid mechanics models. In this
agreement, they further improved the method in [81] by providing detailed instructions on
image decomposition and correlation of data from model and experiment. In addition to this,
they also provided calibration procedures for optical systems using specialised reference
materials, allowing the measurement uncertainty to be calculated. The approaches they
proposed in the agreement can be helpful for decision makers in quantifying the confidence

of the model predictions.

2.6. Knowledge Gaps

There is a growing body of literature recognising that fibre waviness affects the
mechanical properties of composite materials. Nevertheless, limited studies have
investigated the residual strains caused by fibre waviness. Evidence has shown that fibre

waviness can cause residual strains, which is strongly correlated with the final failure of
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composites [7]. Therefore, failure in composites could be predicted using models
incorporating residual strains. However, no such models have been developed for predicting
residuals strains in defective composite laminates with fibre waviness based on non-
destructive characterisation of the defects. Algorithms such as Fourier transformation and
Radon transformation have been implemented to characterise fibre orientations from
morphological data obtained using various measurement techniques, while the performance
comparisons of the algorithms have been made qualitatively. This implies a need for better
utilising of the characterisation data of waviness defects for developing models to predict
residual strains. This is identified as the first knowledge gap. This knowledge gap can be filled

by completing the second objective, which will be discussed in Chapter 5.

A number of studies have suggested using sinusoidal functions to represent the
geometric shape of fibre waviness. The severity of the waviness defect thus can be quantified
using the wavelengths and amplitudes of the sinusoidal functions, which has been correlated
with the effect on the performance. However, the morphology of actual fibre waviness in
industry is often more complex than deliberately induced waviness defect with regular shapes
produced in laboratories. Actual fibre waviness often contains random orientations that
cannot be represented by simple sinusoidal functions. Therefore, a more general method for
characterising and assessing the severities of fibre waviness is needed. This is identified as the

second knowledge gap.

Resonant behaviour of defective composite laminates has been investigated both
experimentally and numerically. Most research focused on the influence of defects on the
resonant frequencies, seldom has research analysed the effect on the mode shapes. Fibre
waviness affects the stiffness and density distribution of composite laminates; thus it must
affect the mode shapes. However, there has been little quantitative analysis of how fibre
waviness affects mode shapes. It is also unclear if abnormal resonant behaviour of defective
composites can be used to identify the presence of defects. This is identified as the third
knowledge gap. This knowledge gap together with the second one can be filled by completing

the first objective, which will be discussed in Chapter 4.

The onset and propagation of damage in defective composites with fibre waviness has

not been experimentally investigated in any prior research, in particular the progression of
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failure is still unclear in a fracture process. Current research focuses more on out-of-plane
deformation, while the in-plane damage has not been explored in real time. Besides lacking
experimental investigation, there has been little modelling work based on characterisation of
actual fibre waviness and incorporating these defects into finite element models for
predicting the failure behaviour. Failure criterions have been developed for predicting failure
of composites under various loading conditions. However, whether the existing failure
criterions are applicable for predicting all failure behaviour of laminates with fibre waviness
has not been investigated. This is identified as the fourth knowledge gap. This knowledge gap

can be filled by completing the third objective, which will be discussed in Chapter 6.
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3. Experimental techniques

This chapter summarises the experimental techniques that will be used in this thesis.
The orientation information of fibre waviness is crucial in determining the strength and
governing the failure behaviour. Pulse-echo ultrasonic inspection was thus used to obtain the
fibre orientation of the defective surface of the laminates. DIC was used in this study for two
purposes. One is to measure the surface shape of specimens in order to calculate the residual
strains. The other one is to capture failure scenes and to obtain full-field strains in both the
top and bottom surface of specimens being loaded to first ply failure when under a four-point
bending test. AF-ESPI was used to obtain mode shapes of CFRP laminates under vibration
loads at different resonant frequencies to investigate the vibration behaviour of defective

composites with fibre waviness.

3.1. Pulse-echo ultrasonic inspection

Pulse-echo ultrasonic inspection was used in this study to characterise the waviness
defect in the CFRP specimens. A water immersion ultrasonic method was used, as shown in
Figure 5, where water was used as a couplant. The reason for using a couplant is because the
acoustic impedance mismatch between air and solid objects being tested is very high,
resulting a great loss of ultrasonic energy so that most of the energy is reflected and only a
small amount transmitted. Water was thus used to provide low attenuation and consistent
coupling between the transducer and the specimens. A pulse-echo ultrasound A-scan is the
most basic way for detecting defects in components. When using an A-scan, the transducer
emits ultrasonic pulses that reach the interface between the couplant and the top surface of
a specimen, causing the pulse to be partially reflected and the rest is transmitted through the
specimen. The first reflected pulse is named as the front wall echo. The transmitted pulse also
reflects later after hitting the back wall, and this is known as back wall echo. The layered
structure of a CFRP laminate produces small echoes between the front and back wall echoes
due to the interface of plies, and these small echoes become gradually weaker with depth. A-
scan can be used to show the existence and depth of defects, for example, cracks or voids, by
identifying the appearance of new echoes between the front wall echo and the back wall
echo. However, an A-scan cannot provide the morphology of defects. A C-scan, on the other
hand, can provide the morphology of a scanned cross-section. A C-scan presents ultrasound

signals time gated at a constant depth and display the signals’ amplitudes as an image. In-
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plane fibre waviness is only significant at the surface of a laminate; therefore, the time gate
is to set to collect the ultrasound signals at the interface between the top defective ply and
the subsequent ply lying beneath. The amplitude of the ultrasound signals can be presented
as a grey-scale image revealing the fibre orientations in the cross-section. The setting details

of the ultrasonic pulse-echo C-scan system are introduced in Section 5.2.3.

Figure 5: Automated ultrasonic inspection system used by the author.

3.2. Digital Image Correlation

Stereoscopic DIC was used to measure the surface profiles and deformation of
specimens subjected to bending loads in this study. An example DIC system for measuring
displacement in three dimensions is shown in Figure 6. Using two cameras three-dimensional
information about the surfaces being measured can be obtained. The measured surface
needs to have a random pattern on it, this is typically achieved by applying a speckle pattern
on the surface using spray-paint. The random pattern thus can be divided into a number of
overlapping facets that cover the whole surface. Each facet needs to have unique speckle
information that can be converted into a unique grey-scale image by the CCD cameras. The
matching of the facets between images is achieved by minimising the error function of the
same facet between the start of the test and any loading stages. One classic error function is
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the sum of squared differences of the pixel values, and smaller function values means better
matching has been achieved. Therefore, each facet’s movement can be tracked. Three
dimensional stereoscopic DIC system with two cameras were used as the morphology of the
surface and out-of-plane displacements during loading were of interest. Each facet’s
movement is captured by the two cameras at different loading stages, from which the three-
dimensional displacements of each facet at these loading stages can be obtained. Therefore,
a displacement vector field for the whole surface can be obtained by analysing the results
from all the facets. Strain maps for the whole surface can also be obtained by calculating the
derivatives of the displacement fields. Setting details of DIC are introduced in Sections 5.2.2

and 6.2.3.

Figure 6: Three-dimensional displacement measured by a stereo DIC system with two cameras [83].

3.3. Amplitude fluctuation electronic speckle pattern interferometry

AF-ESPI was used to obtain the mode shapes for specimens under vibration loads at
resonant frequencies. The set-up of the AF-ESPI system is shown in Figure 7. AF-ESPI is a non-
contact technique for measuring surface displacements of objects under various loading
conditions. In this thesis, the real-time measurements of out-of-plane displacement are used
to generate fringe patterns that represent mode shapes. To perform the AF-ESPI analysis,

some requirements need to be satisfied. The first requirement is that the optical paths of the
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reference and object beams must be the same. This was satisfied by adjusting the mirror set
locations shown in Figure 7. The second requirement is that the light intensity of the reference
and object beam detected by the CCD camera must be the same. This was satisfied by putting
a polariser in the optical path of the reference beam. The light intensity of the reference beam
thus can be tuned to match that of the object beam by adjusting the rotation angles of the
polariser. The third requirement is that a good contrast fringe pattern must be generated for
every test. This was achieved by spraying a white powder coating on the surface of the
specimens being measured, and by placing a ground glass in the optical path of the reference
beam. Thus, uniform light from both object beam and reference beam can be assured. The

detailed procedures of using the AF-ESPI are described in Section 4.2.3.

Figure 7: AF-ESPI set-up for obtaining mode shapes for a specimen under vibration loads at the
resonant frequencies used by the author. Annotations of the components are introduced in Figure 10.
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4. Identification of defects in composite laminates by comparison of
mode shapes from electronic speckle pattern interferometry

4.1. Introduction

The most recent work conducted to investigate the effect of fibre waviness on
vibration behaviour was in 1994 [20], where using analytical and numerical methods, it was
found that fibre waviness caused a reduction in resonant frequencies for certain modes. This
effect was predicted to be more significant if the waviness defect occurred in the plies that
contributed more stiffness to the laminate. They also found that bending modes are more
susceptible to waviness defects that occurred in the 0° ply. However, whether the mode
shapes of CFRP components would be affected by fibre waviness has not been explored by

any subsequent research, and this has been identified as one of the knowledge gaps.

As reported in the literature survey, amplitude fluctuation electronic speckle pattern
interferometry (AF-ESPI) has been used to identify pre-cut square and circular defects in
composite plates based on changes in mode shapes, with the effects of the defects being
more visible in the fringe patterns for higher modes [8]. Interfacial cracks can also be detected
using AF-ESPI by comparing the fringe patterns of specimens with and without defects [55].
Whilst these studies could identify defects by comparing fringe patterns for defective and
non-defective specimens, these comparisons were made qualitatively. In order to make
guantified comparisons, this chapter introduces a novel image processing technique that
combines the density-based spatial clustering of applications with noise (DBSCAN) algorithm
and contour decomposition using Fourier descriptors. This was used to quantify the
difference between the nodal regions of mode shapes and thus identify the presence of fibre-

waviness defects.
This chapter is based on the following paper, written by the author of this thesis:

Xiaonan Li, Po-Chi Sung, E.A. Patterson, Wei-Chung Wang, W.J.R. Christian. “Identification of
defects in composite laminates by comparison of mode shapes from electronic speckle
pattern interferometry”. Optics and Lasers in Engineering. 163:107444, 2023. The entire
original draft of the paper was written by Xiaonan Li. The contribution of Xiaonan Li to this

paper also include conceptualization, methodology, investigation, software. Xiaonan Li has
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obtained the agreement from the other authors to include the contents from the published

work in this thesis.

4.2. Experimental Methods

4.2.1. Specimen preparation

Carbon fibre reinforced cross-ply laminates, with a stacking sequence of
[02/902/02/90,]s, were manufactured using unidirectional prepreg (RP542-4UT300, PRF, UK).
Three defect-free specimens were first manufactured to serve as a benchmark set. Three
defective composite specimens were then manufactured using the method described in [7]
to induce a band of in-plane fibre waviness across the width of the laminates. The waviness
defects were formed using a special aluminium former, as shown in Figure 8 left. Each ply was
laid on top of the former in the predetermined stacking sequence to create a laminate. The
V-shaped laminate was then removed from the former and flattened by hands. The fibres in
the top ply, at the tip of the V-shape, buckled to compensate for the length difference
between the top ply and the plies beneath it after the laminate had been flattened. This
created a localised band of in-plane waviness at the middle of each specimen on the top ply,

as shown in Figure 8 middle.

The laminates were cured in a hot press (APV-2525, Meyer, Germany), by heating
them up to 120 °C from room temperature (23 °C), at a heating rate of 1 °C/min. After heating,
they were held at 120 °C for 1 hour. The hot press pressure was set to 2.5 bar during heating,
curing and cooling. Once the laminates were cured, the hot press was left to naturally cool to
room temperature. After being removed from the hot press, each specimen was cut using a
wet diamond saw (Versatile 103450, Vitrex, USA) to a size of 150 mm by 100 mm. The average
thickness of the specimens was 3.72 mm. A typical defective specimen is shown in Figure 8,
with one side having in-plane fibre waviness in the top ply and the plies beneath it containing
no waviness. The top surface of each specimen was then sprayed with a layer of white powder

(D-70, Mel-L-Chek, USA) to prevent specular reflections during the AF-ESPI testing.
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110 mm

Figure 8: An aluminium former for creating localised fibre waviness (left), the top surface of a defective
specimen with in-plane waviness in the top ply (middle), and the bottom side (right). The 0° fibres
were aligned along the length of the laminate.

4.2.2. Modal analysis by impact excitation

Modal analysis by impact excitation was performed on each specimen to find its
resonant frequencies. Each specimen was impacted by a hammer (PCB, 086B01, USA) at one
point and the response was measured at another point by an accelerometer (PCB, 352C22,
USA). The impact and measurement points were determined after a few pre-tests to make
sure that clear peaks in the frequency response function (FRF) curve were observed. The
selected points are shown in Figure 9. Each specimen being tested was clamped by a vice and
attached to a stinger. The vice was attached to an optical table and the stinger was connected
to a shaker (Labworks, ET-132, USA). The impact-based modal analysis was conducted on the
specimens whilst the shaker remained inactive. In the case of defective specimens, the
accelerometer and stinger were affixed to the non-wavy side, which coincided with the side
impacted by the hammer. The accelerometer output was recorded by a data acquisition
system (National Instruments, NI 9234, USA), connected via a USB adaptor (National
Instruments, NI USB-9162, USA). Subsequently, the acquired data was processed by a
commercial software (M+P International, Germany) on a laptop. This process facilitated the
calculation of frequency response functions and the determination of the first five resonant
frequencies for each specimen The schematic drawing of the modal analysis by impact

excitation is shown in Figure 10.
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Figure 9: Diagram showing the excitation positions for the impact and shaker, accelerometer location
and clamped region of each specimen.

4.2.3. Modal analysis by shaker excitation combined with AF-ESPI technique

The specimens underwent excitation using a shaker connected to the excitation point
through a stinger. Sine waves provided by a function generator (Agilent, 33220A, USA) were
set sequentially to the five resonant frequencies obtained by the impact-based modal analysis
for each specimen, and the analogue signals were amplified using a power amplifier
(Labworks, PA-138, USA) before being transmitted to the shaker. For each resonant
frequency, AF-ESPI was performed on the specimens while they were loaded by the shaker.
The AF-ESPI set-up is depicted in Figure 10. A He-Ne laser (Spectra-Physics, model 12735, USA)
provided coherent light, which was split into two beams - one acting as the reference beam
and the other as the object beam. The object beam was directed towards the specimen,
where it was reflected. The reflected object beam together with the reference beam went
back to a camera (Intelliwave, RS170, USA) generating interference speckle patterns, which
contained information on the interferometric measurement of surface displacements during

vibrations at the resonant frequencies.
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Figure 10: Schematic of the AF-ESPI and modal analysis set-ups.

Unlike traditional ESPI using video-signal-addition or video-signal-subtraction
methods, the reference image was not taken when the shaker was turned off and the
specimen was stationary. Instead, for the AF-ESPI technique, a reference image was taken at
each resonant frequency of the specimen at one instant during the vibrations, and another
image was taken afterwards at the same frequency and subtracted from the reference image.
The difference between these two image signals was converted into a greyscale image using
the image processing system (Intelliwave, v6.7.1, USA), resulting in an interference fringe

pattern.

4.3. Results

An example of the FRF for one of the specimens is shown in Figure 11. The FRF was

obtained by analysing the acquired data from modal analysis by impact excitation. The FRF
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was divided into a real part and an imaginary part. The first five resonant frequencies were
identified as the peaks of the curve in the imaginary part, which also corresponded to abrupt
changes to the curve in the real part. The first five resonant frequencies for all the specimens

are shown in Table 1.
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Figure 11: Frequency response function of a defect-free specimen with top plot showing the real part
and bottom showing the imaginary part. The first 5 resonant frequencies are indicated by dashed lines.

Fringe patterns were obtained from the modal analysis combined with the AF-ESPI
technique when each specimen was excited using the shaker, as shown in Figure 12,
representing the five vibration modes for all the specimens. The fringe patterns for the defect-
free specimens are shown in the left three columns, while the fringe patterns for the defective
specimens are shown in the right three columns. Each one of the five rows of the patterns
shows the mode shapes from the 1 mode to the 5" mode respectively. It can be observed
that both the 1%t and the 3™ mode are pure bending modes, both the 2" and the 5" mode
are pure twisting modes, and the 4" mode is a mixed mode of bending and twisting. For the
sake of reproducibility of the tests and repeatability of the results, the experimental set-ups
have been dismantled and reassembled six times. Modal analysis combined with the AF-ESPI

technique were also performed six times on one defective specimen and one defect-free
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specimen to ensure that the resonant frequencies and fringe patterns obtained for the first

five modes were consistent.

Table 1: Resonant frequencies of the first five modes obtained from the modal analysis by impact
excitation for the three defect-free and three defective specimens.

Specimen 1*mode 2" mode 3" mode 4" mode 5" mode
Hz Hz Hz Hz Hz
Type and No. (Hz) (Hz) (Hz) (Hz) (Hz)
No defect #1 240 350 1405 1718 2028
No defect #2 238 355 1425 1725 2024
No defect #3 238 355 1410 1712 2030
Defective #1 238 348 1490 1715 2115
Defective #2 255 375 1558 1725 2123
Defective #3 255 378 1550 1733 2113
Mean of 239 353 1413 1718 2027
no defect
Mean of 249 367 1533 1724 2088
defective
Difference
between the
) 4.2% 4.0% 8.5% 0.3% 3.0%
two means in
percent
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Figure 12: Electronic fringe patterns obtained using AF-ESPI at the resonant frequencies for the six
specimens. Each row shows the fringe patterns corresponding to the 15 (top) to the 5% (bottom) mode
shape. The left three columns of the fringe patterns show the mode shapes for the defect-free
specimens, the right three columns show the mode shapes for the defective specimens.

The extraction process for the contour of the nodal region was performed by a
specially developed algorithm, as shown in Figure 13. The original fringe pattern is a greyscale
image. The largest bright fringe is not clearly separated from the other fringes, therefore the
mean image intensity was subtracted from every individual pixel, which is a common
procedure in the field of computer vision and deep learning to reveal features of interest [84].
The mean-subtracted image was then binarized by adaptive thresholding. The threshold was
set by calculating the mean pixel intensity within a window of size, s, around each pixel. The
value of each pixel was set to black if its value was lower than the threshold for its window,
otherwise it was set to white. The window size, s was set to 1/8 of the image width, as

suggested in [85]. The binarized image was then divided into several clusters using the
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density-based spatial clustering of applications with noise algorithm (DBSCAN), where each
colour represented a cluster, as shown in Figure 13. DBSCAN is a data clustering algorithm to
divide points into separate groups based on the density, which means points closely packed
are considered as belonging to a group, while points distant from others are outliers. Two
important parameters for using the DBSCAN algorithm are the searching radius and the
minimum number of points to be considered as a cluster. The principle of DBSCAN is to
identify three different types of points: the core points, which are the minimum number of
points within the searching radius to form a cluster, thus each cluster has the same density;
the border points, which are located at the searching radius of the core points, but do not
have the minimum number of points in their own searching radius to form a cluster; and noise
points, which are outliers [86]. The core points are the interior points of clusters, and the
border points are the boundaries of the clusters. Clusters cannot be combined into a single
cluster if they do not share a core point. The minimum number of points to form a cluster was
set to the default value of 4, as the data was two-dimensional [87]. For each point in the
binarized image, the 4™ nearest point to it was found and the Euclidean distance between
them was calculated as the 4% nearest distance for this point. The searching radius was
determined by calculating the 4" nearest distances for all the points and sorting the points
by ascending order of the 4™ nearest distances, resulting in the curve shown in Figure 14. The
point at which the curve starts to significantly increase, referred to as the knee point of the
curve, was identified by finding the location on the curve which formed the largest
perpendicular distance to a straight line connecting the start and end point of the curve, as
shown in Figure 14. The searching radius was set to the 4t nearest distance corresponding to
this knee point. The nodal region can then be easily identified as the cluster with the largest
area. The algorithm can automatically select the nodal regions from most of the fringe
patterns, except for those of the defect-free specimens for the 5t mode. This is because there
is a small bright fringe close to the largest bright fringe with approximately the same level of
brightness, which was identified as a detached part of the main nodal region. Therefore, the
cluster formed from this small fringe for the 5™ mode of the defect-free specimens was
manually selected. The contour representing the nodal region was extracted as the borderline

of the cluster.
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Figure 13: The extraction process of the nodal region from a fringe pattern of the 2nd mode showing:
the original fringe pattern in greyscale (top left); binarised fringe pattern (top right); clustered areas
after applying the DBSCAN algorithm (bottom right); contour extraction (bottom left).
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Figure 14: The determination of the threshold value for the searching radius when forming a cluster.
All the points of a contour were sorted based on the 4™ nearest pairwise Euclidean distance of each
point in ascending order and plotted. The threshold was identified by finding the largest perpendicular
distance from the line linking the start and end point of the curve to any point on the curve.

The comparison of the fringe patterns representing mode shapes was performed by

comparing the extracted contours of the nodal regions. The contours for the 15 and the 3™
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mode shape of all the specimens appear to be largely horizontal lines that lack significant
features which can be used for comparison. Therefore, only the 2", 4t and 5% modes were
selected for comparisons, where the 2" mode was mainly used as a benchmark mode. Each
contour for the three selected mode shapes was decomposed into a number of Fourier
descriptors. First, the Fourier spectrum was obtained by applying the discrete Fourier
transform to the complex form of the Cartesian coordinates defining the contour. The terms

in the Fourier spectrum were listed as follows:
FS:[FOJFlrFZr--"FL—l] (11)

The length of the Fourier spectrum, L, was equal to the number of points in the
coordinate system. The sequence of the terms in the Fourier spectrum was then rearranged

as:

FSrearranged = [F%, ---;FL—Z, FL—1, FO: Fl: FZ: ""F%—l ] (12)

The Fourier descriptors were calculated from FS,.qrrangeq USing the equation given

in [88], with the notation modified for clarity as:

Fn
2

FD=— [
|Fy

y weey |FN—2|I |FN—1|I |F2|F |F3|F ey |Fﬁ_1| ] (13)
2

where F; is the it" term in the Fourier spectrum, N is an even number, representing the
number of Fourier descriptors, and N < L. It was not possible to reconstruct the contours
directly from the Fourier descriptors as they were real valued, which was not an appropriate
input for the inverse discrete Fourier transform. Therefore, when reconstructing a contour,
the same range in the Fourier spectrum as the Fourier descriptors was used, i.e., the terms

from Fn to Fn__ inthe FSieqrrangea- These terms were converted into the complex form of
2 2

the Cartesian coordinates using the inverse discrete Fourier transform, and the

reconstruction was obtained by plotting the real components against the imaginary

components.

The contours are all closed curves except for the three 5" mode nodal regions of the
defect-free specimens, which each have two separate contours. Fourier descriptors can only

be used to decompose a closed contour [78], so two dummy lines were used to link the two
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separate contours. The two dummy lines were created by finding the two nearest points, A
and B, on the two separate contours, and then the separate contours were made into a closed
one by creating a loop using the two dummy lines A-B and B-A. It should be noted that there
are no points between A and B on the dummy lines. An example of the fixed contour for the
5% mode is shown in Figure 15. The quality of the reconstruction from the feature vector
varied with the number of terms in the vector. To evaluate the quality of the reconstruction,
each image was meshed into 2500 facets, using a facet size equal to 2% of the length of the
binary image. The facets which had both the original and reconstructed contours passing
through them were considered matched facets, and the facets through which only the original
contour passed through were considered mismatched facets. The percentage of the

mismatched facets P was then calculated as follows:

Number of mismatched facets

= 14
Number of matched facets + Number of mismatched facets (14)

A criterion of P < 10% was used to identify that the reconstruction was acceptable.
For the contour shown in Figure 15, the criterion was satisfied when 90 terms were used, as
shown in Figure 16. The reconstructions using 10, 90 and 380 terms respectively are shown
in Figure 15. Ninety terms were found to be sufficient to achieve an acceptable reconstruction
for all of the contours, therefore 90 Fourier descriptors were used for decomposing all of

them.
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Figure 15: The approach for combining the broken contours of the 5" mode shape of a defect free
specimen before decomposing using Fourier descriptors (top left). The original and reconstructed
contours using 10 terms (top right), 90 terms (bottom left) and 380 terms (bottom right). The contour
map was meshed into 2500 facets, with the matched facets labelled yellow and mismatched facets
labelled blue.

The Fourier descriptors as calculated using expression (13) are scale invariant, rotation
invariant and translation invariant when being used to represent images [74]. This invariance
characteristic was verified by processing two contours representing the 2" and 4" mode
shape of one defect-free specimen in three ways: firstly, by rotating the contour by 30°
anticlockwise; secondly, by translating the contour down and to the right by 50 pixels; and
thirdly, by rescaling the contour to be 50% of its original size. The original and three new
contours of the 4™ mode are shown in Figure 17. Each contour was then decomposed into 90

Fourier descriptors to yield feature vectors. The Euclidean distance between pairs of these
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feature vectors was calculated and is shown as a correlation matrix in Figure 18. Another
popular distance metric, known as the Pearson correlation coefficient, was not selected in
this chapter to measure the similarities between the feature vectors, due to the fact that it
measures the linear correlation between any two sets of data. This means the Pearson
correlation coefficient cannot provide enough contrast to distinguish between feature

vectors when used to generate a correlation matrix.
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Figure 16: The diagram showing the relationship between the number of Fourier descriptors and the
reconstruction quality of the contour shown in Figure 15. The reconstruction quality is represented by
the percentage of mismatched facets. The threshold is set to 10% to identify when an acceptable
representation is attained.
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Figure 17: The original contour of the 4" mode for a defect free specimen (top left). The contour
transformed by being: rotated 30° anticlockwise (top right), translated towards the bottom right

corner vertically and horizontally by 50 pixels (bottom left), and scaled by shrinking by 50% (bottom
right).

As shown in Figure 19, three correlation matrices were obtained by comparing the
contours of the 2™, 4t and 5t vibration mode for the three defective specimens and three
defect-free specimens. Each value in the correlation matrices is the Euclidean distance
between pairwise feature vectors. The Euclidean distance between any pair of feature vectors
representing defect-free specimens was considered as background noise, ed,,,;se; Whereas
the Euclidean distance between any pair of feature vectors representing defective and defect-
free specimens was considered as desired signals, edg;gnq;- Therefore, a ratio 1;, analogous

to a signal to noise ratio, was defined as follows:

Ei [edsignal]

1 =
' Ei [ednoise]

(15)

where i is the number of modes, and the value of i is 2, 4, and 5 respectively; E; refers to the
expected value. The ratios calculated from the correlation matrices in Figure 19 are that r, is

1.88, 1, is4.67, and 15 is 6.14.
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4.4, Discussion

The influence of in-plane waviness on the resonant frequencies was found to differ
across various modes. As shown in Table 1, the disparities between the average resonant
frequency of the defect-free and defective specimens at their 1%, 2", 4t and 5" mode are
less than 5%, and that the difference for the 3" mode is approximately 8%. This variation can
be attributed to the arrangement of fibre waviness, wherein the most misaligned fibres were
oriented along the 90° fibre direction in the top ply, as illustrated in Figure 8. Consequently,
this led to a significant alteration in the stiffness of the defective ply. Of all the modes, the 3™
mode exhibited the most substantial difference in average resonant frequencies, which aligns
with the understanding that bending modes are particularly sensitive to fibre waviness [20].
Furthermore, it is consistent with previous findings that AF-ESPI is more responsive to defects

at higher modes [8].

The nodal regions in each of the specimens are similar for the 1%, 2" and 3" modes,
whilst more differences are observed for the 4" and 5" modes. This is based on visually
inspecting the fringe patterns in Figure 12. The reason for selecting the nodal regions for
comparison is that they are a key characteristic of a vibrating system, which is affected by
changes in the stiffness of specimens due to the existence of defects such as fibre waviness.
The procedure for extracting the nodal region is shown in Figure 13, where not only the
general shape of the nodal region is extracted from the fringe patterns, but also the details of
its contour are acquired. It should be noted that some of the roughness on the contours
resulted from the measurement technique, which caused additional random electronic
speckles in the fringe patterns. So, the extracted contour is a close approximation of the true
nodal region. The aim of comparing the contours of mode shapes was to investigate if fibre
waviness existed, so the focus was on comparing the general shape of the nodal regions, not

small variations along the contour.

Rather than using intuition to select the number Fourier descriptors to use during
decomposition, a new method was introduced in this chapter to identify whether the contour
is accurately represented. Figure 15 and Figure 16 depict this method for selecting the optimal
number of Fourier descriptors. The analysis showed that increasing the number of Fourier
descriptors resulted in a reduction of mismatched facets until no mismatches were observed.
Using the percentage of mismatched facets as a criterion for the acceptability of the
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reconstruction is graphically straightforward and reliable. To identify the correct mesh density
and mismatched facet threshold, a heuristic approach was applied. The chosen values were
2% of the contour size for the mesh density and 10% of the mismatched facets for the
threshold. As discussed previously, the focus was to compare the general shapes of the nodal
region, not the roughness of the contours, therefore the chosen values were appropriate for
selecting a minimum number of Fourier descriptors whilst ensuring a reasonable quality

reconstruction.

The reasons for using Fourier descriptors are: firstly, data dimensionality was reduced
from 103 points representing the contour to 10! Fourier descriptors; secondly, using the same
number of Fourier descriptors made the comparison easier; and thirdly, Fourier descriptors
were found to be invariant to simple transformations of the contour. The contours for modes
of different specimens are composed of various numbers of points from approximately 1200
to 1900, which makes direct comparison of contours difficult. Therefore, each contour was
decomposed into 90 Fourier descriptors for easier comparison. Fourier descriptors in this

chapter were made rotation invariant by using the absolute value of the terms, scale invariant

by dividing each descriptor by |F;|, and translation invariant by omitting the term % This
1

invariance was verified by decomposing the four contours at the 4™ mode in Figure 17 and
four contours at the 2" mode. The comparisons made in Figure 18 show that no matter which
one of the three modifications is made to the original contour of the 2" mode and the 4t
mode, the Euclidean distances between the contours of either the 2" mode or the 4" mode
are small, i.e., less than 0.3. These invariance characteristics provide more flexibility when
performing the experiment. For instance, minor changes in fringe patterns may occur if the
camera position or the attachment point of the stinger on the specimen is altered when
switching between specimens. However, with the technique presented in this chapter, the
feature vector of the transformed fringe pattern would remain relatively unchanged, enabling
meaningful comparisons to be made despite these variations. It could also simplify the
comparison of fringe patterns from experiments with simulated mode shapes, by eliminating
the need to carefully align the datasets prior to making comparisons. The Euclidean distance
between the contours of the 2" mode and the 4" mode is three to four times larger than that

between the contours of either the 2" mode or the 4" mode, as shown in the correlation
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matrix in Figure 18. This indicates that the technique can also be used to distinguish different

mode shapes quantitatively.

The research demonstrates that the detection of in-plane fibre waviness can be
achieved by comparing specific mode shapes using the Euclidean distance to assess similarity
between two contours representing nodal regions in mode shapes. The contours for the 1%
and the 3™ mode shape of all the specimens appear to be largely horizontal lines that lack
significant features which can be used for comparison, therefore no correlation matrices were
generated for these two modes. To quantify the contrast between defective and defect-free
specimens in the correlation matrices displayed in Figure 19, the ratio r; was introduced. The
value of ; increases as the vibration mode number increases, from 1.88 to 4.67, and then to
6.14 for the 2", 4% and 5 mode respectively. This indicates that the presence of fibre
waviness has no significant effect on the contours for the 2" mode. However, both the 4"
mode and the 5" mode show strong evidence that fibre waviness has a significant effect, and
that the 5" mode is the most affected by waviness. The technique offers a high sensitivity
that can discern differences between the fringe patterns that are not obvious. This is because
by manually observing the fringe patterns for the 4" mode in Figure 12, the difference
between the defect-free and defective specimens is not noticeable. However, the technique
still captured this minor difference and generate the distinct correlation matrix shown in
Figure 19. The study represents an advance compared with earlier work [8] because, not only
are the differences in mode shapes caused by defects captured by AF-ESPI, but these
differences are quantified. The technique is robust for identifying in-plane waviness in carbon
fibre reinforced laminates, which could be further utilised as a quality inspection technique
in industry for identifying defective components. The technique could also be used to quantify

the severity of defects based on how much they change the mode shape of a component.

The timescales for acquiring resonant frequencies, obtaining fringe patterns of mode
shapes, and image processing are of the order of seconds once the experimental set-up has
been completed. Hammer-based modal analysis was adopted in this chapter for simplicity;
however, the whole process of detection could be made into a fully automated system by
changing the excitation method from hammer-based to loudspeaker-based. Thus, the
technique could be developed to be contact-free and boost the detection efficiency further.

Currently, the most commonly used non-destructive techniques for detecting fibre waviness
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are ultrasonic C-scan [89], eddy current testing [29] and X-ray computed tomography [25].
Ultrasonic C-scan and eddy current testing require the movement of probes to scan every
region of a component to identify the existence of defects, and the frequencies of the probes
need to be changed often to achieve the desired penetration depths in order to generate a
3D fibre orientation map. These procedures are time-consuming and thus unsuitable for fast
on-site inspections. X-ray computed tomography is not applicable for large components and
special care needs to be taken due to radiation risks. Additionally, all three techniques
demand a high level of expertise and detailed knowledge to analyze the generated images
effectively and interpret whether the detected defects are critical or not. In contrast, the
technique developed in this chapter, while not providing a full-scale image of the composite
being inspected, offers increased efficiency and the ability to reveal the overall impact of
waviness defects. Most importantly, it allows for the quantification of defect severities, which

is crucial for establishing clear acceptance or rejection criteria for decision-makers.

4.5. Summary

A novel technique using AF-ESPI based modal analysis has been developed for
identifying the existence of in-plane fibre waviness in carbon fibre reinforced laminates.
Modal analysis was used to obtain the first five resonant frequencies, and the AF-ESPI
technique was used to obtain the fringe patterns representing the corresponding mode
shapes. The nodal regions were extracted from the fringe patterns using a specially-
developed algorithm incorporating DBSCAN. Fourier descriptors were used to reduce data
dimensionality and quantify the difference between contours of the nodal regions. A method
for selecting an appropriate number of Fourier descriptors to represent a contour by a feature
vector was also introduced, which can provide the minimum number such that the nodal
region is acceptably represented. The method is based on thresholding the percentage of
mismatched facets, which is graphically straightforward and robust. The contours of the nodal
regions were compared by calculating the Euclidean distance between pairwise feature
vectors, which showed that higher vibration modes can be used for identifying the presence
of fibre waviness. This technique could be used for quality assurance of composite
components after they have been manufactured. The first objective about developing a non-

destructive technique for identifying and quantifying defects in composites thus has been
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achieved. The characterisation of defects and the assessment on the performance of

defective composites will be discussed in Chapter 5 and 6.
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5. Prediction of residual strains due to in-plane fibre waviness

5.1. Introduction

As identified in the knowledge gaps, residual strains correlate strongly with the
ultimate failure load of specimens containing fibre waviness [7]. Therefore, the measurement
and prediction of residual strains is crucial for estimating the performance of composites.
Some studies have reported that fibre waviness, based on non-destructive characterisation
of fibre orientation, can be incorporated into 3D finite element models to predict the
performance of composite structures [31], which indicates a route to also predicting residual
strains in two steps: the generation of geometric ply information and simulations of the
cooling process through which the residual strains are induced. However, to the author’s
knowledge, no prior studies have attempted to model residual strains in composite specimens

that contain fibre waviness.

This chapter introduces a method of generating finite element models for predicting
residual strains in defective carbon fibre composites based on fibre orientation data
measured using ultrasound. Three algorithms: RT, FFT and Sobel filters, were used to process
the ultrasound images to reveal fibre orientation data. A novel technique based on stratified
leave-one-out cross validation was used for quantifying the performance of the models, which
was calculated as the Euclidean distance between feature vectors representing the
predictions and measurements. The identification of the optimal parameter values for the
models was also investigated by finding the minimum Euclidean distance. The findings in this
chapter demonstrate that stratified leave-one-out cross validation is effective for comparing
the performance of algorithms and thus identifying the best algorithm for generating finite

element models.
This chapter is based on the following paper, written by the author of this thesis:

Xiaonan Li, E.A. Patterson, Wei-Chung Wang, W.J.R. Christian. “Prediction of residual strains
due to in-plane fibre waviness in carbon-fibre reinforced polymers using models based on
ultrasound data”. Journal of Nondestructive Evaluation. 42(1):2, 2022. The entire original
draft of the paper was written by Xiaonan Li. The contribution of Xiaonan Li to this paper also

include conceptualization, methodology, investigation, software. Xiaonan Li has obtained the
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agreement from the other authors to include the contents from the published work in this

thesis.

5.2. Experimental Methods

5.2.1. Specimen preparation

Quasi-isotropic carbon fibre reinforced laminates, with a stacking sequence of
[02/90,/45,/-45,]s, were manufactured using RP507UT210 prepreg (PRF, UK). Specimens
were made using a set of aluminium formers with various shapes to induce fibre waviness,
and one of the formers is shown in Figure 20. The central arc radius of the former and the
thickness of the uncured specimen affect the waviness severity and this is discussed in detail
in [7]. Each ply was laid on top of an aluminium former in a predetermined stacking sequence
to create a laminate. The arc-shaped laminate was then removed from the former and
flattened by hand. During this process, the fibres of the top ply buckled to accommodate the
length difference between the top and the plies beneath it, leading to localized in-plane
waviness defects at the centre of each specimen in the top 0° ply. Following the flattening
process, only minor levels of out-of-plane waviness were observed. In a previous study [7], a
similar specimen was sectioned, and no in-plane waviness was found below the top 0° ply.
Therefore, compared with the severity of the in-plane fibre waviness, the out-of-plane
waviness was assumed to be insignificant. The severity of the in-plane fibre waviness, referred
to as nominal waviness, was quantified based on the thickness of the laminates before curing,
tu, and the central arc radius, 7, using,

Ly
r+t,

Nominal Waviness = (16)

Given that the thickness of the uncured laminates for a given stacking sequence did
not change significantly, the nominal waviness can thus be varied by changing the central arc
radius of the former, r. Three levels of nominal fibre waviness were induced in a set of
specimens: 17.5%, 20% and 25%, with six specimens having each level of waviness giving 18
specimens in total. The formers for creating the three levels of nominal fibre waviness had

central arc radii of 17.2 mm, 14.6 mm, and 11.0 mm respectively.

The laminates were cured in a hot press (APV-2525, Meyer, Germany), according to

the manufacturer’s instructions. Specifically, they were heated up to 130 °C from room
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temperature (23 °C), with a heating rate of 10 °C/min. After heating, they were held at 130 °C
for 45 min. The hot-press pressure was set to 2.5 bar during heating, curing and cooling. Once
the laminates were cured, the hot press was left to cool to room temperature. The laminates
were cooled naturally while the press was in the closed position, and the cooling rate was
approximately 10 °C/h. After removal from the hot press, each specimen was cut by a wet
diamond saw (Versatile 103450, Vitrex, USA) into a size of 220 mm by 40 mm, with the 0°
fibres orientated parallel to the x-direction, as shown in Figure 21. The average thickness of

all specimens was 2.96 mm.

Figure 20: An aluminium former for creating localised fibre waviness shown from the front (a) and top

(b).

Figure 21: An exemplar 220 mm by 40 mm quasi-isotropic specimen with a [02/90,/45,/-45,]s layup
showing the speckled region. The 0° fibres were orientated parallel to the x-direction.

5.2.2. Digital image correlation characterisation

Digital Image Correlation (DIC) was employed to measure the out-of-plane
deformation of laminates upon cooling, enabling the calculation of surface strains. The
calculated surface strains were used as benchmarks for validating the finite element models.
The specimens were prepared for DIC measurements by applying a speckle pattern to an
80 mm by 40 mm area on the face of the specimen opposite to the side with induced

waviness. The process involved spraying the specimens with white paint (Matt White,
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PlastiKote, USA) followed by spraying black speckles (Pro Paint Acrylic Black Matt, CRC, USA)
on top. This resulted in a pattern typified by the one shown in Figure 21, where the nominal
diameter of the black speckles was 0.25 mm. To capture the images, a Q-400 DIC system
(Dantec Dynamics, Germany) was utilized, comprising two digital cameras (Stingray F-125,
Allied Vision, Germany) positioned 140 mm apart. The stereo angle between the two cameras
was 52°. lllumination was provided by a light emitting diode lamp (Dantec Dynamics,
Germany). The images were processed by the Istra software (Dantec Dynamics, Germany)
using a facet size of 23 pixels and grid spacing of 15 pixels. The residual strains were calculated
from the shape data measured using the DIC system as [90],

t. 0w

Exres = _E 9x2 (17)

where &, s is the residual strain in the x -direction, t. is the cured thickness of the
specimens, and w is the out-of-plane displacement from a flat plane. Equation (17) was
applied to shape data obtained from both the DIC measurements and the predictions from
finite element models. A central difference method was used to estimate the second partial

derivative of the out-of-plane displacement as,

0w _wlx+h) —2w(x) + w(x — h)

O0x? h? (18)

using a step size, h, of 9 mm.

The measurement uncertainty of the DIC system was obtained by calculating the root
mean square of the surface strains of a quasi-flat surface from a block specimen made of
rolled steel. For a flat surface, the measured residual strains should be zero, while the root
mean square of the measured strain for the quasi-flat steel was calculated to be 66.6 pe.
Therefore, the measurement uncertainty was taken as 66.6 pe. DIC can only provide
information about the surface shape and deformation of the laminate and cannot be used to

characterise the fibre waviness; hence, this was performed using ultrasound.

5.2.3. Ultrasonic Inspection

Pulse-echo ultrasonic C-scans were used to characterise the fibre waviness in the
specimens. Each ply in the laminate featured a thin resin-rich layer that separated adjacent
plies. This resin-rich layer reflects the ultrasound and the amplitude of the reflection is
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approximately proportional to the thickness of the layer; hence, an amplitude C-scan
corresponds to a map of resin-layer thickness. The thickness of the resin layer contains an
imprint of the fibre tows in the plies above and below the layer. Ultrasound cannot resolve
individual fibres because they are very thin (550 um), so only fibre tows, which consist of
bundles of fibres, can be resolved. The width of the fibre tows was approximately 0.6 mm. In
this chapter, a focused 10 MHz probe attached to a flaw detector (Epoch 4+, Olympus, Japan),
was used to record the variation in amplitudes of the reflections received from the specimens.
The choice of frequency was a critical consideration as it impacted the resolution and focal
sharpness, with higher frequencies providing better resolution but reduced penetration
power [91]. For the defective specimens in this chapter, the in-plane fibre waviness was only
significant in the top 0° ply with a thickness of approximately 0.37 mm, thus the required
penetration depth can be easily achieved and permitted the use of a high frequency probe.
Each specimen was immersed in a water tank with the wavy side faced up, and the probe was
placed vertically above the specimen with no tilt angle. The probe crystal diameter was 10
mm and the focal length was 50 mm. The probe was moved along a raster pattern by a multi-
axis scanner (Midas-NDT, UK), as shown in Figure 5. The system was set to record the
instantaneous amplitude from a 0.1 mm thick portion of the specimen at a depth of 0.37 mm,
which is approximately equal to the depth of the first ply interface. This resulted in images
showing the tows in the defective ply of the specimen. The amplitude was recorded at 0.1
mm increments along lines with a spacing of 0.2 mm. The images had a lateral spatial

resolution of 10 pixels/mm.

5.3. Characterisation of fibre orientation and finite element analysis

A time gate was applied to only detect the reflected amplitude at the interface of the
front ply, which resulted in C-scan images of the ply with a depth of 0.37 mm. A C-scan
ultrasound image, f(x,y), can be represented in greyscale so that the fibre tows can be
observed in the texture of the image, as shown in Figure 22(a). To measure the fibre
orientations, a multi-step process was employed. Initially, the ultrasound image was divided
into several square facets that overlapped each other. Subsequently, each facet underwent
processing using one of three algorithms: the Radon transformation (RT), 2D Fast Fourier
transformation (FFT), and Sobel filters (SF). A 2D fibre orientation map was obtained by

combining the orientation data of every facet. To determine the optimal facet size for
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characterising the ultrasound images, nine facet sizes were explored for the three algorithms
where the length dimension of the facets was varied from 5 pixels (0.5 mm) to 85 pixels
(8.5 mm) and was optimised using an algorithm described later in this section. The grid

spacing of the facets was kept constant at 1 mm.

5.3.1. Radon transformation-based algorithm

The Radon transformation (RT) was applied to the ultrasound facets of all the
specimens to reveal fibre orientation. The basis of the RT is an integral transform of f(x,y)
along lines defined by 8 and r, where 6 is the angle between the lines from the centre of
f (x,y) and the x-direction, and r is the distance from the facet centre. The Radon transform

is defined as,
R(r,0) = f f(x,y)6(xcosb + ysinf — r)dxdy (19)

where § is the Dirac delta function, which allows the summation of f(x,y) along the 6
direction, and 8 ranges from 0° to 180°. The dominant fibre orientation corresponded to the
projection angle where the variation in image intensity was a maximum. The absolute first
derivative along every angle, G(r, ), was calculated using an equation derived based on the

method described in [35, 36],

[R(r+1,0) —R(r —1,0)]
2

G(r,0) = (20)
The angular distributions, a(8), were then obtained by calculating a sum along each

projection divided by the total for every projection,

Irv=1 G(r,0)

2% 60 0) 2y

a(f) =

where N is the number of points for each projection.

5.3.2. 2D fast Fourier transformation-based algorithm

The 2D fast Fourier transformation (FFT) was used to characterise the fibre
orientations for all the specimens. The ultrasound facets in the spatial domain, f(x,y), were
transformed using the 2D fast Fourier transform into the frequency domain, F(u, v). Before

performing the FFT, a radial Hahn window was applied to reduce the spectral leakage and
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give a broad peak at the centre of the frequency spectrum [7]. An angular distribution was
then calculated by radially summing the pixel intensities from the centre of the FFT

transformed image F (u, v), based on the equation [33],

D/2
a(9)=ZF(N/2+rcosB, N/2—rsin6) (22)

L=1

where D is the facet length, r is the distance from the centre and 8 is the angle between the

radius and the x-direction, and 6 ranges from 0° to 180°.

Amplitude, (-)

Y Position, (mm)
Fibre Angle, (°)

0 20 40 60

Figure 22: An ultrasound image of the inspected region on the front surface of a 25% nominal waviness
specimen (a), the fibre orientation map for the specimen calculated using the Fourier transform based
algorithm (b), and the orientations as input into the finite element model (c).

5.3.3. Sobel filter-based algorithm

Sobel filters (SF) were employed to process ultrasound facets for all the specimens,
enabling the determination of fibre orientations. SF is an edge detecting algorithm which is
widely used in image processing and computer vision. The principle is to calculate the

gradients in an image by convolving the image with two Sobel filters [92]. These filters were
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respectively used to calculate the gradients along the x-direction and y-direction: S, (x,y)

and S, (x,y), and then the fibre orientation was calculated using the equation,

Se(x, y)> (23)

O(x,y) = round | arctan ————=

The round function was used to round off the resulting orientations into 180 integers
from 1° to 180°. After convolving an ultrasound facet with Sobel filters, the facet was
transformed into a map of fibre orientations. An angular distribution a(@) thus can be
obtained by computing the histogram of 8(x, y). The facet size affects the spatial resolution
of the orientation map. A smaller facet size resulted in a high spatial resolution orientation
map, but also produced more noise, while a larger facet size led to less noise, but a lower

spatial resolution.

5.3.4. Finite Element Analysis

The characterization of fibre waviness began with C-scans, and the resulting images
were further analysed using the three algorithms to obtain fibre orientations. These fibre
orientations were then incorporated into finite element models. The finite element models
were created using Abaqus 6.14 (Dassault Systemes, France), and employed to simulate the
deformation of the specimens after cooling from the curing temperature to room
temperature. Each specimen was simulated using 70,400 C3D8R elements. These elements
were initially given the transversely isotropic material properties shown in Table 2 [93]. The
temperatures for the initial and final conditions were set at 130 °C and 23 °C, respectively, for
the entire specimen. To simulate the defect, a discrete field was created at the centre of the
top 0° ply, with the number of elements in this discrete field matching the number of data
points in the orientation map. Then the measured local fibre orientation was assigned to each
element in the discrete field. Stratified leave-one-out cross validation (SLOOCV) was used to
identify the optimal facet size for the fibre measurement algorithms and the coefficient of
thermal expansion required for the finite element models. The method was also used to

evaluate the performance of the calibrated models.
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Table 2: Material properties of a similar composite material to the one used in this chapter [93], E;
represents Young’s modulus; v;; represents Poisson’s ratio; G;; represents shear modulus.

E; (MPa) E, (MPa) E; (MPa) Via Vi3 Vo3 Gy (MPa) G5 (MPa) G,5 (MPa)

132,000 10,300 10,300 025 025 0.38 6500 6500 3910

As described in [12], one possible cause of the formation of residual stresses in
composites is the difference in the coefficients of thermal expansion in the transverse and
longitudinal directions for different plies at the macro-mechanical level. Therefore, in the
present research, the major focus of optimising the finite element model was to calibrate the
coefficients of thermal expansion. The coefficients for the unidirectional plies to be calibrated
were in the fibre longitudinal direction, a;; the transverse direction, a,; and along the
thickness direction, az. As the unidirectional plies can be considered transversely isotropic,
a, was set to be equal to a;. The coefficient of thermal expansion for carbon fibres is very
small compared with the epoxy matrix, resulting in a; of aunidirectional ply being more than
one order of magnitude smaller than a, and a3 [94]. This causes a4 to have a negligible effect
on the residual strains and thus is often not considered when calculating residual strains [95].

Therefore, when optimising the models, only one parameter, a, (equal to a3) was calibrated.

The procedure for calibrating and evaluating the finite element models is shown in the
flow chart in Figure 23. Ultrasonic C-scan data from the 18 specimens were processed using
the RT, FFT, and the SF algorithms to generate finite element models to predict residual
strains, and DIC measurements from the 18 specimens were used to determine residual
strains on the surface. The ultrasound and DIC data were firstly divided into three classes
according to their nominal waviness levels, and then were split into six data sets, with each
set having a dataset from one specimen selected randomly from each class. Five sets were
then used to calibrate the models and one set was used to evaluate the performance of the
models. Both the calibration and evaluation processes involved comparing the measured
residual strains with the simulated residual strains obtained from the finite element models.
Residual strain calculations were performed using Equation (17) and were based on the
surface displacements measured by DIC. The finite element model's simulated strains were

calibrated against the measured strains obtained from DIC. The calibration and evaluation
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were conducted for two parameters. The first parameter was the facet size used for the fibre
orientation algorithms, which was varied from 5 pixels to 85 pixels with a step size of
10 pixels. The second parameter that was calibrated was the coefficient of thermal expansion
along the transverse direction. This was performed by varying a, across a predefined range:
1x10° °C1to 10x10° °C?, with a step size of 0.1x10° °C. The range was defined based on a
typical transverse coefficient of thermal expansion for a unidirectional ply, which is on the
order of 10°°C1[96]. A sensitivity study on the coefficient showed that outside this range
the differences between the measured and predicted fields of residual strain either
monotonically increased or decreased. The differences between the measured and predicted
fields of residual strain were quantified by representing each field using a feature vector, Sg

and S, respectively and calculating the Euclidean distance d(Sg, S);) between the vectors,
d(Se, Sm) = ISg — Sull (24)

where ||-|| is the vector norm, which is the square root of the sum of the squared elements
[97]. The Euclidean distance is the minimum distance between two vectors in multi-
dimensional space [97], and was used as a measure of concordance between Sg and Sy,. This
distance quantified the extent to which the predictions accurately represented the
measurements. The feature vectors were obtained using the image decomposition method
described in [82]. Based on prior experience, Chebyshev polynomials of order ten were used
to decompose the maps of measured and predicted residual strains. The appropriateness of
using polynomials of this order was evaluated by comparing the accuracy of the reconstructed
images with the original maps. The root mean squared difference between the original maps
and the reconstructed maps was calculated and considered acceptable when it fell below the
measurement uncertainty. The Euclidean distance between the feature vectors S; and Sy,
for every specimen in the five calibration sets, for facet sizes from 5 pixels to 85 pixels and «,
values from 1x10® °C1to 10x10°® °C?, was calculated. The average Euclidean distance of the
specimens in the calibration sets for every one of the nine facet sizes was calculated. The
optimum facet size and value of the coefficient of thermal expansion after calibration were
identified, which corresponded to the minimum of the average Euclidean distance achieved
for the five calibration sets. To validate the quality of the combined fibre-orientation
algorithm and model, the feature vectors from the measured and predicted residual strain

maps were compared for the validation set using the optimized facet size and coefficient of
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thermal expansion obtained from the calibration sets. The calibration and validation process
were iterated six times, where each data set was used to calibrate the model five times and
validate it once. Automation of the entire process was achieved by utilizing Abaqus for finite
element analysis, Python for post data processing on finite element results, and MATLAB for

image processing, including image decomposition.
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Figure 23: Flow chart showing the SLOOCV procedure used to calibrate the ultrasound facet size and
the coefficient of thermal expansion.
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5.4. Results

An example of an orientation map obtained using the FFT based algorithm is shown in
Figure 22(b), which indicates that the fibre waviness region was successfully characterised
resulting in a fibre orientation map. Figure 22(c) shows a sketch of fibre alignment on the
front surface of the finite element model after importing the fibre orientation map into
Abaqus. To evaluate the performance of the three algorithms for identifying fibre orientation
from C-scan data, they were applied to a 100x100-pixel exemplar ultrasound facet, f(x,y),

for which the orientation was created by rotating 30° anticlockwise the image of the top 0°
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ply of a non-wavy specimen, as shown in Figure 24(a). Figure 24(b) to (d) are images for each
algorithm applied to Figure 24(a), and the angular distributions a(8) were calculated based
on these images. For a better comparison of the angular distributions from the RT, FFT and SF

algorithms, they were normalized by calculating,

2(6) = aw%” (25)
where z(6) is the normalized angular distribution from the RT, FFT and SF, a(8) is the original
angular distribution from the RT, FFT and SF, u and o are the mean and standard deviation
of a(8). These were then plotted in Figure 24(e). The three peak values in Figure 24(e)
achieved by the RT and FFT are both at 30 degrees, and at 24 degrees for the SF.
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Figure 24: A facet of ultrasound data from a specimen without fibre waviness (a) where the image has
been rotated by 30°. Images after performing RT (b), FFT (c), and SF (d). Normalised angular
distributions for performing RT, FFT and SF (e).

Calibration results for the first iteration are shown in Figure 25, illustrating the effects
of facet size and the value of the coefficient of thermal expansion on the average Euclidean
distances between the measured and predicted residual strains. The curves show the mean
value of the Euclidean distances between the feature vectors representing the predicted and
measured residual strains for each specimen in the five calibration sets at a specific facet size
and value of the coefficient of thermal expansion. The relationship between the minimum
coefficients of thermal expansion and facet size is shown in Figure 26. The minimum of each
curve in Figure 25 was plotted in Figure 27 as a function of facet size in order to identify the
global minimum and hence optimum facet size. For RT, FFT and SF algorithms, the minimum
Euclidean distances were achieved when length dimension of the facet was 45 pixels, 35 pixels

and 15 pixels respectively.

67



Validation of the calibrated models was performed using the six validation sets and
each set had three specimens with 17.5%, 20% and 25% fibre waviness, yielding 18 validations
in total. The calibrated values of the coefficient of thermal expansion and the facet size were
used to generate the models to be validated. Each validation included three comparisons of
measured residual strains with predicted residual strains obtained from models using the RT,
FFT and SF based algorithm respectively, using the protocol described by the CEN Workshop
Agreement 16799:2014 [82]. One example of validation is shown in Figure 28. Figure 28(a)
shows the measured residual strains for a specimen with 25% nominal fibre waviness, and
Figure 28(b) to (d) show the predicted residual strains for the specimen based on models using
the RT, FFT, and SF based algorithms. The residual strain maps were treated as images and
decomposed using discrete Chebyshev polynomials of order 10, resulting in 66 coefficients
collated into feature vectors. The image decomposition technique was applied to reduce data
dimensionality, i.e. from 103 pixels to 10! coefficients, and to allow for a straightforward
comparison using the feature vectors rather than comparing images pixel by pixel. The feature
vectors were used to reconstruct the original images and assess the quality of the
representation of the original images by calculating the root mean squared residual between
the original image and the reconstructed image. Comparisons of the feature vectors
representing measurements and the predictions are shown in Figure 28(e). To determine if
the simulation was an adequate representation of the experiment, the root mean squared
residual and measurement uncertainty were used to define an acceptance band, which is

graphically shown as the two dashed lines in diagrams shown in Figure 28(e). The acceptance

Syu=Sg+2 /u,zneas + uz (26)

where S, is the feature vector describing the predicted residual strains, Sg is the feature

band is defined as,

vector representing the measured residual strains, uy is the root mean squared residual for
the measured strains, and U045 IS the measurement uncertainty. A perfect correlation
between the measurements and a prediction would result in all of the points being located in
the acceptance band and in a straight line. However, in Figure 28(e), there was one data point

for each of the RT, FFT, and SF which fell outside the acceptance region.
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Three models used for predictions of residual strains generated results which were
deemed unacceptable in the validation process, these were all associated with one specimen
containing 25% nominal waviness. The validation diagram for these three models is shown in
Figure 28. The comparisons of residual strains between the predicted data and the measured
data indicate that whilst the distribution in the high strain areas were similar, differences
existed in the magnitude of strains. Each validation set contained three specimens with
17.5%, 20% and 25% nominal waviness, thus the averages and standard error of the Euclidean
distances were investigated as a function of the nominal waviness, as shown in Figure 29. The
Euclidean distance between the predicted and measured strains increased with the increase
in nominal waviness in the specimens. At lower values of nominal waviness: 17.5% and 20%,
the Euclidean distances achieved by the RT, FFT, and SF were approximately the same,
however, at the highest nominal waviness of 25%, the Euclidean distances achieved by the SF

were larger, indicating less agreement.
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Figure 25: Summary of one calibration iteration using (a) RT, (b) FFT, (c) SF algorithm, showing the
influence of CTE and facet size on the Euclidean distance between feature vectors representing the
predicted and measured residual strain maps. Each curve represents the average Euclidean distance
of the five calibration sets containing 15 specimens for each facet size.
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Figure 26: Minimum coefficients of thermal expansion from Figure 25 plotted against facet size for the
algorithms based on the Radon transform, Fourier transform, and Sobel filters.
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Figure 27: Minimum Euclidean distances from Figure 25 plotted against facet size for the algorithms
based on the Radon transform, Fourier transform, and Sobel filters.
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Figure 28: Experimentally measured residual strains for a specimen with 25% nominal fibre waviness
(a), predicted residual strains for the specimen using the Radon transform (b) Fourier transform (c)
Sobel filters (d), and the validation diagram (e) showing that three points fell outside the acceptance
region. The validation diagram was plotted as the three feature vectors representing the predicted
strains against the feature vector representing the measured strain. Each feature vector consisted of
66 coefficients of the Chebyshev polynomials used to decompose the strain maps (a)~(d). The inset
shows an enlarged version of the boxed region on the main graph.

For each specimen, three models were created using the RT, FFT, and SF algorithms.

For each model, a Euclidean distance between the feature vectors representing the predicted
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and measured residual strains was calculated that quantified the similarity between the
model and the experiment. The performance comparisons of the three algorithms could be
made based on the prediction accuracy of residual strains. The best performing algorithm for
predicting the residual strains was identified by finding the minimum of the three Euclidean
distances. For 10 specimens the predicted residual strains were closest to the experiment
when using the RT algorithm, this is the highest success rate in providing the best predictions

for any algorithm, as shown in Figure 30.
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Figure 29: Average Euclidean distances between feature vectors representing predicted and measured
residual strain maps from all 18 validation procedures for the RT, FFT, and SF algorithms plotted
against waviness severity, with the 95% confidence intervals of the average shown as error bars. The
markers are slightly offset from their true nominal waviness to aid interpretation and a trend line is
plotted to show an approximately linear relationship.
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Figure 30: Frequency of minimum Euclidean distance between feature vectors representing predicted
and measured residual strain maps achieved for the three algorithms applied to the 18 specimens
using the optimised values of ultrasound facet size and of the coefficient of thermal expansion. Higher
frequency indicates the higher success rate of the algorithm in providing the best predictions.
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5.5. Discussion

5.5.1. Comparison of the RT, FFT and the SF based algorithms

Three algorithms were used to process an ultrasound facet with a known fibre
orientation of 30° to assess their performance. The mechanisms of the three algorithms were
different; however, all of the algorithms were able to characterise the fibre orientation of the
same ultrasound facet by identifying the peak location, shown in Figure 24(e). Upon
comparison, it was observed that the fast Fourier transform (FFT) based and Sobel filter (SF)
based algorithms exhibited more noise in their results when compared to the Radon
transform (RT) algorithm. The SF also shows a 6° deviation in peak values. This suggests that
the RT algorithm was better at characterising ultrasound images for specimens with regularly
aligned fibres, because it can give a more distinct peak at the correct fibre orientation with

less noise.

Assessing the performance of the three algorithms on specimens with fibre waviness
posed challenges due to the random variability in imaging fibre tows at the defective zones.
This variability made it difficult to define a direct criterion for evaluating algorithm
performance. However, the performance comparisons of the three algorithms could be made
based on the prediction accuracy of residual strains. Algorithms based on the RT, FFT, and SF
were applied to characterise the fibre orientations visible in ultrasound images of specimens
containing fibre waviness. Finite element models of these specimens were created based on
this orientation data and used to predict residual strains. To explore the influence of facet
size used for determining fibre orientation, Stratified Leave-One-Out Cross-Validation
(SLOOCV) was employed to estimate the prediction accuracy of the models. This was achieved
by calibrating the facet size and the coefficient of thermal expansion for each algorithm. The
effect of facet size can be seen in Figure 25, where the Euclidean distance between feature
vectors representing the predicted and measured residual strains was used as an indicator for
the quality of the result. Lower average Euclidean distances indicated a better fit of the model
to reality for the given parameters. Both facet size and coefficient of thermal expansion
contributed to the prediction accuracy and the relationship between them is shown in Figure
26. The correlation between facet size and CTE is due to larger facets resulting in small
features in the ultrasound images being unresolved. This leads to an underestimation of fibre

orientations, as also reported in [37]. Consequently, the calibration process yields higher
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estimates of CTE in order to achieve the same magnitude of residual strains. The models were
validated with the calibrated facet size and value of the coefficient of thermal expansion.
After the validation of the models, average Euclidean distances were calculated, as shown in
Figure 29. The average distance is an unbiased estimator of the predictive accuracy of the
base model procedure [98]. Therefore, by identifying the predictions most similar to the
experimental results, the best algorithm for characterizing fibre orientations can be
determined.. The identification was achieved by finding the lowest average Euclidean

distance between predictions and experimental results.

The comparison of the three algorithms was performed at two scales: fibre tows and
specimen. There were 6 specimens at each of the three levels of nominal waviness, resulting
in 18 specimens in total. At the fibre tow scale, the RT and FFT algorithms exhibited similar
performance, with approximately equal average Euclidean distances observed at each
nominal waviness level,, as shown in Figure 29. For lower values of waviness: 17.5% and 20%,
the Euclidean distances obtained using the SF were close to those using the RT and FFT, where
the differences among the three algorithms were within 5%. However, at the highest value of
nominal waviness, the Euclidean distance achieved by the SF based models was
approximately 16% larger than that achieved by the RT and FFT, which indicated that the RT
and FFT slightly outperformed the SF at the highest values of nominal waviness. The results
implied that the fibre tow orientations given by the SF were less accurate when dealing with
complex fibre arrangements. The optimum values of calibrated parameters were used to
predict the residual strains in each specimen using each of the three algorithms and the
predictions compared to the measured distributions of residual strain using the Euclidean
distance between their feature vectors. The performance of the three algorithms was
evaluated by identifying which yielded the minimum Euclidean distance for each specimen
when using the optimised parameters. The frequency with which each algorithm yielded the
minimum Euclidean distance for a specimen is shown in Figure 30. At the scale of the
specimens, it was found that for ten specimens the best predictions came from models based
on orientation data determined using the RT algorithm, for six specimens the FFT algorithm
provided the best orientation data, and only two using the SF algorithm, as shown in Figure
30. This means the RT algorithm has overall the highest success rate in predicting residual

strains. Therefore, based on this data it is possible to non-subjectively rank the effectiveness
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of the three different techniques for obtaining fibre orientation, with the RT as the best option
to characterise fibre orientation. Similar findings were reported in [31], [35] and [36], which
were based on the observations that more distinct peaks can be seen, or smaller changes in
fibre alignment can be characterised, using the RT than the FFT. However, in this chapter, we
draw this conclusion based on comparing the predictions for residual strains using the RT, FFT

and SF, and by comparing the predictions with measurement data.

5.5.2. Validation of the models

Leave-one-out cross validation is a classical model-selection method in the machine
learning field, used mainly for selecting the optimal values of calibrated parameters [99]. Its
purpose is to assess the reliability of model predictions by determining the model that
provides the best fit with the data [100]. In this context, 'best fit' refers to the prediction with
the minimum Euclidean distance between the measurement and predictions, achieved by
feeding the base finite element model with various values of the two parameters to be
calibrated. The use of cross-validation helps to address the potential issue of overfitting,
where a model may learn too much information from the calibration sets and subsequently
struggle to predict accurately during the validation process. In other words, a model can fit
the calibration sets well, but its predictions for future specimens may be poor. By employing
leave-one-out cross-validation, each data point is used for both calibration and validation,
ensuring a robust assessment of the model's predictive performance and enhancing its
generalization capabilities. In order to achieve identically distributed data sets, all the data
were stratified into three classes based on their nominal waviness before partitioning them
into five calibration sets and one validation set. Thus, the otherwise sampling imbalance that
may result in an over-fitting issue were eliminated. For instance, considering an extreme case,
if stratification had not been applied, the five calibration sets could have had data of six
specimens with 17.5%, six specimens with 20%, and three specimens with 25% nominal
waviness, leaving the validation set having data from three specimens all with 25% nominal
waviness. This would have led to the calibrated models providing more reliable predictions
for specimens with 17.5% and 20% nominal waviness but less reliable for specimens with 25%
nominal waviness. Therefore, the SLOOCV provided reliable and unbiased estimates of model
performance. One drawback of SLOOCV is that for a large data set it can be a computationally

expensive procedure to perform. This thesis used data from only 18 specimens and thus the
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heavy computational cost was not a concern. If there were more specimens, a related
technique called stratified k-folds cross validation could be used instead to reduce the

computational burden [99].

The accuracy of the predicted residual strains was influenced by the level of nominal
waviness in the specimens. For specimens with the highest nominal waviness, there was a
possibility that the models could underestimate the magnitude of residual strains, as
observed in one particular specimen where all three models provided unacceptable
predictions during the validation process, as depicted in Figure 28. In this case, the
magnitudes of strain are lower than the experimental data; however, the distribution in the
higher strain areas can still be predicted quite well by the models based on the three
algorithms. The validation diagram, shown in Figure 28(e), shows a single point fell outside of
the acceptance region for each of the three algorithms. These points corresponded to the first
Chebyshev polynomial, which represented the mean value of the residual strain maps. These
outliers fall in the bottom right region of the validation diagram, showing that the mean value
of the experimental data is larger than that of the predicted data, leading to an
underestimation of the predicted residual strains. One possible cause of the underestimation
by the models may be because the calibrated value of the coefficient of thermal expansion
used for the 4t validation set was the lowest compared to the other sets. As the residual
strains were predicted by simulating a cooling process, a lower coefficient of thermal
expansion would result in less contraction of the specimen, and thus lower predicted residual
strains. Another possible explanation is that as nominal waviness increased from 17.5% to
25%, the accuracy of residual strain predictions declined. In other words, higher fibre
waviness indicated more severe defects, making it more challenging for the algorithms to
accurately determine the fibre orientation. As this orientation data is input into the models,
this leads to lower accuracy predictions. Apart from the one specimen with models that
generated unacceptable predictions, for the other 17 specimens, the magnitude and location
of the residual strains were well predicted by their models based on the three fibre

characterisation algorithms.

In this chapter, not only were three different severities of in-plane fibre waviness
successfully characterised, but also the orientation data was incorporated into models to

predict residual strains. The method of utilising non-destructive data to generate a model for
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predicting residual strains is not limited to the ultrasound technique, it could also be applied
using data obtained from other techniques, such as Eddy-current testing or X-ray computed
tomography. These models could be further developed to not only predict residual strains,
but also for predicting the failure of defective composite components under load, as will be
discussed in Chapter 6. Furthermore, as discussed in [7], residual strains could be
incorporated into these models to help predict the ultimate failure of composite components.
In this chapter, only the surface strains were measured and predicted, but it shows a clear
route of utilising ultrasound data to generate effective 2D models. In the future, the technique
developed in this chapter could be extended to 3D models, which would be more challenging

as the characterisation of the inner plies of laminates is not easy.

5.6. Summary

A technique of utilising ultrasound data to generate finite element models has been
developed. These models were used for predicting residual strains in defective CFRP
specimens with fibre waviness. The quality of the models was assessed by comparing feature
vectors describing predicted and measured residual strain maps. The technique is shown to
be robust for calibrating models and evaluating their performance. Therefore, it could be used

to identify the most effective way of creating models based on non-destructive test data.

Algorithms based on the Radon transform, fast Fourier transform, and Sobel filters
were shown to be capable of processing ultrasound images to generate effective models for
predicting residual strains for defective specimens. Previous studies had made qualitative
comparisons between these techniques. For this thesis, quantitative comparisons of the three
algorithms based on image decomposition using Chebyshev polynomials were made at the
fibre and the specimen scale. Based on these comparisons, the Radon transform algorithm

was shown to outperform the other two.

The models were calibrated using an innovative stratified leave-one-out-cross-
validation procedure which was shown to be effective in identifying the optimum value of the
coefficient of thermal expansion of the material and the appropriate facet size for use in the
algorithms for characterising fibre orientations. These models could be further developed to
not only predict residual strains, but also for predicting the failure of defective composite

components under load, which will be discussed in Chapter 6. The second objective about
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developing a method for better utilising non-destructive evaluation data for characterising

defects in composites thus has been achieved.
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6. Failure analysis for defective specimen with in-plane fibre waviness
under four-point bending test

6.1. Introduction

As identified in the knowledge gaps in Chapter 2, the failure behaviour of CFRP
specimens with in-plane fibre waviness has not been fully understood. The mechanisms
leading to the onset and propagation of damage prior to the first ply failure is still unclear. It
has been found that little research has been conducted on the creation of finite element
models to predict the failure behaviour of defective specimens with in-plane fibre waviness.
Although models adopting Hashin-Rotem criterion [68] have proved to be successful in
predicting buckling behaviour of specimens with artificially induced impact damage when
subjected to a bending load, it is unclear whether it can be used for specimens containing

fibre waviness [93].

This chapter investigates the failure behaviour of four sets of specimens containing
four levels of fibre waviness: 0%, 20%, 25% and 30%. With each set having 6 specimens
making 24 specimens in total. The specimens were tested in a four-point test rig until they
were loaded to the first ply failure. Two DIC systems were used to record the images on both
the top and bottom surface of the specimens during the bending tests. The strains and failure
images obtained from DIC showed that there were two types of failures depending on the
level of fibre waviness. One was delamination dominated failure. The other was micro
buckling initiation, followed by crack propagation through the specimens causing fibre
damage, matrix damage, and local delamination. The threshold level of fibre waviness for
dividing the failure types was between 20% and 25%. For the first time the micro-buckling of
fibres due to the in-plane fibre waviness was captured by the DIC cameras, and the growth of
the cracks were also tracked. Hashin-Rotem criterion [68] and cohesive layer modelling were
adopted in the finite element analysis for predicting the failure behaviour. It was shown that
the finite element models were successful in predicting all the failure behaviour including
delamination, fibre damage and matrix damage. The predicted failure progression agrees well

with the measured data.
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6.2. Experimental methods

6.2.1. Specimen preparation

Cross-ply carbon fibre reinforced laminates, with the same stacking sequence and
material as the specimens in Section 4.2.1, were manufactured. Four different severities of
in-plane fibre waviness were induced, with six specimens having each level of severity giving
twenty-four specimens in total. The four level of severities were: 0%, 20%, 25%, 30%. The
formers for creating the fibre waviness of 20%, 25% and 30% had central arc radii of 14.6 mm,
11.0 mm and 8.52 mm respectively. The specimens having 0% fibre waviness were created

on a flat surface.

The curing and cooling procedures for manufacturing these specimens were also the
same as introduced in Section 4.2.1. Each specimen in this chapter was cut to a size of 220
mm by 40 mm. The average thickness of the specimens was 3.56 mm. A typical defective
specimen had in-plane fibre waviness in the top ply and the bottom ply contained no

waviness. The x-direction was defined as parallel to the 0° fibres.

6.2.2. Ultrasonic Characterisation

Each specimen was tested using pulse-echo ultrasonic C-scans in order to characterise
the fibre waviness in the specimens. A focused 10 MHz probe attached to a flaw detector
(Epoch 4+, Olympus, Japan), was used to record the variation in amplitudes of the reflections
received from the specimens. Each specimen was immersed in a water tank with the wavy
side faced up, and the probe was placed vertically above the specimen with no tilt angle. The
probe crystal diameter was 10 mm and the focal length was 50 mm. The probe was moved
along a raster pattern by the multi-axis scanner (Midas-NDT, UK), as shown in Figure 5. The
system was set to record the instantaneous amplitude from a 0.1 mm thick portion of the
specimen at a depth of 0.45 mm, which is approximately equal to the depth of the first ply
interface. This resulted in images showing the tows in the defective ply of the specimen. The
amplitude was recorded at 0.1 mm increments along lines with a spacing of 0.2 mm. The

images had a lateral spatial resolution of 10 pixels/mm.

6.2.3. Digital Image Analysis
DIC was used to measure strain on the top and bottom surface of all the specimens.

The central regions on both the top and bottom surface of the specimen were selected as the
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region of interest, each having a size of 60 by 40 mm. Speckle patterns were sprayed on these
regions of interest. The DIC analysis was performed in a different lab from which has been
describe in Chapter 5. The specimens were first sprayed white (Spray Paint, Puff Dino,
Taiwan). Black speckles were then created on top using the VIC Speckle Pattern Application
Kit (Correlated Solutions, USA). The nominal diameter of black speckles was 0.33 mm. The
specimens were loaded to failure using a four-point bending test rig (HT-2402, Hung Ta
Instrument, Taiwan), as shown in Figure 31. The load span was set to be 80 mm, while the
support span was set to be 160 mm. The load cell was moved downwards at a constant speed
of 0.8 mm/min. Force and displacement data were recorded every second during the loading
process. The test for each specimen was stopped manually when the first ply failure occurred,
which was signalled by a loud bang. The DIC system (Correlated Solutions, USA) for measuring
strain on the top surface consisted of two cameras (Correlated Solutions, USA) forming an
angle of 79°, while the DIC for measuring strain on the bottom surface consisted of two
cameras forming an angle of 38°. The camera speed was set at 20 fps for all cameras. One
light emitting diode lamp (Sunray 200, Skier, Taiwan) was used to provide illumination for the
top surface, and one (Correlated Solutions, USA) for illuminating the bottom surface. The
images were processed by the VIC-3D 9.0 software (Correlated Solutions, USA) using a facet
size of 65 pixels and grid spacing of 11 pixels. The values of facet size and grid spacing were

determined after several trials to avoid broken strain maps.
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Figure 31: Four-point bending test rigs with a DIC system taking measurements from both the top and
bottom surface of the specimens while being tested.

6.3. Finite element analysis

6.3.1. Simulation of the test

Abaqus 6.14 (Dassault Systemes, France) was used to simulate the four-point bending
test and to predict the failure progression. The model was created using four cylinders and a
composite laminate, as shown in Figure 32. The load and support cylinders were treated as
discrete rigid bodies. Surface to surface contact was simulated between each cylinder and the
specimen, and the friction coefficient was set to 0.3. The boundary conditions for the two
load cylinders were Uy = Uy = Ugy = Ugy = Ugry; =0, U, = =20 mm. The boundary
conditions for the two support cylinders were Uy = Uy = U; = Ugy = Ugy = Ug; = 0.
Since the four-point bending test was considered as a quasi-static process, so

Abaqus/Standard was used, with the non-linear geometry option toggled on. Arbitrary
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Lagrangian-Eulerian (ALE) analysis was used to prevent large distortions of elements at the

central region.

z

l—b)(

Figure 32: Finite element model for simulating the four-point bending test.

The CFRP laminates were created as shown in Figure 32. Each specimen was
discretised into 8 layers, and each layer was discretised into 35,200 elements, with each
element having a uniform size of 0.5 mm. Therefore, each specimen was simulated using
281,600 C3D8R elements. These elements were initially given the transversely isotropic
material properties shown in Table 3 [101]. Tensile tests were performed on unidirectional
laminates that were made of the same materials, and thus E;; in Table 3 was replaced by an
expreimentally obtained value: 130.30 GPa, and E,,, E3; were replaced by 16.8 GPa. Other
than the three Young’s modulus properties, the other property inputs in the Abaqus model
were all from Table 3. It was found that E;; was the dominant property that affect the
simulation results, and the other properties were less effective, thus it is acceptable to use
the other properties in Table 3. A better simulation would be achieved when all the property

inputs were experimentally obtained instead of using values from literatures.
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Table 3: Mechanical parameters of the lamina [101].

Parameters Units Values

Longitudinal tensile modulus, E;; GPa 156.00
Transverse tensile modulue, E,,, E33 GPa 8.35
In-plane shear modulus, G, GPa 4.20
Out-of-plane shear modulus, G5 GPa 4.20
Out-of-plane shear modulus, G,; GPa 2.52
Major Poisson’s ratio, v, - 0.33
Through thickness Poisson’s ratio, v;3 - 0.33
Through thickness Poisson’s ratio, v, - 0.55

Longitudinal tensile strength, Xt MPa 2500.00

Longitudinal compressive strength, X MPa 1400.00
Transverse tensile strength, Y, MPa 75.00

Transverse compressive strength, Y, MPa 250.00
In-plane shear strength, S;, MPa 95.00
In-plane shear strength, S;3 MPa 95.00

Out-of-plane shear strength, S,3 MPa 108.00
Fibre tensile fracture energy, G, J/m? 91.60
Fibre compressive fracture energy, G, J/m? 79.90
Matrix tensile fracture energy, G; J/m? 0.22
Matrix compressive fracture energy, G, J/m? 2.00

To predict the progressive failure behaviour of the laminates, a specially written UMAT
was used. A UMAT is a user subroutine for defining a material’s mechanical behaviour. The
UMAT defined the initiation of the intra-lamina failure using Hashin-Rotem criterion [68] and

the progressive failure behaviour by iterating the material Jacobian matrix, ne Four failure

modes were considered in Hashin-Rotem criterion [68]: fibre rupture in tension; fibre buckling

and kinking in compression; matrix cracking under transverse tension and shearing; matrix
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crushing under compression and shearing. The Hashin-Rotem failure criterion [68] in Abaqus

was governed by the following equations [102]:

Fibre tension(d;; = 0):
Ff = ( )2 +a ( (27)

Fibre compression(d;; < 0):

611

Ff = Gy (28)
Matrix tension(d,, = 0):
o T
( 22)2 ( 12)2 (29)
Matrix compression(d,, < 0):
0'22 2 2 _ 0-22 T12 2
30

In the above equation, XT denotes the longitudinal tensile strength, X¢ denotes the
longitudinal compressive strength, YT denotes the transverse tensile strength, Y¢ denotes
the transverse compressive strength. a is a coefficient that determines the contribution of
the shear stress to the fibre tensile initiation criterion, a equalled 1 in this thesis since in-
plane shear stress is considered influential; ;,, 65, T;, are components of the effective

stress tensor, & is used to evaluate the initiation criteria and is computed from:
0 =Mo (31)

where o is the true stress and M is the damage operator:

_ 1 0 O -
1- df)
v=l o 1 (32)
(1-dp)
1
| 0 0 (1—d,)]
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ds, dpm, and dg are internal damage variables that describe fibre, matrix and shear damage.
They are derived from damage variables d}, d;, dt,, and dS,, which are given by the following
equations:

. df if 6,120,
I \ds if 611 <0,

i = {dfn if 65, =0, (33)
mdS, if 65, <0,

ds=1-(1-d)(A-df)(1—dp)(1—dp)

Prior to damage initiation, M is equal to the identity matrix, so & = 0. When one of the failure
modes occurs, i.e., either one of the four variables: Fft, ch, EL, ES is greater than 1, the
corresponding damage variable: dy, dy,, d is greater than 0, indicating the corresponding

failure.

Once a damage initiates, the material stiffness cannot remain unchanged. The damage
evolves with the degradation of the material stiffness. The response of a material is thus

governed by:
o= Cye® (34)

where £¢ is the elastic strain and Cj is the damaged stiffness matrix, which is expressed as:

(1 —dp)E; (1-dp)(A —dn)va By 0
Cq = D (1- df)(l — dm)vi2E, (1 —dp)E; 0
0 0 (1—dy)GD (35)

where D =1—(1—-df)(1—dp)vi2v21 , df denotes the current state of fibre
damage, d,, denotes the current state of matrix damage, dg denotes the current state of
shear damage, E; is the Young's modulus in the fibre direction, E, is the Young's modulus in

the matrix direction, G is the shear modulus, and v;, and v, are Poisson's ratios.

The damaged stiffness matrix C; evolves with the change in the damage variables, df,
dn, and dg. After damage initiation, the damage variable for a particular mode is governed

by the following equation:
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_ Sefq (6eq - 6gq
6&q (6efq - gq

(36)

where 63q is the initial equivalent displacement at which the initiation criterion for that mode
was met, in other words, when one of the four corresponding variables: Fft, FfC, El, ES equals
to 1, and 5£q is the displacement at which the material is completely damaged in this failure
mode. The relationship between equivalent stress and equivalent displacement is shown in

Figure 33. The equations of equivalent stress and equivalent displacement for the four failure

modes are different, and they were expressed as follows:

Fibre tension(dy; = 0):

6‘{; =If /(811)2 + ag?,

(37)
re (o )en) + atgpe,
O'eq - 5ft/LC
eq
Fibre compression(d;; < 0):
8lg = 8lg(~en)
38
of¢ = (—011)(—€11) (38)
eq ft
8eq/L¢
Matrix tension(d,, = 0):
6;7(1; = LC /(822)2 + 8122
(39)

¢ {0220€22) + T1817
O-erg = mt c
Soet /L

Matrix compression(d,, < 0):

5;7‘16 = LC ’<_€22>2 + 8122 (40)
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me _ {T0220—€22) + T12€15

eq 5;ZC/LC

In the above equations, L¢, is based on the element geometry and formulation: it is typically
the length of a line across an element for a first-order element or half of the same length for
a second-order element. The symbol ( ) in the equations above represents the Macaulay
bracket operator, which is defined for every a € R as (a) = (a + |a|)/2 . The strain
components were calculated in Abaqus and passed to the UMAT for use in the calculation of

equivalent stress and equivalent displacement, and to evaluate the failure initiation.
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Figure 33: Equivalent stress versus equivalent displacement. The shaded area exhibits the fracture
energy.

The four damage variables Fft, ch, EL, ES initially have a value of 0 and then
monotonically evolve from 0 to 1. With the accumulation of an applied displacement load,
one type of damage at a node point may take place when one of the four variables reached
1, which is governed by Equation (27), (28), (29), and (30) respectively. The evolution of the
damage is governed by the dissipation of the fracture energy in that failure mode, which

corresponded to the triangular area in Figure 33.

6.3.2. Simulation of the defect
Fibre waviness was firstly characterised by the pulse-echo ultrasonic C-scans. The

resultant images were analysed by the Radon transformation algorithm using a facet size of
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45 pixels to obtain the fibre orientations which were transferred into finite element models.
The algorithm and optimal parameter have been identified in Chapter 5. One exemplar fibre
orientation map is shown in Figure 34. The defect was simulated by creating a discrete field
at the centre of the top 0° ply, and the number of elements of this discrete field was the same
as the number of data points in the orientation map. Then the measured local fibre

orientation was assigned to each element in the discrete field.

Y Position, (mm)
Fibre Angle, (°)

X Position, (mm)

Figure 34: One exemplar fibre orientation map obtained from processing an Ultrasonic C-scan image
using the Radon transformation for a specimen having 30% fibre waviness.

6.3.3. Simulation of the cohesive layers

To predict the inter-laminar failure in the laminates, a cohesive zone was used in the
analysis. Cohesive behaviour is useful in modelling the bonded interfaces to predict both the
initiation and propagation of the delamination in composites. In this analysis, a thin cohesive
layer of COH3D8 elements was created between every two adjacent CFRP plies, and the
thickness of the cohesive layer was set to 0.001 mm to represent the realistic delamination
phenomenon. The constitutive response in the cohesive elements was governed by the
cohesive law, which defines the traction and separation behaviour. Three failure modes can
occur for the cohesive elements: normal mode, shear mode in the 1% direction and shear
mode in the 2™ direction. The normal mode occurs with stress orthogonal to the local plane
of the crack surface, shear mode in the 1° direction occurs with stress parallel to the crack
surface but orthogonal to the crack front, and shear mode in the 2" direction occurs with
stress parallel to the crack surface and to the crack front. For the normal mode, the

relationship between the normal stress and displacement is shown in Figure 35. It can be seen

- . N . .
in Figure 35 that the penalty stiffness K, = 5’[}32‘, where N, is the maximum normal stress
n
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at the failure initiation displacement §i*¢. The triangular area is the fracture energy, G..

il 2Gc
6fal —
n

max

Thus, the displacement at the total failure point can be calculated as . Similar

triangles could be drawn for the shear mode in the first and second direction. Instead of using
the maximum stress failure criterion, it has been proven more effective to use the quadratic

failure criterion to predict the initiation of damage [103], and the criterion is expressed as:

() + 62+ ) -

where g, is the nominal stress in pure normal mode, o5 and o; are the nominal stresses in

the first and second shear direction respectively, N, is the maximum allowable stress in
pure normal mode, S5 and Ty, 4, are the maximum allowable stresses in the shear mode in

the first and second direction respectively.
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Figure 35: The normal stress versus displacement for the opening mode. The shaded area exhibits the
fracture energy.
The constitutive behaviour is governed by the equations:
K6, Om < 69,

oc={(1—-d)K&, 6%<6,<56. (42)
0 Em = 61,
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where d is a scalar damage variable, &, is the effective displacement for a mix mode, 82, is

the effective displacement when a damage is initiated, and 6,’:1 is the effective displacement

at total failure. The effective displacement §,,, for the mixed mode is defined as [104]:

S = J(51>2 +8,% + 857 (43)

where 6;, 6, and 85 are the displacements in the three separate modes, as shown in Figure
36. The scalar damage variable d initially has a zero value. After damage has initiated, d
monotonically increases from 0 to 1. The cohesive elements are fully damage when d equals

1.

Normal, 1“

81 P

Shear, 3

Figure 36: Effective displacement in the mixed mode.

The evolution of damage is controlled by the mixed-mode energy release rate, G,

which according to the Benzeggagh-Kenane law [105], can be expressed as:

G n
Gic + (Gyc — Gie) (—sgear> = G¢ (44)
T

where Gspeqr = Gric + Guic, Gr = Gic + Gspear, Gic, Guc, and Gyyc are the critical strain
energy release rate for the normal mode, the shear mode in the first and the second
directions respectively. The Benzeggagh-Kenane law was used because the mixed mode
fracture toughness calculated from it covers a comprehensive range of mode mixity, which

can provide more accurate results [106]. The parameters for defining the behaviours of
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cohesive elements are shown in Table 4 [103]. At this initial stage of the simulation, it should
be acceptable to use these parameters from literature. However, one would expect that
better match between experiment and simulation would be achieved if all the parameters
were obtained from experimental procedures or be optimised using model updating
algorithms [107]. Parameters can be obtained from the double cantilever beam test for
normal mode, the end notch flexure test for shear mode in the 1% direction, and the edge

crack torsion test for shear mode in the 2" direction.

Table 4: Cohesive elements parameters [103].

Gic Giic K On Os Ot n
(N/mm) (N/mm) (N/mm3) (MPa) (MPa) (MPa)
0.361 1.083 10° 20 40 40 10
6.4 Results

6.4.1 Bending test on specimens with fibre waviness

Twenty-four CFRP laminates with four levels of in-plane fibre waviness were loaded
to the first-ply failure using four-point bending tests. The ability of the laminates to carry a
load varied with the waviness severity. It is shown in Figure 37 that specimens with 0% fibre
waviness had the highest average ultimate bending moment, which is 48.7 Nm. The average
ultimate bending moment drops with the increase of fibre waviness severity. For specimens
with 30% fibre waviness, the average ultimate bending moment declines by 32% to 32.9 Nm.
The error bars in Figure 37 indicate standard errors, which also decrease with the increase of

waviness severity.
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Figure 37: Comparison of mean ultimate bending moment for specimens having each level of fibre
waviness.

The four-point bending tests were in displacement control, but load values were also
recorded at each displacement which can reveal the load carrying abilities of the specimens.
The loading scenarios were the same for the whole set of specimens. However, the force and
displacement response of the specimens with different waviness varied. The force versus
displacement curves can be categorised by the two types of failure behaviour. One type is for
specimens with 0% and 20% fibre waviness, where force linearly increased with the increase
in displacement, but after reaching a critical load the force decreased sharply. The curve
shape is smooth with no discontinuities or steps. One example of this type of curve is shown
in Figure 38 (left). The sharp decrease in force from the maximum indicates delamination
occurring and rapidly propagating. The other type of failure behaviour is for specimens with
25% and 30% fibre waviness. For this type of failure, the force also increased linearly with the
increase of displacement. However, before the force reached a critical value there was a small
drop in force indicating the initiation of damage, as shown at (b) in Figure 38 (right). After the
force reached the peak value, at (c) in Figure 38 (right), force reduced in steps with very small
increases between successive reductions, giving a jagged curve to (d) in Figure 38 (right), as
the damage propagates. The damage is identified as micro-buckling of fibres by DIC analysis,
which will be discussed later. Position (d) in both Figure 38 (left) and (right) is the point when
the specimens completely failed. At the elastic region, when the same displacement is applied
to defective and defect-free specimens, their force responses differ. As shown in Figure 38,
at an applied displacement of 6 mm, the force was approximately 1200 N for the specimen

with 0% waviness, while it was approximately 1500 N for the specimen with 30% waviness.
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This discrepancy could be attributed to a high amount of fibre waviness defects, which
resulted in significant twisting of fibres in the top ply. Consequently, the twisted fibres acted
like springs, reinforcing the top ply and enabling it to resist compressive forces during elastic

loadings. However, further investigation is necessary to confirm this assumption conclusively.
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Figure 38: Force versus displacement curves for one specimen with 0% fibre waviness (left) and one
specimen with 30% fibre waviness (right) during the four-point bending tests under displacement
control. The data was obtained experimentally.

6.4.2 Delamination and micro-buckling analysis using DIC

DIC was used to take measurements from both the top and bottom surface of the
specimens during the four-point bending tests. The camera speed was set to 20 fps, therefore
the time interval between two consecutive DIC steps was 0.05 s. It was found that for
specimens with 0% and 20% fibre waviness, the changes in strains during the four-point
bending tests were similar. Taking the specimen being tested in Figure 38 (left) as an example,
both tensile and compressive strains in the x-direction were obtained at the four loading
stages (a) to (d). Changes in compressive strains in the x-direction are shown in Figure 39. The
specimen experienced a slow increase in compressive strains first, then at a certain instant
there appeared a sharp and sudden decline. The same phenomenon is seen in the tensile
strains in the x-direction on the bottom surface, as shown in Figure 40. However, the
decreasing magnitudes in the tensile strains are far less than those in the compressive strains.
A decrease of 89% in compressive strains in the x-direction was observed during stage (c) to
(d), compared with 29% in tensile strains. The load dropped by 39% for the exemplar 0%
specimen from stage (c) to (d). It was also observed that, during the elastic region of the
loadings, the magnitude of the compressive strains in the x-direction on the top surface and

the tensile strains on the bottom surface are similar, with a maximum difference below 10%.
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Figure 39: Compressive strains in the x-direction for the top surface of the specimen at four loading
stages corresponding to (a) to (d) for the exemplar 0% specimen in Figure 38 (left).

Load: 977.2 N Load: 1927.1 N  Load: 2567.3 N  Load: 1572.2 N
Mean: 3457 pe Mean: 6924 ue  Mean: 8464 ue  Mean: 6036 pe

30 ~
10000
20
9000
10 | 8000
- 7000
a0 L T 6000
} - 5000
- -
20 4000
30

-10 -10 0 -10 -10
Yposmon (mm Y position, (mm Yposmon (mm) Yposmon

X position, (mm)
o
€0 (1€)

Figure 40: Tensile strains in the x-direction for the bottom surface of the specimen at four loading
stages corresponding to (a) to (d) for the exemplar 0% specimen in Figure 38 (left).

For specimens having 25% and 30% fibre waviness, the change in strains is quite
different compared with specimens having 0% and 20% waviness defects. Taking the
specimens being tested in Figure 38 (right) as an example, both tensile and compressive
strains in the x-direction were obtained at the four loading stages (a) to (d). The compressive
strains in the x-direction at the four loading stages are shown in Figure 41, while the tensile
strains are shown in Figure 42. It is observed that the strain distribution is less uniform than
the results shown in Figure 39 and Figure 40. There are some localised high strain regions in
both the compressive and tensile strain maps, which corresponded to the locations where

the most severe localised fibre waviness existed. The second images from the left
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corresponding to (b) in both Figure 41 and Figure 42 indicate the initiation of the micro-
buckling of fibres. The third and the fourth images from the left corresponding to (c) and (d)
in Figure 41 and Figure 42 show the propagation of the damage caused by micro-buckling of
fibres. The fourth images in Figure 41 and Figure 42 also indicate that delamination occurred
at the right side of the specimens, which accompanied a sudden decrease of the mean strain.
However, the decreasing magnitudes in the tensile strains are far less than in the compressive
strains. A decrease of 93% in compressive strains in the x-direction was observed during stage
(c) to (d), compared with 2% in tensile strains. The load dropped by 32% for the exemplar 30%

specimen from stage (c) to (d).
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Figure 41: Compressive strains in the x-direction for the top surface of the specimen at four loading
stages corresponding to (a) to (d) in Figure 38 (right) for the exemplar 30% specimen.
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Figure 42: Tensile strains in the x-direction for the bottom surface of the specimen at four loading
stages corresponding to (a) to (d) in Figure 38 (right) for the exemplar 30% specimen.

The DIC camera systems captured the damage morphology in real time. Taking one

specimen with 30% fibre waviness as an example, the appearance of the first crack coincided
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with first evidence of micro-buckling in the images from the DIC system, as shown in Figure
43. When the applied displacement increased from 7.1526 mm to 7.1540 mm within the
time interval of 0.05 s, two tiny cracks appeared on the top surface of the specimen under
compression, as indicated by the white ellipses in Figure 43. The corresponding out-of-plane
displacement provides a side view of the surface morphology, which changes to have a small
bump as shown in the enlarged image, indicating micro buckling occurred. The propagation
of the damage on the top surface was also captured by the DIC cameras, as shown in Figure
44. The damage propagated transversely along the waviness band through the top surface in
0.7 s once the micro-buckling initiated. Both fibre failure and matrix failure are shown in the
images taken by the DIC cameras. It is also visible in the strain map in Figure 44 when the load
was 1746.6 N that the propagation of damage caused the left part of the top ply to
delaminate, followed by the whole ply delaminating as shown in the strain map when the
load was 1747.0 N. The failure progress is also shown in the raw images, where both the

matrix and fibre failure are observed.
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Figure 43: Real time images of initiation of micro-buckling on the top surface capture by DIC cameras,
and the corresponding out-of-plane displacement showing the small bump indicating micro-buckling.
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Figure 44: The compressive strains in the x-direction on the top surface showing the propagation of
the damage after micro-buckling occurred, and the corresponding real-time images taken by the DIC
cameras shows the failure progression.

6.4.3 Characterisation of the damage

The fractured surface was characterised in an optical microscope and SEM (scanning
electron microscope). The results show the damage morphology in fine detail. The
micrographs of damaged regions and the results from DIC and ultrasonic C-scan were used to
reveal the failure events in a sequence, as shown in Figure 45. The data from ultrasonic C-
scan was processed by the Radon transformation using a facet size of 45 pixels, and the
resulting fibre orientation map is shown in Figure 45(a). The black dashed lines show paths of
damage propagation. It is observed in Figure 45(a) there are positive and negative values of
fibre orientations, which were defined with respect to the x-direction. The fibre orientation
map was further processed by dividing it into a number of facets with a facet size of 45 pixels
first, then calculating the standard deviation at each facet to reveal the variation of fibre

orientations at each facet. which is shown as a map in Figure 45(b), with the maximum being
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labelled as 19.5°. The initiation of micro-buckling was captured by DIC and the corresponding
compressive strain in the x-direction for the top surface was calculated and shown in Figure
45(c). The micro buckling initiated at the location where the compressive strain was maximum.
The optical micrograph was obtained using an optical microscope (Olympus, STM6, Japan).
The specimen was prepared by removing the white paint with a 600 grit SiC abrasive paper
to obtain a smooth surface, shown in Figure 45(d). The three locations shown in Figure 45(d)
were inspected and the micrographs are shown in Figure 45(e) to (g). Figure 45(f) shows the
micro buckling initiation site, from which damage propagated in three directions causing both
fibre and matrix damage. Figure 45(e) and (g) show that matrix damage caused fibre damage
and vice versa, which lead to jagged shapes along the damage propagation paths. The jagged

propagation paths correlated with the jagged curve shown in Figure 38 (right).

The fracture surface of a specimen with 25% fibre waviness was inspected using a SEM
(JEOL, JSM-7000F, Japan). The resultant images were shown in Figure 46. Figure 46(a) and (d)
were obtained by inspecting a small area in the location shown in Figure 45(f) using the SEM.
Figure 46(b) was obtained by inspecting a small area in the location shown in Figure 45(g),
and Figure 46(c) was obtained by inspecting a small area in the location shown in Figure 45(e)
using the SEM. It is shown in Figure 46(a) that micro buckling of fibres is a localised damage,
which has an appearance like a bridge broken in half. This damage propagated to the nearby
regions causing both fibre and matrix failure. The morphology of fibre breakage is shown in
Figure 46(b). The damage normally did not propagate along a straight direction, but formed
a jagged path, as shown in Figure 46(c). This jagged path corresponded to the jagged curve
shown in Figure 38 (right). The morphology of a single fibre breakage is shown in Figure 46(d),
where the neutral axis, compressive side and tensile side are labelled, showing evidence of

compressive failure.
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Figure 45: Afibre orientation map obtained using ultrasonic C-scan for a specimen contained 25% fibre
waviness with black dashed lines showing crack propagation paths (a), standard deviations of fibre
orientations at every facet based on meshing the fibre orientation map into a number of facets with
a facet size of 45 pixels (b), the compressive strains in the x-direction on the top surface indicating the
location of micro-buckling (c), the specimen with white paint removed (d), optical micrographs
showing damage in fine detail at three locations (e)™(g).
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Micro-buckling of fibres
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Figure 46: SEM characterisation of fracture surfaces of a specimen containing 25% fibre waviness,
showing micro buckling of fibres (a), fibre breakage (b), jagged shape of a mix of fibre damage and
matrix damage (c), morphology of a single broken fibre (d).

6.4.4 Finite element analysis

The prediction of failure was performed by simulating a four-point bending test using
finite element analysis and the results are shown in Figure 47 to Figure 50. The results of
prediction for specimens contained 0% and 20% fibre waviness were similar. Figure 47 (top)
shows the predicted delamination behaviour for a specimen containing 0% fibre waviness. It
is shown that the predicted delamination only occurred between the top first and second ply,

which agreed well with the post-damage photo of the specimen in Figure 47 (bottom).
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Delamination

Figure 47: Prediction of delamination for a specimen containing 0% waviness (top) and the post-
damage picture of the delamination (bottom).

The predicted failures for specimens contained 25% and 30% fibre waviness were
similar. Figure 48 to Figure 50 are the results from simulations based on the fibre orientation
map shown in Figure 34 for a specimen containing 30% fibre waviness. Figure 48 (top) shows
the predicted morphology of the top surface of the specimen. The appearance of the
predicted deformation is similar to the damage visible in camera images at the first ply failure,
as shown in Figure 48 (bottom). Figure 49 (top) shows the values of the fibre damage indicator
signifying the occurrence of micro buckling, where 0 means no damage and 1 means
damaged. In comparison with the fibre damage, when the micro buckling of fibres occurred,
the matrix remained undamaged, as shown by the values of matrix damage indicator in Figure
49 (middle). The compressive strains in the x-direction of the top surface of the specimen at
the instant when the micro buckling occurred are shown in Figure 49 (bottom). The
delamination of the defective top ply was predicted at the first ply failure, as shown by the
values of cohesive layer damage indicator in Figure 50 (top). It is apparent that the central
region was delaminated because the cohesive layer at this region was damaged. Figure 50
(bottom) shows an unevenly distributed strain map, where higher strains were located at the
central region and lower strains located at the two sides. This indicates the occurrence of
localised delamination of the central region located just between the two bands of waviness.
This implied that the adhesion between plies at the central region was getting weaker than

at the edge with the propagation of the initial cracks. In other words, the two bands of
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waviness were acting as blockades preventing the delamination propagating from the central

to the edge regions.

T T T e S S SRR R
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Figure 48: The predicted deformation on the top surface of a specimen containing 30% fibre waviness
(top), the real-time image of the top surface of the specimen taken by one of the DIC cameras (bottom)
at the first ply failure. The figures show data for the same specimen as in Figure 34.
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Figure 49: Prediction of fibre damage showing values of the fibre damage indicator signifying the
damage status, where 0 means no damage and 1 means damaged (top); prediction of matrix damage
with values of matrix damage indicator showing its damage status (middle); the corresponding
compressive strains in the x-direction on the top surface (bottom) when the micro buckling of fibres
occurred. The figures show data for the same specimen as in Figure 34.
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Figure 50: Prediction of delamination, showing the damage status of the cohesive layer between the
top first and second ply on the compressive side (top); the corresponding compressive strains in the
x-direction on the top surface (bottom). The figures show data for the same specimen as in Figure 34.

6.5 Discussion

The ability of the CFRP specimens to carry a bending load was affected by the
existence of in-plane fibre waviness. Although the fibre waviness induced in the study in this
chapter was located only at the central region on the top ply, the overall effect on the ultimate
bending moment at the first-ply failure was significant. The mean ultimate bending moment
decreased with the increase in severity of fibre waviness, as shown in Figure 37. However,
there was a drastic decrease in the mean ultimate bending moment in specimens with 30%
waviness. This implies that the CFRP specimen with the highest amount of fibre waviness was
much weaker and damage propagated earlier. The error bars in Figure 37 also show a
decreasing trend with the increase of waviness severity. The error bars were calculated based
on the standard error of the bending moments at first-ply failure for every six specimens
having the same amount of fibre waviness. This means that specimens with a lower amount
of fibre waviness tend to have a larger standard deviation for the ultimate bending moment,

while specimens with higher levels of fibre waviness have a smaller standard deviation. One
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possible reason for this phenomenon is that when specimens had lower levels of fibre
waviness, delamination was the dominant failure type. The initiation of delamination could
occur in any region on the compressive side that is weak. However, for a specimen with 0%
waviness, the weaker location was distributed stochastically thus the potential site for the
initiation of delamination was random. Therefore, the initiation of delamination on specimens
with 0% waviness depends on how precisely the specimens were manufactured and whether
they have microscopic defects. The severity of these microscopic defects is uncontrollable
thus the initiation instant of the first damage is uncertain. The randomness of initiation site
of delamination meant the specimens with 0% waviness had the largest standard deviation
of ultimate bending moment. When it comes to 30% fibre waviness, although the first damage
changed to micro buckling of fibres rather than delamination, the initiation of the damage
always occurred at the location having the largest standard deviation of fibre orientations, as
shown in Figure 45(b). The initiation site of the damage and the initiation instant thus became
more consistent. It can therefore be concluded that the higher the fibre waviness, the clearer
will be the initiation site of the first damage, and it is more predictable when the first damage
would occur. This explains why specimens with 30% waviness had the lowest standard

deviation of ultimate bending moment.

It should be noted that there is a threshold level of in-plane waviness that changed
the failure behaviour. In this chapter, this threshold value is between 20% and 25%. Below
this threshold level of waviness, the failure progression was in the form of a delamination that
occurred between the first and second ply on the compressive side. Above this threshold level
of waviness, the failure progression was micro buckling of fibres that occurred first and led to
in-plane cracks, then the cracks propagated transversely through the width (y-direction, that
is perpendicular to the x-direction and the thickness direction) of the specimen along the
waviness band, and longitudinally (x-direction) through the length of the specimen along fibre
directions, as shown in Figure 45(a) and (d). The propagation of the cracks led to other types
of damage including fibre breakage, matrix damage, and local delamination. It seems like the
standard deviation of fibre orientation in a local region governs the initiation of micro
buckling, as shown in Figure 45(b). Specimens having lower levels of waviness did not have a
weaker site within the defective ply that can cause micro buckling of fibres, thus the in-plane

failure would not happen and only interlaminar failure occurred. It should be noted that for
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specimens with 25% and 30% fibre waviness, the maximum fibre angles were not always
located at the initiation site of micro buckling. This means that the first damage was not
governed by the maximum fibre angles, the same phenomenon was reported in [60]. In [60],
it was found that the first damage was controlled by other waviness parameters. However, in
this chapter, it has been clarified that the micro buckling of fibres was linked to the variation
of fibre orientation within a local region. The variation of fibre orientation was characterized
by calculating the standard deviation of fibre orientations within local square regions with a
side length of 45 pixels, equalling 4.5 mm. It was shown that the micro buckling initiated
exactly in the region with the maximum standard deviation, as shown in Figure 45(b) and (c).
There were two bands of fibre waviness across the width of the specimen having 25% and

30% waviness defects, as shown in Figure 34 and Figure 45(a).

DIC was used to monitor and record the gradual change in strains on the top and
bottom surface, and was shown to be a powerful technique that revealed the failure type and
progression. It was observed that with increasing bending load, there was a drastic decrease
in compressive strains on the top ply, as shown in Figure 39 and Figure 41. The decrease in
compressive strains was as large as 93%, indicating that there was a large amount of strain
energy released. The loss of strain energy was replaced by surface energy, which was
generated by creating more surfaces in the specimen. The creation of surfaces was achieved
by cracks either propagating between the first and second ply on the compressive side, also
known as delamination, or propagating within a ply. There was a small decline in tensile strain
on the bottom ply, which was also compensated by the crack propagation on the opposite
side. Apart from the delamination failure in the specimen with 0% and 20% waviness defect,
one of the big achievements in this chapter was that the micro buckling initiation and the
resulting crack growth was successfully captured by DIC for specimens with high levels of
waviness, as shown in Figure 43 and Figure 44. The micro buckling of fibres appeared as tiny
bumps on the top surface of the specimen. After reaching the limit of the compressive
strength of the fibres, the bumps broke in half and resulted in cracks, as shown in the
micrographs in Figure 45(f) and Figure 46(a). These cracks then propagated in two directions:
one along the waviness band across the width of the specimen, and the other one along the
fibre direction along the length of the specimen. However, no matter which direction the

cracks propagated, the paths were not perfectly straight. There were bifurcations in the paths
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which formed jagged shapes, as shown in Figure 45(d) to (g) and Figure 46(c). These jagged
shapes show a mix of fibre damage and matrix damage, indicating a quick shift between the
two types of damage during the propagation of cracks. The fracture energy for fibre damage
and matrix damage is different, resulting in a difference in relationship between force and
displacement for fibre and matrix. Therefore, this likely corresponds to the jagged curve in
Figure 38 (right). In comparison, for the delamination dominant failure, only matrix failure
occurred between the first and second ply on the compressive side. Therefore, there is not
any jagged sections in the force versus displacement curve in Figure 38 (left). Carbon fibres
are more prone to compressive failure than tensile failure, which is due to their compressive
strength being much smaller than the tensile strength, as shown in Table 3. Therefore, when
a carbon fibre failed because of a compressive force, a characteristic fracture surface was
formed showing half of the surface to be compressive face while the other half to be tensile,

as shown in Figure 46(d).

Finite element models incorporating Hashin-Rotem criterion [68] and cohesive layer
modelling were successful in predicting the failure type and progression for specimens with
various level of fibre waviness. The prediction for a delamination dominant failure is shown
in Figure 47. Both the prediction and the post-mortem image show that only the first ply on
the compressive side delaminated. The prediction for the micro buckling cases are shown in
Figure 48 to Figure 50. In Figure 48, the prediction of the deformed shape agrees well with
the deformed shape captured by one of the DIC cameras. In Figure 49, at the time when micro
buckling occurred, it is shown that fibres were damaged first at the more severe waviness
band, as indicated by the fibre damage indicator with values of 1. While at this instant, matrix
was about to damage but did not, as indicated by the matrix damage indicator with values
less than 1. These predictions were consistent with the results from DIC and micrographs
obtained from optical microscopy and SEM. The delamination was also predicted at the
correct location compared with the strain map from DIC, as shown in the central region in
Figure 50. However, the prediction is a little conservative in predicting the delamination,

because the local delamination area is smaller than that shown in the strain map.

Although the failure modes, failure progression, damage locations and damage shapes
have been successfully predicted, the FE models lack quantitative validations with the

experimental data. This could be done by comparing the strains obtained from predictions
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and experiment using the image decomposition technique described in [82]. However,
because the property inputs to the FE models were from literature, they may not represent
the real conditions in tests described in this Chapter. Future work needs to focus on either
performing experiments to obtain the required properties, or using computational
intelligence techniques, such as particle swarm optimisation, to optimise the known

properties from literature [108].

The ultimate bending moment can be obtained from the four-point bending test and
predicted by the FE models. As reported in [7], residual strains caused by in-plane fibre
waviness was shown to be capable of predicting remnant strength of composites. In their
research, a method has been established for predicting the ultimate bending moment from
experimentally obtained residual strains using DIC. However, prediction of residual strains by
FE models has also been made possible in this thesis, which is based on characterisation of in-
plane waviness using ultrasonic C-scan data, as introduced in Chapter 4. It is thus applicable
to use the predicted residual strains to predict failures in this Chapter. Since failure
predictions were also performed by simulating the four-point bending tests, there will be two
routes to predict the ultimate bending moment. It would be interesting to investigate the
prediction accuracy of the two methods. However, this can only be explored when the

property input for simulating the four-point bending test has been calibrated in the future.

6.6 Summary

In-plane fibre waviness affects failure behaviour of CFRP specimens under a bending
load. There was a threshold level of waviness defect between 20% and 25% that divided the
failures into two types. One was delamination dominant failure for specimens below the
threshold level. The other type was a progression of micro buckling first, then cracks
propagating through the specimen causing fibre damage, matrix damage, and local
delamination around the waviness regions. The mean ultimate bending moment of the
specimens with the same level of fibre waviness decreased with increasing fibre waviness.
The mean ultimate bending moment to initiation of failure decreased by 32% for specimens
having 30% waviness when compared with specimens containing no waviness. The standard
deviation of the level of waviness also decreased with the increase of fibre waviness due to
the reason that specimens with higher waviness had more severe weak regions and these
were found to cause the first damage.
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The DIC technique was shown to be effective for revealing the failure type and
progression of damage in CFRP specimens. The drastic decline in compressive strains on the
top surface of specimens with 0% and 20% waviness indicated the occurrence of
delaminations. The micro buckling initiation and the resultant crack growth causing fibre
damage, matrix damage and local delamination were all revealed in the strain maps obtained
from DIC for specimens with 25% and 30% fibre waviness. The real-time images captured by
the DIC cameras confirmed the corresponding failure features in the strain maps. It was found
that the micro buckling of fibres did not necessarily occur at the location with the maximum
fibre angle, but at a region with the maximum standard deviation of fibre orientations within

the region.

Finite element models incorporating Hashin-Rotem criterion [68] and cohesive layer
modelling were successful in predicting the two types of failure behaviours. Prediction for
global delamination, fibre damage and matrix damage agreed well with the experimental
data. One limitation is that the models are conservative in predicting the local delamination
for specimens with higher levels of waviness. Quantitative validation of the models needs to

be performed in the future work.
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7. Discussion

The aim of the thesis was to develop experimental and numerical techniques to
improve the detection, characterisation, and assessment of defective composites, with the
focus on a particular type of defect: fibre waviness. To achieve this aim, three objectives were

set:

e Develop a non-destructive technique for identifying and quantifying the
severity of defects in composites.

e Develop a method for better utilising non-destructive evaluation data for
characterising defects in composites.

e Enhance the assessment of the performance of defective composite

components subjected to loads.

This chapter discusses the findings in Chapter 4, 5, and 6, and their contributions to complete
the objectives. Future work is also suggested at the end of the chapter, which could be used

to further improve the assessment of defective CFRP composites.

7.1 Quantifying the severity of defects in CFRP composites

Identification of defects in CFRP composites is indispensable for ensuring the safety of
components in industry. However, for some defects, such as fibre waviness, quantification of
the severity of the defect is more important because a criterion needs to be set to decide
which level of fibre waviness is acceptable. Considering fibre waviness is an inevitable defect
that is induced at the processing stage of laminates, it would be more helpful if the severity
of the defect can be assessed at this stage prior to the next level of manufacturing. In other
words, assessing parts is less costly than assessing an assembled component, and discarding
disqualified parts is also a more economical choice than discarding a whole component.
However, current non-destructive testing techniques, such as ultrasonic inspection, eddy
current testing, and X-ray computed tomography, are not capable of performing fast on-site
inspections. Ultrasound inspection requires a relatively smooth surface to couple transducers.
Eddy current testing and X-ray computed tomography are more likely to be used in
laboratories rather than in industry. Additionally, these three non-destructive techniques face
some common challenges such as signal attenuation and scattering, difficulty in inspecting

thick components, interpretation of large amounts of data and lacking standards for
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acceptance or rejection. The last challenge should especially be considered for fibre waviness,
as it is still an issue to decide whether an area of unavoidable fibre waviness is below a
tolerable level. A technique based on AF-ESPI is developed in this thesis for identifying defects
and quantifying their severities, an acceptance or rejection criterion thus could be created
based on design criterion. The quantification was achieved by comparing the fringe patterns
obtained from defective specimens and defect-free specimens at their resonant frequencies,
and the difference was quantified using a specially developed algorithm for processing the
patterns. The fringe patterns represented mode shapes, which were only affected by the
stiffness and density distribution of the laminates. Considering the minor changes in fringe
patterns caused by fibre waviness still resulted a significant differences, as shown in Figure
12 and Figure 19 respectively, it is likely that the technique developed in this thesis is
applicable to the other types of defects. The assessment of the severity of fibre waviness
produced by the other non-destructive testing methods are mostly based on measuring the
maximum fibre angle or amplitude and wavelength of the sinusoidal functions representing
the waviness shape. However, these methods are not suitable for waviness with complex
morphology. Compared with these non-destructive testing techniques, the technique
developed in this thesis can reveal the effect of fibre waviness and quantify the severity.
Furthermore, the invisible defects such as voids, delamination, and inclusions that cannot be
seen from outside and are difficult to detect by other non-destructive testing techniques,
could still potentially be detected by the proposed AF-ESPI technique. This is because these
invisible defects would cause a change in stiffness and density distribution, which could lead
to a change in mode shapes. Therefore, it has a potential for fast on-site inspections during
the fabrication of laminates, regardless of the challenges that the other non-destructive
testing techniques are facing. It could be foreseen from Chapter 4 that different levels of fibre
waviness will generate different values associated with the severity of the waviness defects.
It is also known that residual strains caused by fibre waviness can be used to estimate the
remnant strength of composites [7]. Therefore, combining the AF-ESPI based technique with
the method developed in [7], it is possible to create a model that can link the quantified
defects with the remnant strength. Acceptance or rejection decisions can thus be made based
on the predicted remnant strength from the quantified detection of defects. Therefore, the

guantification of the severity of defects makes the technique a possible choice for establishing
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industrial safety standards. The first objective of this thesis thus has been completed by

developing the AF-ESPI based technique.

7.2 Improvement of utilisation of ultrasound data

Although the AF-ESPI based technique is able to identify the waviness defect and
guantify its severity, it cannot provide the morphology of the defect. The technique works for
evaluation of product quality, but from the perspectives of designing and failure analysis, it
may not be suitable. The AF-ESPI based technique could be used to identify damage, but
ultrasound inspection can characterise the damage in detail. Therefore, pulse-echo ultrasonic
inspection was used to characterise the geometric shape of fibre waviness. Pulse-echo
ultrasonic inspection is capable of generating a full-field map of 3D fibre orientation of a
component being scanned. For the experiments in this thesis, the orientation data was used
in two ways. Firstly, it was used to correlate the residual strains with the misalignment of
fibres, and also used as an input to finite elements models for the prediction of residual
strains, which has been discussed in Chapter 5. Secondly, the orientation map was used to
analyse the failure behaviours and as an input into finite element models for the failure
predictions, as discussed in Chapter 6. The geometric shape of fibre waviness plays an
important role in governing the performance of laminates, therefore improving the accuracy
of their characterisation is crucial. Ultrasonic C-scan data is presented as a 2D image
containing fibre tow features. Current algorithms for processing ultrasonic C-scan images are
the fast Fourier transformation and the Radon transformation, which can be used to calculate
the dominant orientation in an image. It is assumed that the fibre orientation in a very small
region of the ultrasonic C-scan image is uniform, therefore the dominant orientation in this
region can be obtained using the fast Fourier transformation or the Radon transformation. By
repeatedly applying the algorithms at every location in the ultrasonic C-scan image, a fibre
orientation map can be obtained. This small region is known as a facet and its size is an
important parameter that influences the resolution of the orientation map. However, no prior
study has investigated the effect of the facet size on the results, and whether one algorithm
outperforms than the other when measuring the fibre orientation. In this thesis, stratified
leave-one-out cross validation (SLOOCV) was used to select the optimal facet sizes for the
three algorithms: the Radon transformation, the fast Fourier transformation and the Sobel

filters. The selection was based on the best matching between measured residual strains with
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predictions using two algorithms with different facet sizes. Image decomposition based on
Chebyshev polynomials was used to reduce data dimensionalities and make the quantitative
comparisons between predictions and experimental data. The results show that the Radon
transformation using a facet size of 45 pixels performed best in predicting the measured
residual strains, as shown in Figure 27. This is the first time that the facet size was
systematically investigated when applying the Radon transformation to process ultrasound
data. The results also show that the Radon transformation outperformed the fast Fourier
transformation and Sobel filters in revealing the fibre orientations, as shown in Figure 30. The
utilisation of ultrasound data thus has been improved by selecting the parameters and

algorithms that can provide the best characterisation results.

Residual strains were considered to be correlated strongly with the ultimate strength
of defective laminates with in-plane fibre waviness [7]. The measurement of residual strains
can be performed by either using strain gauges or non-contact techniques, for example, DIC
used in this thesis. However, no prediction of residual strains has been made for defective
laminates with waviness defects. This is because the characterisation of waviness defects with
complex shapes is not easy. With the improvement in the utilisation of ultrasound data,
prediction of residual strains has been made possible, which could lead to higher fidelity

predictions of failure. Therefore, the second objective of this thesis has been completed.

7.3 Enhancement of failure assessment

The issue of damage growth in defective CFRP composites containing fibre waviness
has been largely neglected. This is due to the fast-propagating damage being difficult to
detect, and the characterisation of fibre waviness is also difficult. Although some attempts
have been performed using high speed cameras to capture the failure process, the
relationship between structural integrity and failure progression is still lacking. Fibre waviness
is considered to be one reason for stress concentration, and also the cause of initiation of
damage. With the improvement in the characterisation of waviness defects, the damage
initiation and propagation were linked with the misalignment of fibres. It has been found that
there exists a threshold level of fibre waviness that divides the failure behaviours into two
types. The first type is delamination dominant, and the second type is the progression of
micro buckling causing in-plane fibre damage, in-plane matrix damage and local delamination.
This finding suggests that as long as the in-plane waviness is below the threshold level,
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designers should be cautious about the delamination between a defective ply with in-plane
waviness and non-defective plies. For the cases when the in-plane waviness is above the
threshold level, strengthening strategies should be applied on the surface to prevent the

micro buckling of fibres, for example, a patch repair.

The DIC system used in Chapter 6 had cameras with relatively high frame rates and
was demonstrated to be effective in detecting the initiation and propagation of damage.
Although DIC coupled with high-speed cameras is popular nowadays in analysing transient
processes, for example, during impact tests, it may not be suitable for this thesis. This is
because the average loading time for specimens subjected to four-point bending tests was
about 10 minutes. If high-speed cameras were used, and the frame rate was set to a higher
value, for instance 20,000 fps, it will generate thousands of terabytes of data. It is impractical
to analyse such a large amount of data in this thesis. However, standard cameras were used
with the frame rate set to 20 fps. This still enabled DIC to capture all types of failure occurring
in the defective laminates with in-plane fibre waviness, and even the initiation and
propagation of micro buckling. In Chapter 6, two DIC systems were set up to capture the
failure events on the top and bottom face of the specimen. The setup is different from a
recent study [59] when cameras focused on the edges of specimens to capture the
delaminations starting from edges. This is because the author expected that in-plane fibre
waviness would cause in-plane damage first. With this DIC setup the delaminations were still
captured by observing the drastic decrease in strains, as shown in Figure 39 and Figure 41.
The failure progression was also successfully captured, from initiation of cracks caused by
micro buckling in the waviness regions, to the propagation of the cracks causing fibre failure,
matrix failure and local delamination, as shown in Figure 44. A substantial contribution has
been made to the third objective by discovering the two failure modes based on the waviness

severity and by tracking the initiation and growth of micro buckling.

7.4 Future work

To fully examine the ability of the AF-ESPI based technique to identify defects and
guantify severities, more specimens with various types of defects and with different levels of
severity should be manufactured and tested. The defects encountered commonly in industry
but were not test in this thesis are voids, delamination, and out-of-plane fibre waviness. Low
percentages of voids can test the detectability of the technique to the limit as the change of
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the stiffness and density caused by small amounts of voids would be negligible. Therefore, it
would be interesting to see if the technique can overcome this challenge. Besides testing on
other defects, there is also an improvement needed in the design of the experimental setup.
The current experimental setup included obtaining the resonant frequencies first using the
hammer-based impact tests, then obtaining the mode shapes using the AF-ESPI based
technique. The setup could be redesigned to be an automated system using a loudspeaker to

replace the hammer and shaker, which can make the technique fully contact-free.

A DIC system with appropriate settings of camera angles and frame rate was shown
to be able to capture the failure behaviour of specimens with various severities of fibre
waviness. For specimens with lower level of fibre waviness, i.e., 0% and 20%, delamination
was dominant. However, the onset of delamination was not captured by the DIC systems. This
is because that the breakage of the bond between the two plies was faster than fibre damage
and matrix damage, therefore the onset and growth of delamination occurred in such a short
time that it exceeded the capture rate of the cameras. The onset and growth of delamination
could be captured with high-speed cameras instead, because the frame rate can be as high as

1,000,000 fps to capture such a quick process.

The finite element models created in Chapter 6 could be further validated by
comparing the predicted strains with the measured strains obtained from DIC. Image
decomposition based on Chebyshev polynomials could be used to make quantitative
comparisons. However, the strains predicted by using the current FE models during the
bending tests did not agree well with the measurements from DIC analysis. The models could
be improved by calibrating the material properties input into the FE models. Optimisation
algorithms could be used to achieve the desired property input, such as particle swarm
optimisation, simulated annealing or genetic algorithm. The calibration of material properties
could minimise the discrepancy between the prediction and experimental data, which could
lead to an optimised set of properties that meet an acceptance criterion. Then an assessment
of the calibration of properties could be achieved using algorithms such as stratified leave-

one-out cross validation introduced in Chapter 5.
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8. Conclusions

Carbon fibre reinforced polymers have been widely used in the aerospace industry
due to their high stiffness and strength. However, the performance of the materials is affected
by defects induced during the processing stage. Traditional non-destructive testing
techniques are able to detect the defects and provide the geometric shapes for further
analysis, but they face some challenges in providing quantitative detection results rapidly.
This thesis developed an AF-ESPI based technique that detected in-plane fibre waviness and
guantified the severities efficiently. The technique has the potential for fast on-site
inspections for detecting defects and quantifying their severities in industry. Despite having a
low efficiency in detecting defects, ultrasonic C-scan can provide fibre orientation data for
failure analysis and finite element modelling. However, the utilisation of ultrasound data
depends on the effectiveness of the processing algorithms. This thesis compared the
performance of three algorithms for processing the ultrasound data and developed a method
based on stratified leave-one-out cross validation for selecting the best algorithm and the
optimal parameters. This thesis also predicted the residual strains using finite element models
based on the characterisation of fibre waviness using ultrasonic C-scan. Image decomposition
based on Chebyshev polynomials was used to compare the predictions with experimental
data. The failure behaviour of defective specimens with in-plane fibre waviness was
experimentally investigated using two DIC systems. The failure modes for different level of in-
plane fibre waviness were discovered and the failure progression was captured. The influence
of in-plane fibre waviness on the load carrying ability of composites was also investigated.
Predictions of the failure events were performed using finite element models based on

processing the ultrasonic C-scan data.

Major contributions to knowledge have been presented in this thesis. Two journal
papers covering the contributions have been published: [109] and [110]. A further paper

based on Chapter 6 is planned. The major contributions are as follows:

A technique for identifying the defects and quantifying the severity based on AF-
ESPI and modal analysis has been developed. The technique included using hammer-based
impact tests to obtain resonant frequencies. Then the mode shapes were obtained at these

resonant frequencies for defective and defect-free specimens. The difference in mode shapes
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between the defective and defect-free specimens was quantified, which enabled the
identification of the defects. It was also found that the effect of waviness defects on the
resonant frequencies was not significant. This work has been published in Optics and Lasers

in Engineering [110].

A technique for selecting the most effective algorithm and the optimal parameters
for processing ultrasound data has been developed, which can be used to generate fibre
orientation maps to investigate failure behaviours of composite components subjected to
load and create finite element models to predict the performance of the components. This
technique was based on comparing the measured residual strains obtained from DIC analysis
with the predicted residual strains obtained from finite element analysis. The finite element
models were created based on the characterised fibre orientation data using three algorithms
with different facet sizes. By applying the algorithm based on stratified leave-one-out cross
validation and using image decomposition to make quantitative comparisons, the Radon
transformation with a facet size of 45 pixels was shown to provide the best predictions. The
technique is thus useful in providing the best algorithm in analysing the ultrasound data to
provide fibre orientation maps for further analysis. This work has been published in the

Journal of Nondestructive Evaluation [109].

An investigation on the failure behaviour of defective specimens with various level
of in-plane fibre waviness has been performed. Four-point bending tests were performed to
load the specimens to the first-ply failure. A threshold level of fibre waviness that divided the
failure into two types was discovered, which was found to be between 20% and 25% of
nominal waviness. Below the threshold value, the failure type was delamination dominated.
Above the threshold micro buckling of fibres occurred first in the defective ply at the waviness
band with the more severe misalignment, then propagated through the ply causing fibre
breakage and matrix damage, and propagated along the ply interface causing local
delaminations. The failure progression was successfully captured using two DIC systems
taking measurements from both the top and bottom faces of specimens with the frame rate
of the cameras setting to 20 fps. The variation of fibre orientations has a significant influence
on the initiation site of micro buckling, with the location having the maximum standard

deviation of fibre orientations found to be more prone to micro buckling.
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Overall, this thesis improves the detection, characterisation, and assessment of
defects in composites. Specifically, this thesis provides a method that could quantify the risks
of defective components by providing the detection of defects quantitatively; this thesis
develops an approach to better utilise non-destructive characterisation data to reveal the
deviations of components from their initial design; this thesis presents a failure analysis of
composites subjected to loads to exploit the capability of the stereoscopic DIC technique in
providing transient details of failure events to reveal the failure mechanisms. More
importantly, this thesis could help decision makers in industry to develop strategies to

determine the necessity of repairs and replacement of composite components.
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