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Abstract

A leak-before-break (LBB) concept was developed for composite pressure
vessels (CPVs) to achieve a safe, predictable and controllable way of failure
preventing the consequences of a catastrophic rupture. Artificial defects were
introduced in the structure in prearranged patterns, acting as weak areas and
enforcing failure initiation and propagation from these locations. A continuum
damage constitutive model was developed through testing and simulation of
tensile and compression specimens at [0°]s, specimens under cyclic in-plane
shear at [+45°]2s, [+45°]s and [£67.5°]2s as well as out-of-plane specimens at [0°]10
and [0°]12. A methodology was established for the introduction of artificial defects
in the composite material for its failure control considering fibre cuts and
interfacial defects. The LBB concept was investigated through the simulation of
the behaviour of CPVs including defects under internal pressurisation. The
assessment of the LBB behaviour was based on the ability to discern between
the occurrence of two leakages; the first associated to the leakage phenomenon
for pressure relief in the case of over-pressurisation and the second
corresponding to ultimate failure. The influence of size and degree of damage
induced through the defects was investigated, as well as the use of local
reinforcing patches to enhance the LBB behaviour. The most suitable design for
the optimal function of the LBB behaviour involves a circular fibre cut defective
area of 87.5% fibre cut damage which results in a clear separation between leak
and damage by a pressure difference of about 280 bar. The selected case was
used for the manufacturing of a closed-end loaded composite pipe to validate the
concept. The results of the testing showed that leakage did not occur from the
introduced weak points due to manufacturing defects; however, the prediction of
the damage initiation from the introduced defects was accurately identified with a
difference of 2% compared to the simulation results.
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1 Introduction
1.1 Background

Composite materials have been increasingly utilised since the 1940s in high
performance operations as critical parts for the Oil & Gas, offshore marine,
aerospace, automotive, biomedical and nuclear industries. In these areas, the
requirements of high mechanical properties combined with light weight and high
environmental resistance need to be met. Composites excel in this field providing
high strength-to-weight and stiffness-to-weight ratio as well as high resistance to
environmental factors. Their superior properties led to the replacement of
conventional materials such as steel, aluminium and titanium by polymer
composites [1, 2].

Pipes and pressure vessels belong to the infrastructures in which polymer
composites have been replacing metals as material of choice. Composite
pressure vessels (CPVs) have unique advantages over metallic cylindrical
structures, such as high strength, high stiffness, long fatigue life, low density and
versatility based on the intended design and function of the cylindrical structure.
The resistance over corrosion and wear as well as thermal and acoustic
insulation, maintainability and serviceability are further benefits of CPVs. Since
the introduction of the first composite pressure vessel in 1970s until now, these
cylindrical structures have been a continuous area of study addressing the
requirements of the industrial application in which they are used.

There are five main designs of pressure vessels [3-5]. The least expensive but
heaviest tank is Type I, which is an all-metallic structure. Type Il is a metallic
vessel with fibre reinforcement in the hoop direction. The lighter design- Type IlI
pressure vessel-involves a metallic liner fully wrapped with composite. Type IV
consists of a composite overwrapped plastic liner and metallic bosses integrated
in the design. In this type of pressure vessel, the loads are fully carried by the
composite. The most recent development in the evolution of pressure vessels is
the next generation Type V tank, manufactured entirely out of composites without

the use of a liner.



CPVs are used for the storage and transportation of fluids typically at pressures
significantly greater than ambient. They are closed, rigid containers which can
store large amounts of energy as they operate under high pressure. These
extreme operating conditions can deteriorate their structural integrity and lead to
catastrophic failures. Many accidents have been reported over the last decades
due to the failure of CPVs. One of these incidents involves the SpaceX Falcon 9
rocket explosion in Cape Canaveral in 2016 [6] (Figure 1.1) due to helium storage
CPV failure during a routine filling operation [7]. Failure of CPVs usually occurs
in an unpredictable and abrupt way that takes place through explosion incidents
leading to injuries and fatalities and causing dramatic environmental and
economic impact. The existence of leak that can provide prior warning is most of
the times accompanied by burst, which leaves no margin for reaction. Fail-safe
designs aim to predict and control the way of failure of CPVs avoiding their
catastrophic consequences and providing a progressive, gradual manner of

failure.
r

(c) 2016 USLaunchReport,com

Figure 1.1 SpaceX Falcon 9 rocket explosion in Cape Canaveral due to helium

storage CPV failure [6]

In this research work, the focus is on the development of a leak before break
(LBB) concept in order to prevent catastrophic failures caused by CPVs and to
provide a controlled failure. The requirement for light weight structures designed
for applications in which the space each structure occupies needs to be optimally
utilised leads to the rejection in using additional components such as safety
valves as a potential LBB strategy. Therefore, in this work the generation of a
leak is taking place under certain damage threshold, through a pre-designed and



prearranged pattern positioned at a certain location. In this way the system allows
timely detection of the damage through drop of the internal pressure that occurs

due to leakage as well as through visual inspection of the structure.

1.2 Aims and research hypotheses

The aim of this research work is to develop an LBB concept for filament wound
composite structures for the accomplishment of a safer, more predictable and
controllable way of failure and the prevention of its catastrophic events. In order
to achieve this, weak regions/defects are introduced in the composite structure
during manufacturing. The weak regions/defects are introduced in specific
locations creating suitable patterns. Under certain loading conditions, the weak
points/defects act as stress concentration points forcing failure initiation around
these regions. Due to these imperfections and the continuous loading conditions,
cracks propagate from the weak regions/defects and coalesce creating leak
paths in the composite structure. The research hypotheses and questions that
need to be addressed are expressed as follows:

1. The damage behaviour of composite structures can be simulated through
the development of a constitutive model based on the Ladevéze damage
material model.

2. The constitutive model can be used for the verification of a methodology
for the control of failure of tensile specimens.

3. The Ladeveze-based constitutive model can be utilised for the
development of LBB behaviour on pressurised composite cylindrical
structures.

4. The damage behaviour of the composite pressure vessel can be predicted
through the use of continuum damage mechanics and the Ladevéze-

based constitutive model.

1.3 Thesis road map

This thesis is organised in 10 chapters. Chapter 2 reviews the failure of CPVs
and relevant damage mechanisms, presents the state of the art on safe-fail

design of CPVs that provide damage tolerant structures and describes work to



date on artificially introduced defects in composites. Chapter 3 describes the
simulation methodology followed in this work, including the simulation
environment, the modelling strategy and the chosen material models. Chapter 4
details the experimental details, methodology and procedures used for
manufacturing and testing for composite specimens and CPVs. Chapter 5 is
dedicated to the development and verification of the constitutive model and
includes results from material characterisation, as well as the procedure for the
identification of material model parameters and associated verification. Chapter
6 focuses on the introduction of defects for the development of LBB behaviour.
Chapter 7 describes the results of the simulation of the LBB response of CPVs
and the design of suitable defect patterns. Chapter 8 focuses on the assessment
and validation of the LBB concept. Chapter 9 presents an overall discussion of
the findings of this research work, whilst Chapter 10 summarises the main

conclusions as well as recommendations for future development and studies.



2 Literature Review
2.1 Introduction

Fibre reinforced composite materials have been increasingly used in advanced
industries, where precision on the estimation and prediction of the failure
behaviour of the composite structure is required. Failure in carbon fibre reinforced
polymer (CFRP) structures is a complex phenomenon. CFRP can often undergo
abrupt failure whilst in-service due to the brittle nature of the reinforcement and
matrix [8, 9]. Failure usually occurs as a combination of more than one failure
mechanisms including fibre rupture, matrix microcracking, fibre/matrix debonding
and delamination [10, 11]. The failure prediction and control of damage in
composite laminates has been the focus of many research studies [12] through
design methodologies [13, 14], failure criteria [15, 16] and simulation approaches
validated through experimental studies [17-19].

This chapter is divided into three main sections. The first section is dedicated to
the review of failure modes and failure mechanisms developing in CPVs. The
second part of this chapter focuses on fail-safe design of composite structures.
The third section focuses on the control of failure of structures through the
introduction of artificial defects/weak points through fibre discontinuities and
interlaminar weak bonding areas. The final section in this chapter links the

reviewed state of the art to the developments carried out in this work.

2.2 Failure of composite pressure vessels

CPVs are widely used for the storage and transportation of various gaseous and
liquid substances under high pressure. Due to their light weight, CPVs are widely
used in industries such as aerospace in which high reliability and significantly low
safety factors are required [20, 21]. Failure in CPVs can be developed due to
various conditions. The most common causes of failure are internal
pressurisation under hydrostatic [22, 23] or fatigue loading [24, 25], external
pressurisation [26, 27], damage from impact [28—-30], buckling [31-33], failure as
a result of environmental degradation [34-36] and failure resulting from a

combination of loadings [37—-39]. In this work, the focus is set on the application



of internal pressurisation in Type IV and V CPVs through hydrostatic loading. In
Type IV CPVs the polymeric liner is non-load sharing as it contributes with less
than 5% to the overall design load bearing [40, 41]. In pipes, there are mainly
three types of tests; under open-end, restrained and closed-end loading
conditions [42—45], as illustrated in Figure 2.1. For open-end pressure tests the
hoop to axial stress ratio is 1:0; the pipe is under pure hoop internal pressure
loading being free to slide on ‘O’ ring seals. At the restrained-end loading with
hoop to axial stress ratio of about 3.5:1, axial displacements along the length of
the pipe are controlled. The closed-end pressurisation resembles the function of
CPVs with a hoop to axial stress ratio of 2:1.

@ (b) ©

Figure 2.1 Pipe end loading conditions of (a) closed-end, (b) restrained-end
and (c) open-end tubes [44]

2.2.1 Burst under internal pressure

Burst in CPVs undergoing internal pressurisation is classified as a structural
failure and is characterised by strength loss [23], usually occurring due to
excessive internal pressurisation from overfilling, overheating [46] or impact
damage [47, 48]. The mechanisms developing from the damage initiation until
the occurrence of ultimate failure are complex and have been studied
experimentally and analytically for the understanding and prediction of rupture
[49-51]. The failure mechanism that dominates burst failure is fibre damage
which can lead to abrupt failure or explosion [23, 45, 52—-54]. Burst usually takes
place in composite cylinders enhanced with a polymeric liner that prevents the
containing liquid from leaking [53]. Failure initiates typically as a small crack
between the fibres and the matrix. The increase of the pressurisation leads to



propagation of the matrix cracking and the formation of fibre/matrix debonding.
The effective stiffness degradation leads to redistribution of stresses to the
neighbouring fibres and plies, initiating the formation of fibre breakages and
interlaminar failure in the form of delamination. Burst in composite pressure
vessels occurs as the accumulation of a large scale of fibre breakage. Two failure
modes of burst exist in CPVs, the safe and unsafe mode [50]. The safe mode is
accompanied by failure taking place in the Type IV cylindrical structure, whilst the
metallic bosses are moved into the vessel creating rapid contraction in the axial
direction. This case initiates various failure mechanisms, such as fibre breakage,
matrix cracking, out-of-plane damage and interlaminar shear damage. However,
the dominant failure mechanism that leads to burst is fibre breakage of plies in
the hoop direction. In the unsafe failure mode, failure is initiated at one of the
domes/ curved ends of the CPV due to matrix cracking and leads to the ejection
of the metallic boss. In this mode the failure mechanism that leads to burst is fibre
breakage at helical plies. Therefore, matrix cracking on the domes is the
mechanism determining whether the mode is going to be safe or not. For both
safe and unsafe modes, burst comes as a result of the load transfer from the
broken fibres to their surrounding, while matrix cracking results in the progressive
degradation of the structure. Under internal pressure, static or cyclic, the fibres of
the composite cylinder are only subjected to tensile loading which, at the fibre
level, is equivalent to a unidirectional (UD) composite, loaded in the fibre direction
[55, 56]. Damage initiates from random fibre defects leading to fibre rupture. Due
to a local load increase, the matrix cannot isolate the damage and fails under
shear accompanied by fibre/matrix debonding. The damage accumulates
affecting neighbouring intact fibres and leads to clusters of fibre breakages. The
increase of the fibre damage over a critical damage threshold leads to the
instability and catastrophic failure of the CPV.

The orientation of the fibres plays a significant role in the failure behaviour of
CPVs with respect to their burst pressure. Netting analysis indicates the fibre
winding angle that provides the highest values of burst pressure which is at 54°44’
[53, 57, 58]. In this analysis, it is assumed that fibres are the only load carrying

feature without taking into account the matrix stiffness or any interaction between



the fibres [57]. This optimum fibre angle is ideal for a closed-end pipe or CPVs
loaded under internal pressure corresponding to a hoop to axial stress ratio of
2:1. In the case of open-end cylinder the optimum winding angle is at 75°, whilst
in the axial compressive case under 3:1 hoop to axial stress ratio this is at 85°
[45]. Experimental and analytical investigations on closed-end pipes with liner at
winding angles of [+45°]s, [£55°]s, [£60°]s, [+75°]s [23] and [+88°]s subjected to
internal pressurisation confirm that highest burst pressure occurs using winding
angle of 55° [59]. All cases apart from the cylinder with winding angle of [+75°]s
undergo failure caused from burst. In the case of use of circumferential 90° fibres
in combination with angled layers, the burst pressure of the vessel increases for
angles from 0° up to 55°, whilst for angles of 55° and higher the use of angle plies
has an insignificant effect [60].

The loading conditions, rate and thermal conditions in the interior and exterior of
the composite cylinders play a significant role in the failure behaviour and burst
pressure. Pipes wound at [+60°]s loaded under hoop to axial stress ratio of 7:1,
1:0, 2:1 and 12:1, exhibit catastrophic burst performance [43]. In all cases except
for 12:1, the sudden burst creates catastrophic failure leaving the pipe in two
halves as illustrated in Figure 2.2 [43]. The global failure is associated with fibre
fracture in a broom-like effect. For the 12:1 case the burst failure occurs locally in

the form of two helical cracks.

Figure 2.2 Catastrophic failure of [£+60°3]r open-end pipe under 1:0 hoop to

axial stress ratio [43]



The increase of the loading rate in cylindrical structures leads to higher burst
pressures, whilst low rates are related to accumulation of matrix cracks under
transverse tension which is related to a formation of a leakage [51, 61, 62].
Simulation [51] and experimental [63] investigations in Type IV pressure vessels
indicate that at ambient temperature, high loading rates are related to liner rupture
and matrix cracking development under transverse tension through the thickness;
a phenomenon mostly related to failure due to leakage. Low loading rates are
associated with no damage on the liner [51]. The damage is transferred to the
overwrap and burst occurs with predominant the mechanism of fibre breakage.
Open-end fatigue pressurisation tests on [£75°]2 filament wound pipes without
liner indicate that under high loading rates the incidents of leakage and burst
coincide, in contrast to low loading levels in which leakage occurs first [64]. This
implies the predominant nature of fibre breakage in high pressure rates, whilst
matrix damage is the principal failure mechanism that leads to failure of the
cylinder. Pressurised Type IV vessels subjected to fire can burst due to external
structural deterioration [34]. In closed-end composite cylinders with liner,
investigation of the winding angles between [45/-45/45/-45]2, [55/-55/55/-55]2,
[60/-60/60/-60]2, [75/-75/75/-75]2 and [88/-88/88/-88]. at temperatures of -2°C,
25°C, 60°C and 80°C shows that maximum burst pressure is obtained using

orientation of 55° at all temperatures with the highest being at 25°C [65].

2.2.2 Leakage under internal pressure

Leakage is a functional failure that occurs when the composite cylinder can no
longer serve its primary purpose of containing fluids. The failure mechanism that
governs leakage is matrix cracking [23, 66, 67]. It is expected that when the
composite structure suffers from increasing loads, matrix microcracks due to
manufacturing or voids between the liner and the composite can accumulate and
lead to the creation of weepage paths and initiation of leakage [50]. Weepage is
the result of joining transverse cracks and can be observed in places where
decolouration and crazing have previously occurred parallel to the fibres. The
difference between weepage and leakage is that the latter occurs at higher

internal pressure and appears as jets of fluid penetrating the laminate.



The failure behaviour of composite cylinders can vary depending on the loading
conditions, the winding angle as well as the temperature [68—73]. Analysis of
CPVs without liner under internal pressurisation shows that for fibre orientations
lower than £50°, failure occurs due to matrix shear damage, whilst for winding
angles higher than +55° failure occurs due to matrix transverse damage [74].
Composite pipes with winding angle of +60° with respect to the axial direction of
the cylinder when loaded under closed-end conditions undergo rotation of their
orientation to the optimum +55° [67]. Closed-end composite cylinders under 2:1
hoop to axial stress ratio and cyclic loading usually show transverse matrix
cracking leading to strips of decolouration parallel to the orientation of the fibres
and the formation of droplets on the cylindrical surface through weepage [43].
Also, a small degree of structural damage occurs. Fatigue internal pressurisation
tests on closed-end composite pipes without the use of liner at winding angle of
54°44’ show that failure initiation occurs through matrix shear cracking, which at
high pressures progresses into fibre/matrix debonding in the structure [53, 57, 70,
72]. Strips of decolouration appear parallel to the fibres which progress and
increase in number with the rise of pressure. Weepage is initiated in the form of
droplets forming lines parallel to the fibre direction. Ultimately, burst occurs
through the failure mechanism of fibre breakage. In the case of composite pipes
with [£75°]4 layup without use of liner functional failure occurs, as illustrated in
Figure 2.3, followed by structural failure in the hoop direction close to the location
of leakage [23]. The same failure behaviour is observed in composite tubes with
liner at winding angle of [+75°]4. The failure in the hoop direction is caused by the
inability of the cylinder to withstand loads in the axial direction. The non-load
sharing liner is subjected to the increased axial loading, which results to its failure
in the hoop direction. In the case of pure tensile axial loading under 1:1 hoop to
axial stress ratio, transverse matrix cracking occurs parallel to the fibre
reinforcement [68, 70]. Elongation in the transverse direction takes place and the
composite wall thickness can be reduced significantly [68]. The elongation occurs
due to deformation of a helical crack at the exterior layer of the pipe which extends
along the gauge length under elevated axial deformations [43]. This is followed

by fibre breakage perpendicularly to the crack, realignment of the fibres of the
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cracked area and delamination due to fibre pull out [75]. Strips of
decolouration/whitening form on the pipe and leakage in the form of jets of water
occur [43, 68]. Pipes subjected to high hoop loading conditions 1:0 (open-end)
and 4:1 fail under leakage through well-defined jets due to the development of
interlaminar shear stresses. In open-end composite pipes with no liner at winding
angle of 54°44’ undergoing fatigue internal pressurisation matrix damage is the
dominant failure mechanism [57, 76]. Isolated decolouration strips are observed
parallel to the fibres and weepage occurs. The increase of the pressure leads to
the creation of sudden jets of the containing fluid and the development of
delamination in adjacent layers, which subsequently leads to bending. The
ultimate structural failure of the pipe takes place through a fibre rupture
mechanism. In open-end composite cylinders of [+75°]2 layup without liner the
application of low pressure loading can lead to formation of decolouration (matrix
crazing) and matrix microcracks which lead to leakage [64]. Leakage occurs due
to coalescence of matrix microcracks, which when they reach a certain level can
be penetrated by fluid and form a leakage path (pin hole). Eventually, the cylinder
reaches catastrophic failure through burst due to abrupt fibre breakage. Based
on experimental investigations the optimum angle for internal pressure loading at
a hoop to axial stress ratio of 2:1 is +55°, whilst for the loading cases of 1:1 and
4:1, the preferable winding angles are *45° and +63°, respectively [68].
Combinations of winding angles can provide a beneficial failure behaviour
compared to single winding angles [69, 73]. The use of multiaxial tubes in various
biaxial conditions results in an increase of the pipe strength as their use enhances
their functional and structural failure behaviour. Pressurised Type IV vessels
under elevated temperatures due to fire fail as a result of leakage through heat
transfer which affects the liner [34, 77].

The quantification of leakage [77] in cylindrical structures can be carried out
through (a) visual inspection, (b) electrical resistance measurement on the
surface for leakage detection , (c) fluid volume loss monitoring to assess the
amount of fluid that penetrated the material through matrix cracks and (d)
computation based on Darcy’s law taking into account the material permeability

and the dependence of fluid viscosity on temperature.
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Figure 2.3 Functional failure of pipe at [£75°]4 [23]

2.3 Fail-safe designs for composite cylindrical structures

Apart from their light weight, high strength and stiffness, composites have been
used as energy absorbing components to provide safe failure when undergoing
damage [78, 79]. The development of fail-safe designs is based on the
development of damage tolerant structures that can maintain certain strength
levels and continue to operate, allowing partial damage, until its detection prior to
the occurrence of ultimate structural failure [80]. The mechanisms leading to
damage can develop due to existent imperfections of the structure that can be
triggered under certain loading conditions or due to installation or in-service
incidents, such as impacts and environmental conditions. Safe crack propagation
can be achieved through structural redundancy by sizing the structure, thus
delaying the formation of large size cracks and providing timely detection prior to
ultimate rupture. Structures designed at adequately low stress levels facilitate the
detection of large defects during an inspection. Fail-safe structures often
comprise multiple elements that enable crack arrest and energy absorption, as
well as load paths that can contain the crack thus acting as sacrificial features.

The energy absorption characteristics of composite cylinders enhance their ability
to withstand damage and fail in a progressive and controlled manner. The
crashworthiness of composite tubes undergoing crash, external [81] or internal
pressurisation and combinations of those [82, 83] is a characteristic highly

dependent on the energy absorption capability of composites [84]. A structure
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undergoing crash is subjected to axial compressive loading. Energy absorption
can be ensured by the selection of suitable types of constituents including
toughened epoxies, types of fibres with ductile-like type of failure and
nanoparticle fillers [85-91], as well as fibre orientation [92, 93], fabrication method
[94, 95] and optimum design geometries [96—99]. Collapse triggers can also be
utilised in order to provide progressive failure in crash incidents avoiding abrupt
catastrophic failure [100, 101]. This is based on the introduction of high stress
locations from which damage occurs and is propagated to the surrounded
material. Triggers can be external comprising metallic parts [102—-105], plug-type
initiators [106] or internal chamfered ends [107-109], notches [110, 111],
embedded ply-drops [101, 112, 113] and tulip [104] or crown shaped features
[114] located at one or both ends of the tube for the crash testing of fibre and
hybrid reinforced composites as well as sandwich structures.

Failure in thin fibre reinforced composite structures usually occurs in a brittle way
due to the nature of the fibre reinforcement. In order to avoid sudden, catastrophic
collapse of the structure a more progressive ductile/plastic-like failure mode is
required. Two progressive types of collapse exist in composite cylinder
undergoing compression, progressive folding and crashing. Progressive folding
is associated with lamina buckling, hinge formation and brittle fracture. The four
failure modes of the tube undergoing progressive crashing comprise transverse
shear, lamina bending, brittle fracture and local buckling. The failure mechanisms
involved in these failure modes are fibre and matrix damage, fibre-matrix
debonding, delamination and bending [84, 85, 115-120].

Composite cylindrical structures have been investigated in order to examine their
sensitivity to imperfections [121-128] and for the improvement of knockdown
factors [129-131]. Sensitivity to composite internal, outer and liner surface cracks
under internal pressurisation has been investigated [41, 132-139] and in some
cases focuses on the performance of fail-safe leak-before-break behaviour with
and without defects [40, 139-141]. The increase of the depth-to-thickness ratio
of the crack leads to decrease of the strength of the cylinder. The continuous
increase and decrease of pressure due to fatigue loading leads to decolouration

due to fibre/matrix debonding, which is accompanied by matrix cracking and
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interlaminar shear damage, related to Mode | and Mode II, developed at the area
underneath the artificial surface crack. Eventually, as the delamination
propagates (under Mode Il), leakage failure occurs which is followed promptly
after by burst.

Cutouts and hole imperfections exist often in the structures due to inspection or
electric line installation thus interrupting the smooth distribution of loads [142].
Unreinforced cutouts and holes subjected to buckling can cause failure under
global collapse, failure due to high stress concentration around the cutouts or
unstable local buckling through interlaminar failure at the area near the cutout
due to high deformation [143—-148]. Unreinforced cutouts in the circumferential
direction cause an additional 8% reduction of buckling load compared to its
respective value in the axial direction [149]. Experimental and numerical
investigations indicate that depending on threshold ratios of the cut length to the
radius of the cylinder the buckling load of the structure is affected either by the
size of the square, rectangular or circular (Figure 2.4) cutout defect or by initial
imperfections of the structure or combination of those [149, 150]. The increase of
diameter can reduce the buckling load [146]. Apart from the hole diameter, the
pipe diameter, the perforation pattern and circumferential hole spacing play a
significant role in the compressive behaviour of composite tubes [151, 152]. The
buckling load can be increased by the increase of the hole spacing and tube
diameter and the reduction of the hole diameter. Cylindrical shells subjected to
internal pressure and axial compression show increase of the buckling load and
delay of the deformation of the surrounding area of the cutout [153, 154].

Cutout reinforcement can consist of additional layers attached on top of the
square-shaped cutout and its thickness, size and fibre orientation can vary [144].
The reinforced cutouts mostly cause high resistance to buckling accompanied by
stable post-buckling behaviour until ultimate failure occurs. Overall, the buckling
behaviour of the structure is enhanced as the size and thickness of the
reinforcement increases. Grid stiffeners can be utilised to improve the buckling
behaviour of cylindrical shells [142, 155]. The use of grid reinforcement in a
configuration that smoothly transmits the loading improves the buckling

behaviour of the composite cylindrical structure. Circular cutouts show ultimate
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damage at a higher load compared to square cutouts due to higher stress
concentration in the latter. The increase of circumferential stiffness is feasible by
fibre steering through advanced fibre placement and provides buckling load

higher by 17% compared to the unreinforced pipe [156].

Figure 2.4 Mesh of circular cutouts in composite cylinder [150]

2.4 Artificially introduced defects in composite structures for the

control of their failure

The control of the way of failure of composite structures through the control of the
failure mechanisms and location of damage, whilst it is in its inception, is of prime
interest and importance. This has been the focus of experimental and analytical
[157, 158] investigations. In this section, the focus is on the introduction of fibre
discontinuities and interlaminar weak bond areas as defects for the control of

failure in composite structures.

2.4.1 Fibre discontinuities

The introduction of slits/fibre cuts in the structure and ply drops can be used for
the creation of discontinuous fibres for the study of their effect in composite
structures. The cuts are introduced, mainly in an automated way, by the use of
tangential knives [159], paper cutters [160] and laser [161]. Curing by hot
pressing, in particular in combination with compression moulding, can lead to
transverse and axial stretching of the slits [162]. After curing, resin rich areas are
created around the slits which can be potential stress concentration points
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initiating the development of progressive failure mechanisms [163]. This can be
advantageous for the control of crack initiation location and its subsequent
propagation [164]. The larger these regions are the higher the fracture toughness
of the material, since they lead to a gradual failure mode [163]. However, the
overall tensile strength decreases by approximately 15% irrespectively of the
number of the introduced ply cut defects [165]. The failure starts with microcracks
at the fibre ends leading to their debonding from the matrix [166, 167]. The failure
continues as a matrix crack to the neighbouring fibres following an oblique angle
with respect to the fibre orientation.

Fibre cut-outs can be introduced vertically or at an angle to the direction of the
fibres. In the former case, when the fibre orientation is arranged in a 0° UD
arrangement and loaded under tension, the failure starts around the slits,
between them and the continuous fibres [168], as illustrated in Figure 2.5. The
material follows pseudo-ductile behaviour demonstrating a non-linear and
predictable stress-strain response through progressive failure of the interlaminar
regions where the slits have been introduced [169, 170]. If the slits are
alternatively distributed not only in the width but also in the thickness direction,
the failure is caused due to delamination at the points where the slits have been
introduced [168]. In the case the slits are successively staggered, splitting at the
slit ends leads to the final failure of the sample. The failure stress in the case of
alternatively distributed defects is higher than the strength in the case the slits
coincide. For centrally located discontinuities of different thicknesses on UD
laminates debonding occurs at the cut ends, accompanied by non-linear strain
response [171]. With further loading, delamination is formed at the cut ends and
the final breakage occurs. Thicker discontinuous layers are linked to lower stress
requirement for the initiation and propagation of damage. A discontinuous
carbon/glass fibre reinforced hybrid composite can behave as a pseudo-ductile
material [170]. The failure is initiated by stable pull out of the centrally located
carbon layers from the glass layers accompanied by a wide pseudo-ductile strain
plateau until the formation of delamination and the final failure of the samples. In

the presence of a resin rich region between the discontinuities, matrix cracking
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occurs at this point before the initiation of delamination at the interface between
the cut and continuous plies [172].

(a) (b)

Figure 2.5 Schematic representation of tested tensile coupons with slits (a)
dispersed in various layers and (b) through the thickness [168]

In the case of quasi-isotropic laminates, delamination is the mechanism leading
to catastrophic failure. Failure starts with the generation of transverse cracks in
the structure, whilst some areas of delamination are formed at the points where
the slits have been inserted due to shear stress concentration. The slits in 0°
layers fail first, followed by matrix cracking in 90° layers, and then failure of +45°
plies [173]. As the material continues bearing the load, significant delamination
occurs connecting the damaged regions. For increasing loading the delamination
propagates in both the length and width direction. For star pattern defects
consisting of superimposed cuts as the strain increases the cuts open thus
creating high strain concentrations at the surrounding area and particularly
around the slits [174]. Cracks are initially formed and high strain occurs at a band
area around the cuts. The strain in the load direction of 0° plies is mainly affected.
The combination of slits with other inserts introduced in the composite structure
controls the failure mode as well as the strength [159]. In quasi-isotropic lay-ups
the placement of a thermoplastic interlaminar layer between the layers during
manufacturing can lead to rapid or slow delamination effects depending on the
adhesion properties between the insert and the main material. If these
interlaminar inserts are placed only onto the slits delamination occurs. Another
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pattern that has been investigated involves the manufacturing of composites with
slits in the central upper half and no slits in the lower half; the two halves bonded
together whilst a layer of release film is induced just underneath the cut area [175,
176]. Laminates with resin pockets located between the slits are obtained in this
manner. If an artificial sharp crack is introduced at the resin rich region, the
delamination initiates at the introduced sharp crack. In both cases, the fracture
toughness is statistically the same and delamination is the dominant failure mode.
Introduction of flaws in composites allows control of the development of
interlaminar cracks under Mode | and through-thickness crack accumulation
through branching for the development of progressive failure [177]. The
introduced defects consist of either ‘crack branch flaws’; a combination of ply
drops-small gaps on a layer- and delamination inserts or delamination flaws
through the introduction of insert films or ply gaps. The introduction of ‘crack
branch flaw’ provides control of failure but also a high stress reduction under
loading in the fibre direction, in contrast to transverse loading in which control of
damage takes place through delamination flaws. Ply gaps with and without
delamination inserts promote a controllable failure for 45° ply configurations.

Fibre cut-outs can also be introduced in the composite layers at an angle to the
fibre orientation. As in the case of perpendicular slits their pattern can be
staggered, bi-angled or continuous [160, 173, 178]. Even though continuous
angled slits are easier to introduce, they appear to decrease the tensile strength
compared to non-continuous slit patterns. In cross-ply orientations, the damage
initiation and progression involves matrix cracks along the slit length, splitting at
the slit ends in the 0° layers and transverse matrix cracking in the 90° layers.
Ultimately, all these damage points interconnect with each other and lead to
interlaminar failure. For large angles crossing points of the slits are the weakest
locations with high stress concentration causing transverse cracking [179]. For
smaller angles delamination occurs in the reverse way, with delamination starting
at the corners of the slits and moving towards the crossing centre [178]. The angle
of the slits affects the tensile strength of the composite demonstrating higher
values for angles between 11° and 31° [180]. In these cases fibre breakage is the

dominant damage mode as delamination is depressed [181].
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2.4.2 Interlaminar weak bond areas

This section focuses on the introduction of interfacial defects for the formation of
weak bonding areas in composite structures and the generation of delamination
and debonding for the development of predictable and controlled damage.
Standardised tests such as Mode | [182] and Mode Il [183] for the measurement
of the fracture toughness of composites are the most representative case of
introduction of weak bond areas in composites by using polytetrafluoroethylene
(PTFE) films. The main purpose of their use is the generation of an artificial defect
through this weak bond area within the composite layers, which acts as a starter
for the propagation of delamination.

Inserts used for control of delamination can be interlayer films of PTFE [184],
ethylene tetrafluoroethylene (ETFE) [177] and interlayers with polyamide
particles [185]. Apart from the type of the interlaminar defect, its amount, size and
location can play a significant role in the way the structure will react under loading.
More specifically depending on the dimensions of the weak bond defect, the
strength of the structure can be reduced by about 40 to 90% [184]; however, a
progressive way of failure can be achieved by improvement of the delamination
fracture toughness [186—188]. Elliptical [189] rectangular [190], circular [191] and
other shapes [192] of films embedded in the structure can be used. Based on
analytical models delamination is initiated under compression from these points
only after the interlaminar film and surrounded layers buckle. The delamination
subsequently propagates due to the stable compressive loading and/or due to
the stored strain energy changes caused by the delamination length growth.
The introduction of an interlaminar weak bond area in the structure can affect the
integrity of the structure depending on the location of the introduced defect. In the
case of sandwich composites an interlaminar defect can be introduced through
the width at the midsurface of the two face sheets between 0° plies [184]. Four
point bending testing of these structures shows that the failure can be initiated at
the interlaminar crack tip of the compressive face as a result of interlaminar
fracture. The significant reduction of strength is related to the decrease in
stiffness due to buckling. Under compression loading, the position of PTFE film
through the thickness does not affect the maximum failure load and failure takes
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place just below the global buckling load [193] due to delamination growth, whilst
undelaminated samples break under compression and buckling.

Interlaminar defects can be introduced in more than one places in and between
plies with different orientation away from the mid-surface [194]. For flat laminates
under compression, the existence of more than one PTFE films through the
thickness can affect the strength in a more drastic way. It is expected that
delamination and buckling are initiated at the longer defect. As the load increases
the delamination propagates and when it reaches the boundary, the second
artificial delamination starts propagating. However, it is possible that multiple
delaminations can initiate and propagate together due to buckling within the
sublaminates [195]. The compression strength is also affected by the position of
the longer delamination [192]. Examining the shape of a delamination that affects
the compressive strength of a sample through the width strips have more
significant influence compared to circular and peanut shaped defects. If the
biggest delamination is introduced in the centre of the specimen the compression
strength is higher and therefore the material is more compression resistant than
in the case the longest delamination is towards the surface of the specimen.
Compared to control samples, the compression strength reduction in the latter
case can be 60% for a maximum delamination length of 40 mm, whilst for a 30
mm delamination [196] the maximum compression load can be reduced by 80%.
As far as the buckling behaviour of the material is concerned, a triangle shape
pattern with the longest delamination close to the surface shows higher buckling
resistance than one with the longest delamination in the middle [192]. This is
because for a large delamination introduced next to the surface of the material,
propagation is stable and leads to early local buckling [197]. In the case of large
delamination close to the mid surface, the sublaminates are stiffer and can
sustain the applied load. Local buckling is restrained compared to delamination
next to the surface. However, when it occurs, during their post-buckling event,
the laminate cannot support the applied load and unstable delamination occurs
which leads to an early ultimate buckling failure. Consequently, the location of the
longest delamination determines the response of the material under compression

or buckling loading.
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2.5 Modelling of progressive damage evolution

Damage phenomena are a complex process due to the heterogeneity and
anisotropic nature of these materials [198]. Extensive damage simulation studies
have been carried out utilising as foundation the work of Kachanov [199] and
Rabotnov [200]. A series of benchmarking studies called the World Wide Failure
Exercise (WWFE) [201-203] have been conducted to examine damage
modelling and failure prediction in composites. In this section the focus is on the
models that can be utilised for the simulation of progressive damage evolution in
composites. Damage processes can be modelled within the framework of
continuum damage mechanics (CDM), based on which, damage evolution occurs
through material degradation translated into stiffness reduction (strain softening)
and inelastic response with permanent strains upon unloading due to sliding
friction phenomena by employing damage parameters and model constants
[204]. These factors are identified through experimental investigation based on
the mechanisms of damage and are incorporated in the CDM models. Damage
modelling focuses on two damage modes; intralaminar and interlaminar. CDM
models are primarily used to simulate intralaminar damage and are linked to the
microscale, mesoscale and macroscale.

Microscale damage models investigate the interaction between the constituents;
the fibre, the matrix and the fibre-matrix interface [198, 205]. They can be utilised
for accurate prediction of the onset of damage; however, they cannot be used for
the simulation of progressive damage in the laminate due to the representation
of only local phenomena, which cannot characterise the entire material [206]. The
area of multiscale modelling has been investigated by bridging scales in order to
further comprehend and predict the evolution of damage from its development in
the lower scale to the final fracture at higher scales. Two approaches have been
identified for multiscale modelling; the hierarchical and concurrent [205, 207]. The
hierarchical approach uses homogenisation techniques based on which material
properties are calculated at lower scales and are employed in their homogenised
form at higher scales [208—-214]. This usually requires the simulation of all
deformation dependent material parameters which is accompanied by

computationally expensive solutions [207]. Concurrent multiscale methods are
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used for the simulation of nonlinear behaviour of composites. FE? is a widely used
concurrent multiscale method based on mathematical equations to describe the
composite constituents in the microscale using representative volume elements
(RVESs) [215]. Higher level models are obtained through execution of FE analyses
of a volume element utilising intricate averaging processes. The computational
costs of the concurrent approach have led to the investigation of more efficient
solutions making use of FE approaches in combination with hierarchical
methodologies [216, 217].

Progressive damage modelling in composites has been extensively studied in the
mesoscale or at ply level [198, 205]. Ply level models consider the laminated
composite consisting of several individual orthotropic plies in which matrix and
fibres are treated as a homogeneous material. Intralaminar damage is treated
using CDM mesomodels, whilst interlaminar damage is expressed through
discrete failure approaches [205]. The plies/layers are treated as perfectly
bonded if no elements are assigned in adjacent layers to simulate the interface
as well as phenomena developed therein, such as delamination. Mesoscale
damage models have been extensively studied throughout the years and have
been utilised representing a wide range of reinforcing morphologies subjected to
various loading conditions. There are two approaches to describe damage growth
in composites; through physically based continuum damage mechanics [218—
222] and through thermodynamics of irreversible phenomena. In this work the
focus is on the latter. A generalised damage theory was developed in the 1980s
at LMT-Cachan by Ladevéze [223-226]. This model considers that the laminate
can be represented by the ply and the interface elementary units. The Ladeveze
model is expressed through state variables that describe stiffness degradation,
as well as irreversible thermodynamic forces. It has been utilised for the
simulation of intralaminar damage including matrix microcracking, fiber/matrix
debonding and fibre breakage, as well as interlaminar damage using cohesive
interfaces. Additionally, this mesomodel accounts for inelastic phenomena due to
friction from fibre pull out during the development of matrix damage. The
Ladeveze mesomodel has been implemented in the commercial software Pam-

Crash™ [198] and can be used to simulate delamination due to impact and crash
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phenomena [79, 227-230], as well as in other commercial software such as
Abaqus implementing the damage and the cohesive material models through the
VUMAT subroutines [231] and SAMCEF [232]. The ability of the Ladevéze model
to predict intralaminar and interlaminar progressive damage in combination with
the simple in plane and out-of-plane quasi static testing required for the
identification of the model parameters renders this mesomodel a robust and
reliable solution for the simulation of intricate engineering problems [79].
However, in some cases the coupling between the matrix microcracking and
delamination is not captured. This has been resolved through the development
of enhanced cohesive interface models by linking state variables that correspond
to both ply and the cohesive material [231].

The Talreja mesomodel is based on irreversible thermodynamic phenomena
which are expressed through internal variables [233-236]. It considers that
damage comprises two stages; the development of multiple matrix microcracks
and the propagation state that leads to delamination. Additionally, damage occurs
as the accumulation of multiple cracks under various failure modes and the
development of damage follows certain orientations that facilitate its propagation.
A strain evolution law is included in the constitutive equations to describe damage
development in the principal directions using second order tensors. The
identification of the internal variables requires the execution of an experimental
investigation, whilst certain constants are extracted through analytical equations.
The most recent development of the Talreja model suggests a procedure for the
analytical identification of the majority of the damage material parameters in UD
composites, whilst the ones remaining can be identified through experimental or
numerical investigation [237].

The damage mesomodel proposed by Matzenmiller, Lubliner and Taylor (MLT)
[238] followed the work of Talreja suggesting the implementation of two damage
variables for the principal directions and one which corresponds to damage due
to shear. The MLT model uses the expressions of effective stresses [239] and a
Weibull distribution to account for damage growth [240—243]. The MLT model has
been utilised in LS-DYNA [244] to model damage evolution due to impact [245,

246]. In the case of crash events a coupled plasticity method is incorporated in
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the MLT mesomodel in order to account for inelastic phenomena and energy
absorption [247]. The law accounting for the inelastic behaviour of the material is
based on a perfect plasticity flow rule where no hardening or softening take place,
thus minimising the model parameters required without compromising the
accuracy of the results.

A constitutive model based on thermodynamics of irreversible phenomena was
suggested by Maimi and Camanho [19, 248—-250]. The damage model accounts
for longitudinal and transverse damage under multiaxial loading. It takes into
consideration the closure of transverse cracks by introducing variables
differentiating damage due to tension from compression loading based on the
sign of the stress tensor. The inelastic behaviour under shear loading is
represented through in-plane uncoupled isotropic plasticity and linear stiffness
softening damage. The mesomodel has been utilised in combination with
cohesive elements for the prediction of damage under impact phenomena
indicating predictability [251-253]. The majority of the damage material
properties are extracted through testing; however, certain constants need to be
acquired through solving intricate analytical equations. The model has been
implemented in Abaqus making use of the UMAT or VUMAT user-subroutines
[254].

The challenge associated with the use of ply-scale models is that, in some cases,
the damage behaviour in each ply of the laminate is considered to be independent
of the neighbouring plies and therefore the interaction between them as well as
with the interface is not captured. This interaction has been studied through the
development of enhanced cohesive models to simulate interlaminar phenomena
which are used in combination with CDM mesomodels to capture intralaminar
damage [231, 255]. Another approach is associated with the use of discrete
failure approaches to simulate intraply matrix microcracks and delamination,
whilst fibore damage is modelled using CDM [255, 256]. The use of cohesive
elements and virtual crack closure technique (VCCT) can be used to couple
intralaminar and interlaminar effects [257—-260]. However, an a priori knowledge
of the matrix crack pattern is required for these non-predictive discrete

mechanisms. Discrete methodologies that do not require prior awareness of
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matrix cracks in the structure and can be applied arbitrarily are the extended FE
method (X-FEM) [261, 262], the phantom node method (PNM) [263, 264], the
augmented finite element method (AFEM) [265, 266] and the floating node
method (FNM) [267, 268]. The use of these models can accurately account for
the interaction between intralaminar matrix cracking and delamination,
nevertheless, certain integration and calculation complications might arise due to
inaccurate element partition [269] as well as from the introduction of boundary
conditions on the fractured surfaces [269, 270].

Macroscale damage models focus on the simulation of large scale structures.
Using this scale of simulation, information of the overall behaviour of the structure
is acquired; however, details in the layer level, as well as their interaction cannot
be captured. The utilisation of stack of elements, known as sublaminates can lead
to simulation and prediction of effects in the layer level, whilst retaining the
numerical efficiency of a macroscale model. The COMposite DAMage Model
(CODAM) belongs to this category [219]. It has been implemented in LS-DYNA
as a strain-based user material module. The initial versions of this model focused
on two damage modes; fibre breakage and matrix microcracking/delamination.
This macroscale damage model has been studied for the simulation of initiation
and progression of damage during impact and crush loading [271, 272] as well
as for open-hole composite laminates subjected to tensile and compressive
loading [273, 274] refining the initial model through implementation of a cohesive
tie-break law to account for delamination. The calibration of this model requires
the performance of standard tests for the extraction of elastic constants and the
stress-strain response of the material, as well as data regarding its strain
softening behaviour. Fracture energy and the crack length are extracted from
compact tension tests to identify the energy absorption of the system, as well as
the damage zone size. The sublaminate approach has been also studied using
the Ladeveze mesomodel and cohesive elements to simulate delamination in the
commercial software Abaqus using the VUMAT subroutine [231] as well as in

Pam-Crash™ through the respective implemented modules [275].
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2.6 Summary of literature review and gaps identified

The application of internal pressurisation in CPVs is related to burst and leakage
failure phenomena. Burst is developed as a structural failure occurring as a result
of fibre breakage, whilst leakage is a functional failure caused by matrix damage.
Cylindrical structures involving liners are usually associated with burst, whilst
leakage occurs almost always in cylinders without liners. However, high loading
rates in pipes without liner can lead to burst phenomena.

Fail-safe design development is necessary for structures used in applications in
which safety is a major concern and their failure can lead to catastrophic events.
The approach adopted uses mechanisms under which progressive failure occurs
through energy absorption and safe crack propagation. This is based on the
enhancement of the design through selection of toughened constituents that tend
to fail in a ductile-like manner, thus providing progressive failure. Reinforcement
on imperfections can usually function as feature for the controlled failure of
structures.

The simulation of progressive damage evolution in composite structures is
required for the identification of the damage mechanisms taking place in the
structure as well as of their interaction that can lead to final failure. The framework
of CDM is utilised to account for intralaminar damage in the microscale,
mesoscale and macroscale level. Based on the literature survey that was carried
out, the most suitable approaches reflecting reasonable accuracy of the damage
phenomena occurring in the lamina and numerical efficiency are considered to
be the ply-level and sublaminate methodologies. Within the damage models
studied, the Ladeveze damage material model is chosen in this work for the
simulation of progressive damage modelling. This well-established and robust
model has been extensively used in Abaqus through the use of subroutines and
Pam-Crash™ as a built-in module. Additionally, the determination of the model
parameters through simple experiments renders this mesomodel convenient in
its implementation. The Ladevéze damage model is used in combination with
cohesive/delamination models to account for interlaminar damage usually
considering the coupling between matrix microcracking and delamination through

suitable state variables.
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This research focuses on the development of a LBB concept on CPVs undergoing
internal pressurisation in order to ensure their graceful failure performance. As
failure in these structures has been found to occur in an abrupt and unpredictable
way through the incident of leakage accompanied by burst, a design methodology
needs to be followed for their gradual and safe failure. This behaviour reflects the
operation of fail-safe structures as the cylindrical structure is relieved through
leakage occurrence in the case of over-pressurisation and at the same time it is
able to withstand the induced damage and be gradually and progressively led to
its failure. The occurrence of leakage that can contribute to the LBB can be
established by artificially introduced defects which act as mechanisms that drive
the initiation and propagation of damage and control the way of failure of the
structure. Being mostly dependent on matrix cracking the leakage can be
developed through the use of fibre discontinuities and interlaminar weak bond
areas. Investigation of the location, dimensions and pattern of the defects can
determine their level of contribution to the occurrence of leakage. The
investigation can be simplified by focusing on closed-end composite pipes as
their loading under a hoop to axial stress ratio of 2:1 resembles the behaviour of
CPVs. The use of liner is usually associated with the occurrence of abrupt burst
incidents. Therefore, exclusion of liners from the interior of pipes can ensure that
the likelihood of leakage development is higher compared to a burst.

The identified gaps in the literature are the following:

e Currently there are no methodologies for defect introduction for the control
of failure on flat laminates. This is developed based on experimental and
simulation investigation in Chapter 6 through the development of a
strategy for the introduction of fibre cut defects and interlaminar weak bond
areas.

e Cylindrical structures have only been examined for their sensitivity to
composite internal, outer and liner surface cracks due to notches and only
to initial design criteria for defects for the development of LBB. In this work,
Chapter 7 is dedicated to gradually distributed defects introduced in the
composite structure through the thickness to provide fail-safe LBB through

investigation of the damage introduced by defects.
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No developed and validated methodology for LBB concept has been
identified in the literature. This is presented in Chapters 7 and 8 through
simulation of defect concepts using fibre cut defects, interlaminar weak
bond areas, as well as combination of those. Defects shapes, locations

and reinforcing solutions were also examined.
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3 Simulation methodology
3.1 Simulation environment

Finite Element Analysis (FEA) was carried out using the Virtual Performance
Solution (VPS) solver program from ESI Group utilising the module of Pam-
Crash™ [275]. The Pam-Crash™ module was selected as it is suitable for the
examination of crash and impact phenomena. Furthermore, the Ladevéze
damage material model that was chosen for the damage simulation is
implemented in Pam-Crash™ as a built-in option. The FE models were built in
the Visual-Environment graphical user interface. The composite structure was
simulated utilising multi-layered shell elements. These are widely used for the
modelling of thin composite structures, such as pipes, in contrast to solid
elements which are preferred for thick structures and are computationally
expensive. The multi-layered shell element type refers to the material type 131 in
Pam-Crash™ and allows the selection of the type 1, UD composite global ply,
which corresponds to the Ladevéze material model for damage simulation. The
occurrence of delamination was addressed through cohesive/tied interfaces
through the selection of material type 303. The numerical analysis was performed
using the explicit solver of Pam-Crash™. High speed dynamic impact, blast and
crash [276] phenomena are time-dependant and require the solution of the model
in the time domain taking into account inertia effects, contact treatment and
nonlinearities of the material [205]. Small time steps are used to obtain stable
numerical solution. The calculations taking place during an explicit analysis are
based on the current state of the system using direct rather than iterative solvers;
hence, explicit analysis is considered as computationally efficient. On the other
hand, implicit analysis is usually preferred to model time-independent
phenomena during static or quasi-static loading scenarios, where acceleration
effects are negligible due to the slow application of the loads on the structure. In
order to solve nonlinear problems, the implicit solver calculates the solution for
the current state of the system iteratively taking into account previous states.
Implicit solvers can use large time steps whilst retaining their numerical stability

and accuracy. However, convergence issues might be present and high
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computational effort in the case of severe nonlinearities. Hence, an explicit solver

was chosen in this research work as the preferred numerical scheme.

3.2 Modelling strategy

A modelling strategy was formulated to represent the response of
characterisation UD coupons using continuum damage mechanics [227, 277].
This was addressed through the Ladeveze damage material model. This damage
model is based on the development of a constitutive model that takes into account
damage and inelastic phenomena for the computation of the damage state of the
composite laminate at any instant during complex loading. This is achieved
through mechanical modelling incorporating thermodynamics of irreversible
processes by introducing state variables [278] based on the local state method.
According to the local state method, state variables that include observable and
internal variables and their associated thermodynamic forces need to be
estimated in order to express the thermodynamic state of a medium at a certain
point and instant. In this work, the observable and internal variables consist of
elastic strains (€°) for reversible phenomena and inelastic strains (¢P), damage
and hardening variables for irreversible phenomena respectively [278].

The Ladevéze model relies on the mesoscale, an intermediary scale operating
between micromechanics and the laminate level [279, 280]. The laminate
comprises two constituents at the mesoscale level: the ply in which fibres and
matrix are considered as one medium and the interface, which is a surface that
connects two adjacent plies. The mesoscale damage theory uses the assumption
that the damage is uniform throughout the thickness of individual layers of the
composite allowing for the damage to vary from layer to layer [204, 223]. This is
the basic principle based on which the LBB concept was estimated and quantified
in this work. The LBB concept considered to occur as a result of sufficient damage
of percentage over 50% applied in adjacent elements through the thickness.
The Ladeveze model considers that the damageable ply is at a state of plane
stress. Effective stresses are developed to resist the forces that act over the
damaged area. Considering the principle of strain equivalence [278], the

deformation behaviour of a damaged material is expressed by the constitutive
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laws for the virgin material by replacing the stress with the effective stress. Based
on the principle of strain equivalence, the degradation of the elastic moduli is
calculated in terms of damage parameters, which are derived from functions of
associated thermodynamic forces serving as damage evolution parameters.
The degradation of elastic moduli in combination with the inelastic strains
describe the ply damage state. Following classical plasticity, the inelastic strain
in the mesoscale damage theory is described by an elastic domain that depends
on the current effective stress and the accumulated inelastic strains for all the
previous instants up to the present [204]. Inelastic strains are associated with
matrix damage, whilst the fibres are considered to have an elastic response.
Inelastic strains can occur in a laminate when the maximum inelastic stress is
exceeded. The nonlinear response of the material is expressed through
hysteresis during unloading of the laminate. The Ladeveze model approximates
the non-linear unloading and subsequent loading response to linear elastic
(Figure 3.1).

Figure 3.1 Approximation of non-linear elastic response of damaged

composites

Based on the Ladevéze [226] and Pickett model [230] the simulation of
delamination is carried out considering damage in the idealised interfacial layer
between adjacent layers. The crack propagation at the interface is calculated
combining fracture and damage mechanics considering a linear elastic damage
stress-strain relation [230]. Delamination specimens were modelled as two

composite shells connected through a damageable interface. Considering this
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principle, in this work the interface of adjacent layers was modelled to provide
idealised, strong or weak bonding for the establishment of the most effective
design pattern for the development of the LBB concept.

Material properties, damage factors and thermodynamic variables were
determined using experimental results on carbon fibre specimens. The
experimental investigation consisted of tensile tests at [0°]g fibre orientation,
compression tests at [0°]g fibre orientation and cyclic tensile tests at [+45°],,
[+45°]g and [167.5°],s. The selection of these fibre layup sequences was
determined based on the material properties and constants required for the
Ladeveze damage material model. The [+45°],s layup accounts for the
examination of shear damage and the associated inelastic phenomena, whilst
[+45°]g and [£67.5°],¢ layups are utilised due to the optimal coupling between
shear and transverse damage [204]. The cyclic tests consisted of 5 load-unload
curves for the identification of the moduli degradation and the damage occurring
after each cycle as well as for the determination of shear and transverse coupling
parameters. Delamination samples for Mode | and Il at [0°]4o and [0°]4, fibre
orientation, respectively were also prepared for the acquisition of the strain
energy release rates as well as the normal and shear stresses for the initiation

and propagation of delamination.
3.3 Material models

3.3.1 Material type 131

Material type 131 [275] is appropriate for the simulation of multi-layered and multi-
material shell elements (Figure 3.2). The layers can consist of materials modelled

as:

¢ Elastic damage fibre-matrix composite (bi-phase or global)

e Elastic-plastic with damage

The representation of a shell element is at the mid-surface of the multi-layered

shell, which is shown as a grey rectangle in Figure 3.2. The UD layers are stacked

up from the bottom ( =-%) to the top (z= %) side across the thickness (t) of the
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shell. Each layer corresponds to one integration point through the shell thickness,
located within the shell in the centre of each ply. This position of integration is
automatically chosen in Pam-Crash™ so that the most accurate result can be

achieved, based on the numerical integration scheme.

t/2

Mid surface of shell
t/2

1

Figure 3.2 Multi-layered shell element

3.3.2 Unidirectional composite global ply

The material model used in this research work is the UD composite global ply
model, also found as Ply type 1 in Pam-Crash™. This material model represents
the Ladevéze damage material model [224, 279]. It is one of the most widely used
Continuum Damage Mechanics (CDM) models due to its effective performance
and robustness with regard to the simulation of the mechanical response and
prediction of damage evolution of composites under in-plane loading conditions
[204].

The Ladevéze damage material model is used for the simulation of UD
continuous fibre reinforced composite materials and corresponds to a
homogenised, global description of the fibre and matrix phases. The two phases
of fibores and matrix are not treated separately but as one medium and the
composite ply is described using homogeneous CDM. The types of damage

(Figure 3.3) that can be described by the Ladevéze damage material model are:

o Fibre fracture: It is the most catastrophic failure mechanism since the fibre

works as the primary load carrying component in composites. It occurs
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when the maximum allowable axial tensile stress or strain has been
exceeded. It is the result of tensile or compressive loading.

e Matrix microcracking: It involves the deterioration of the matrix by the
creation of small cracks which can propagate and intersect with other
cracks. This type of damage appears parallel to the fibre direction under
shear forces or transverse to the fibres under tensile loading. However, in
the Ladeveze damage material model matrix microcracking parallel to the
fibre direction is related only to transverse damage.

¢ Fibre/matrix debonding: It refers to the separation of the two components

known also as interface failure. It occurs due to shear loading.

3

Matrix microcracking

Fibre/matrix
debonding

Fibre rupture

Figure 3.3 Types of damages described by the Ladevéze damage material

model

3.3.2.1 Constitutive law

Laminae fall in the category of orthotropic materials in which the mechanical
properties are direction dependent and are different in three mutually
perpendicular planes. The analysis of laminated composite plates uses a plane
stress assumption, based on which the stress components in the through the
thickness normal and out-of-plane shear direction are zero. Components of strain
in the through the thickness normal and out-of-plane direction are not necessarily

zero. The constitutive law for this state is expressed as follows:
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Here, €44, €22, 2€10, 293 and 2¢45 are the elastic strains in the principal material
coordinate system and similarly 041, 02, T12, To3 and 143 the stresses in the
material coordinate system. Directions 11 and 22 represent the normal strain and
stress components, whilst 12, 23 and 13- directions correspond to shear
components. Parameters Eq4, Ex, Gyo, Go3 and G413 are the Young’s moduli in
the material coordinate system. E; is the modulus in the fibre (axial) direction,
Eo, is the transverse modulus, G4y, Gy3 and G453 are the shear moduli in 12, 23
and 13- directions respectively. Factor v, is the Poisson’s ratio in the 12-
direction. The elastic strain incorporates an axial component due to the applied
force and a transverse component due to Poisson’s effects. Macroscopically the
difference in behaviour between damaged and undamaged material is addressed
through the implementation of internal variables for the description of the
deteriorated state of the material [278]. The concept of damage over an area

leads to the definition of the effective stresses developed by Rabotnov [239] as

follows:
[(011)+ T
(,]_—(11)"‘(011)-
~1_[{022)+
o= 3.2
[ ] (1-d2) +(0'22)_ ( )
T12
(1-dq2)
where:
_ |G if O'iJ'ZO d _ 0if Gij>o 33
@il=|0ifo<0| A (Oi=|s, if oyc0 (3:3)
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Here, G is the effective stress whilst, d4, d, and d4, are the damage parameters
which represent the state of the damage in the 11, 22 and 12-directions and are
based on experimentally observed damage phenomena. Factor d; is related to
damage due to fibre breakage, d, to damage occurring during matrix
microcracking parallel to the fibre direction and d, is related to damage occurring
during debonding between fibres and matrix. The Ladeveze damage material
model damage factors d, and dq, are implemented to describe transverse and
shear matrix damage respectively. The value of damage parameters is 0 in the
undamaged state and 1 in the fully damaged case leading to ultimate failure of
the lamina. The bracket notation in Equation (3.4) is used to distinguish the
effects of normal tensile (o). and compressive (oj). loading. In the case of
normal tensile loading as the damage, which consists of microcracks and
microvoids, increases the effective normal tensile stresses increase, whilst in the
case of normal compressive loading, microcracks and microvoids tend to close
and hence the effective stress does not increase. The effective shear stress is
considered to be independent of the sign. Subscript i corresponds to the direction
which is normal to the plane of interest and j to the direction of the applied stress.
Normal components are described by i=j, whilst i#j represents shear components.
Based on the principle of strain equivalence, the deformation behaviour of a
damaged material is described by the constitutive laws of the pristine,
undamaged material in which the stress value is replaced by the effective stress
value [278]. Therefore, the uniaxial linear elastic law for a damaged material is

expressed as follows:
== (3.4)

Utilising Equations (3.2) and (3.4), the constitutive law for a damaged orthotropic

material in plane stress is defined as follows:
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Here, superscript 0 corresponds to undamaged state. The response of a
damaged layer can be expressed at any loading state based on Equation (3.5)
through the elastic moduli degradation defined in terms of the undamaged values

of moduli and the respective damage factors.
3.3.2.2 Matrix transverse and shear damage evolution

The description of the state of a material at a certain point and instant is described

through the expression of the strain energy density Ep as follows [223, 281, 282]:

1] (044)2 o)2 28 0202 (Op)? T122
I fox | (o) 12 L {022)e  (022)° Tz

=5 - 011022
2E(1-dT) EY,(1-dF) EY E(1-dy)  E3  Gl(1-dq2)

(3.6)

Parameter VY, is the undamaged Poisson’s ratio in the 12-direction and d?, df
are the damage parameters for tensile and compressive fibre damage
respectively. Subscripts t and c refer to tensile and compression loading
respectively. Factor EY, is the nonlinear undamaged modulus under compressive
loading. The partial derivatives of the strain energy density (Equation (3.6)) with
respect to the damage parameters d4, d,, d¢, lead to the determination of the
thermodynamic forces Z,,, Z,, and Z;, of a damaged layer (Equations (3.7)-
(3.8)). The thermodynamic forces are analogous to strain energy release rates
as they govern the damage evolution in a composite ply and they represent the
dissipation of energy during the occurrence of matrix damage in the transverse
and shear directions. Z,, and Z;, are the thermodynamic forces that are
responsible for the development of matrix damage in a composite ply and E,,
and G,, are the only moduli with degraded values [204, 223]. The ply modulus

in the fibre direction is only degraded when fibre breakage occurs. Therefore, Z,,
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Is not taken into account for the evolution of damage in a composite ply. The

thermodynamic forces Z,, and Z,, are calculated as follows:

9Ep 1 (00

Lon=o1 S E— (3.7)
9215400, 2 Edor(1-dp)?
'SED 1 T122+T132

Zio= g7 =50 i o (3.8)
8d12 0,d41,doo 2 G?2.(1_d12)2

Here, ZETZD and ng—Dz are the partial derivatives of strain energy density with respect
1

to damage in the transverse and shear direction respectively, whilst the effective
stress and damage in 11 and 12-direction for the transverse case and 11, 22-
direction for the shear case are held constant. The thermodynamic forces are
directly connected to the damage evolution functions, which are defined as

follows:
Y22(t)=r?ftx (\/ZQQ(T)) Transverse damage (3.9)
Y12(t)=TftX (VZ12®)+bZz(1)) Shear damage (3.10)

The damage evolution functions represent the maximum values of
thermodynamic forces throughout the load history from time 0 up to the current
moment t. This is motivated by the fact that propagation of damage occurs only
when the previous maximum value of the thermodynamic forces is exceeded for
additional damage to occur. Parameter b is a coupling factor between shear and
transverse damage. The damage parameters for matrix damage evolution can

be obtained through:

(Y2 ()-Y22)+
do= Y5,
dimax otherwise

If dy<dmax, Y22 ()<Y and Y12 (H)<Yiy (3.11)
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(Y12(D)-Y32)s

di2= Y%

dimax otherwise

If d12<max, Y22 ()<Y5, and Y1, (D)<Y (3.12)

Here, parameters Ygz and Y?z denote the initial transverse and shear damage
threshold values respectively. The critical transverse and shear damage limit are
represented by Ygz and Y?Z respectively. Parameter Ygz denotes the brittle
transverse damage limit of the fibre-matrix interface and Y%’z the shear damage
fracture limit. Damage parameter d,,,x defines the maximum allowed value for d,

and dq,.
3.3.2.3 Inelastic damage law

The permanent inelastic strains that occur when a lamina is unloaded, after the
stress limit has been exceeded, can be described through a Hill-type inelastic

criterion as follows [275]:

< 22>2 3.13
f(5,R)= \/(1 ) +a [( +( 22)] -R(E") (3.13)
R(E”)=Ry+B(E”)™ (3.14)

The inelastic damage law is defined with respect to the effective stresses (6) and
the accumulated effective inelastic strain (€°) from the beginning of loading up to
the present instant. The system exhibits hysteresis during unloading. In Pam-
Crash™ solver the unloading and loading slopes of the material are approximated
as linear elastic. Parameter a®=A denotes a coupling factor between shear and
transverse plastic strains, Ry represents the initial yield stress on the onset of
inelasticity, B the hardening law multiplier which defines gradient of the hardening

curve and m the hardening law exponent.
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3.3.2.4 Fibre damage

In the Ladevéze damage material model, fiore damage is described through
threshold strain criteria, governed by variables that treat separately tension and
compression [275]. There are three regions that describe the damage state of the
fibres stressed under tensile loading: subcritical, critical and post critical. The
subcritical region designates the undamaged state of the fibre and is
characterised by the threshold strain region in which the strain (¢44) does not
exceed the initial longitudinal fibre tensile damage threshold strain (ei“). As the
fibres continue to undergo deformation under tensile loading, the tensile damage
d"increases linearly between the damage threshold strain region and the ultimate
longitudinal fibre tensile damage strain (ef). When the ultimate value of strain is

reached, the tensile damage reaches its ultimate value (dﬁzl). The evolution of

the tensile Young’s modulus based on the damage threshold strain region is as

follows:
d"=0 if e4<e®  Subcritical ]
ft ft£11'€}ct ft
Eqr=E% (1-d")= d'=dy—— if <eq,<eft  Critical (3.15)

u ™

€
dft=1-(1-dﬁ)£ if efi<e ;<0 Post-critical
_ f _

During compressive loading the fibre compressive damage is related to fibre
misalignment and fibre micro-buckling phenomena which follow non-linear

behaviour. The non-linear fibore compressive behaviour is expressed as:

E%°

v_
17 . =0c,.
1+YE7°|€44]

(3.16)

Here, factor y is introduced in the equation of the nonlinear compressive Young'’s

modulus to describe the reduction of the longitudinal modulus with strain under

compression. Parameter E?C is the initial value of the compressive Young’s

modulus in the fibre direction.
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The compressive fibre damage is expressed through the subcritical, critical and
post critical threshold strain regions, similarly to tensile fibre damage. The
subcritical region represents the undamaged state of the fibre under compressive

loading in which the strain (g£44) does not exceed the initial longitudinal fibre

compressive damage threshold strain (afc). The critical region is described by the

linear increase of the compression damage d between the damage threshold
strain region and the ultimate longitudinal fibre compressive damage strain (/).
In the post-critical region, when the ultimate longitudinal fibre compressive
damage strain is reached, the compressive damage obtains its ultimate value

(dfle) and the material fails completely. The calculation of the compressive
Young’s modulus in the fibre direction based on the damage threshold strain

region is as follows:

d=0 if |eqq|<e®  Subcritical |

f
fc |€111-€°
1 ogfogl
fo_ for €11 foe "

d°=1-(1-dy) T if f°<|eqq|<  Post-critical
i K ]

d=d if ef°<|eqq|<efc Critical

ES; =EY,(1-d")= (3.17)

The subcritical, critical and post-critical regions for fibre damage under tensile
and compressive loading are displayed in Figure 3.4. The two graphs illustrate

stress-strain and damage-strain evolution respectively.

Fibre compression Fibre tension
011 i
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Figure 3.4 Fibre tensile and compressive damage
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3.3.3 Material type 303

Material type 303 is used in Pam-Crash™ to simulate tied interfaces between
adjacent plies of a composite laminate, as well as delamination under out-of-
plane loading. The tied interfaces consist of the slave node and the master
segment (Figure 3.5). These are connected using a penalty method, according
to which the applied forces are computed based on the deformation and the
spring stiffness. The penalty deformation is applied to adjacent interface
elements and refers to the relative displacement of the slave node from the actual
to the ideal position with respect to the master segment, which can be expressed
as normal displacement , and shear displacement §, for Mode | and Mode I
respectively [227, 230]. The calculation of the sliding crack displacements 6, and
9, is based on the beam theory for DCB geometry corresponding to Mode | [283—
285] and ENF geometry for Mode 1l [286—288] respectively. The equations are
developed with respect to the original crack taking into account the summation of
the deflection of the cracked part, the displacement at the crack tip and the
deflection at the end of the uncracked beam due to rotation at the crack tip. The

sliding equations are:

_3d a(a-ao)z_(a-ao)?’

5= == = ] (3.18)

6||=- (319)

33+2L%| a®

8dach [30(02 3]
Here, d is the head displacement, a is the crack length and ag the initial crack
length. Parameters h and L represent half the specimen thickness and the total
length of the specimen respectively. The strains occurring due to normal and
shear displacements are:

ME L 5'] (3.20)

gl heont LOy)
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Here, h.ont IS the distance between a slave node and master segment which
corresponds to the interface thickness. The penalty spring stiffness is calculated
based on the stresses applied on the node in the normal and shear direction. This

is described as:

[otan] [0”] [o GO] L”] (3.21)

Here, E; is the modulus in the normal direction and Gy, the modulus in the shear
direction. Moduli Eq and Gy, depend on the energy dissipation occurring at the
tied interface when damage takes place. The calculation of the normal and shear
moduli is carried out through the slope at the elastic region of the stress-strain

curves from Mode | and Mode Il tests respectively.

Slave node
Element
normal /V\N\Q o
¢ 1 Ideal position

() Actual position

Master segment

Figure 3.5 Tied interface, slave node and master segment

The forces applied at the interface are a function of the normal and shear stresses

and the slave nodal surface, also known as spring area. This is expressed as:

[Ftan] [F“] S'ave[ |] (3.22)

Here, the slave nodal surface (Agave) IS expressed by the area of the element the
slave node belongs to, multiplied by V4 for linear quadrilateral elements or s for

linear triangular elements. This is calculated as follows:
nquad ntriangle

Asiave= 1/4 Z Areai+1/3 Z Area; (3.23)
=

i=1
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The critical strain energy release rate (G,;) is used to describe the energy
dissipation due to the resistance of the material to the propagation of an existing
crack. The simulation of crack propagation can be achieved by combining fracture
and damage mechanics for the development of a linear elastic stress-strain
damage relation:
0,=(1-d|)Eqg, (3.24)
0y =(1-di)Gosy (3.25)

The linear elastic stress-strain damage relation can be described through a
triangular curve based on Pickett's approach [230] (Figure 3.6). Point A
corresponds to the initiation of damage (0{"®). After the stress has reached its
maximum value, damage starts occurring until the ultimate failure of the material
at Point B. The damage is described through the damage factors d;, where i=I or
Il for Mode | and Il respectively, the value of which vary from O for the undamaged

state to 1 for ultimate failure as follows:

Sirtia if =€
di= [EiB'EiA A ] (3.26)
0 otherwise

The strain energy release rates for the initiation (Gio) and propagation of the

damage until ultimate failure (GS) can be acquired from the area under the
triangular stress-displacement curve. The evolution of strain energy in the elastic
and damaging region is calculated as follows:

1
Gi0= 5 'OirnaXEiAhcont (3-27)
0_1  gmax 3.28
C':‘u_z'ci €isNcont (3.28)
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Figure 3.6 Stress-displacement linear elastic damaging graph (i=I or Il for Mode
I and Il respectively) [230]

3.4 Finite element implementation

The core procedure for the model development is described in this section. An
FEA model was developed for the simulation of composite structures. The pre-
processing took place in Visual-Mesh and Visual-Crash Pam. The explicit
analysis of the model was performed through the VPS Solver, whilst the post-
processing was carried out in the Visual-Viewer. The model development process
is presented in Figure 3.7. Specific characteristics for the simulation of different
scenarios will be introduced in following chapters (Chapters 5-7).
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Figure 3.7 Model development process
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In the pre-processing, Visual-Mesh was used for the generation of the geometry
of the model and its mesh. The geometry was formed through the creation of
circumferential nodes or curves in the xyz global coordinate system. Quadrilateral
shell elements were used to mesh the two-dimensional surface providing highly
accurate results for structured grids compared to triangular elements.

The definition of the model data was carried out on the Visual-Crash Pam pre-
processor, of the Visual Crash Program (VCP). In this module the ply, material,
part, control data as well as loads and boundary conditions were assigned on the
model. The ply data was defined through a composite ply panel from which the
Ply type 1 (ITYP=1) Global Ply UD composite was selected. The homogenised
material properties contained in the ply data card are summarised in Table 3.1,
where p is the density of the composite. The data was acquired through

experimental investigation (Chapter 5.1).

Table 3.1 Ply data for multi-layered shell element

Type of mgterial Symbol
properties
Tensile EY,, et et gf
Compressive EYS, € gfc, d v
Shear Giz, Y92, Y12, Y12, RO, B, m
Transverse EoL, Y3, YS,, Y
Shear and transverse A, b, dmax
Miscellaneous P, Vio

Material data were assigned to the model on a definition card from which the 131-
Multilayer Orthotropic Bi Phase material type was selected for the simulation of
the multi-layered orthotropic shell. In this card the total number of layers of the
composite material were defined through the number of operations (NOPER)
alongside a layer identification database (ILAY=1). This option allows the
acquisition of additional information about the individual layers as output in

a7



combination with the control cards. In the material card, the orientation of each
angle ply (ANGPL) was defined, as well as the absolute ply thickness (THKPL)
at a constant 0.3 mm. Ply identification (IDPLY) data determined in the ply card
were assigned to the material card for each layer of the layer identification
(IDLAYER) dataset. Shell element information used as output for post-processing
was specified through an auxiliary output section. The shell properties were
selected by introducing the ply identification number and the respective reference
number of the required property. The defined auxiliary variables included stress

and strain properties in the three material directions, shear and transverse, plastic
transverse strain (€52°1), shear plastic strain (2¢55°'°) and strain rate (&). Table

3.2 summarises the output auxiliary variables that were selected.

Table 3.2 Auxiliary variables of material type 131 saved for plots

Reference ITYP=1
number

1 €14

2 €22

3 €12

4 €23

5 €13

6 011

7 022

8 O42

9 073
10 013
11 dqo
12 do
13 Eglzastic
14 28[1:)I2?,lstic
15 €

Additional shell element properties were specified through a part data panel. The

element thickness and the orthotropic axis were defined in this panel. The
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definition of the orthotropic axis (IORT=0) and hence of the reference fibre
orientation was established through the global coordinate system frame with
respect to a vector (1, 0, 0). Material identification (IDMAT) data were also
assigned to the part data panel.

The three-dimensional structure was constrained through appropriate boundary
conditions. Translational and rotational displacements were defined in the global
frame. Loading conditions were applied through the definition of concentrated
loads and face pressures. Features where the loads were applied, were selected
and loading curves were assigned to them. The loading curves used in this work
include displacement, force and pressure.

The preparation of the model was completed by defining the control data. This
data enables the efficient analysis of the model providing the desired output
information. Control data comprises optional and standard data. The optional
data included the selection of the latest version of the Pam-Crash™ solver and
definition of the type of the analysis which was set to explicit. The standard data
panel included information about the output parameters control (OCTRL), explicit
time step control data (TCTRL) and end of run definition (RUNEND). An overview
of the standard control data can be found on Figure 3.8. The output parameters
control comprised the output type, contour plot variables, output frequency and
time history plot. The output type (ERFOUTPUT) was set to provide both contour
and curve data. Contour plot variables were selected to be obtained from the
analysis including plot output for the layers (LAYPLOT), nodes (NODPLOT) and
the shell element (SHLPLOT). The output frequency was set to provide mesh plot
intervals (DSYOUTPUT) of 0.025 s and 1000 time history plot points
(THPOUTPUT). Time history output for the shell element (SHLTHP) were also
defined.

The explicit time step control data comprised user imposed initial time step
(INITIAL), nodal time step control (NODAL) and dynamic mass scaling control
(DYNA_MASS_SCALE). The user imposed initial time step value (DTUSER) was
set to 0 ms. The nodal time step control option (NODTSP) was activated to

include delamination phenomena and a minimum time step of 0.0001 ms for the
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dynamic mass scaling criterion (DTMASS) was specified, whilst keeping the
increase mass per node constant to 0.

Standard control data was completed through the definition of the run termination
time (T102) for the specification of the duration of the analysis. This was driven
by the time dependent loading curves applied to the model during the definition
of the loading conditions. The duration of the loading was set to be the same to
the end of run definition. This value was different for each modelling case,
accommodating the individual loading requirements.

The model analysis was carried out on the VPS Pam-Crash™ solver and its
results were evaluated on the Visual-Viewer. Data previously defined in the pre-

processing were obtained as output on the Visual-Viewer.

End of run
definition

Output Time step
parameters control data

control

» Output type » User imposed » Termination time
- Contour plot initial time step
variables * Nodal time step
« Output control
frequency * Dynamic mass
« Time history plot scaling control
\_ J \_ J \_ J

Figure 3.8 Standard control data
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4 Materials and experimental methods

This chapter reports the materials, manufacturing processes and test protocols
used in this research work. Carbon prepreg was selected for the manufacturing
of composite plates and pipes. The experimental work involved in-plane and out-
of-plane tests for the estimation of material properties and damage parameters
used in simulation. Hydrostatic burst tests were also performed on intact pipes
and pipes with defects for the assessment of the LBB concept.

4.1 Materials

The materials that were used in this research work consisted of carbon fibre
prepreg for the manufacturing of composite plates and pipes and miscellaneous
materials that assisted the manufacturing process. The materials used are

specified in more detail in the following paragraphs.

4.1.1 Carbon fibre prepregs

A high quality UD carbon fibre prepreg with the commercial name SE84LV [289]
was selected for the development of the LBB concept through the execution of
an extensive experimental campaign on laminates and cylindrical structures for
the acquisition of material and damage parameters used for the development of
a constitutive model. This material, which is certified by Lloyd’s Register (LR),
was acquired from MarineWare. This prepreg system has T4 of 115°C and
comprises high elongation carbon fibre (HEC) with 300 g/m? aerial weight as well
as epoxy resin system SE84LV with 33% resin content by weight. The use of
HEC fibre provides high strain and relatively high stress and Young’s modulus,
suitable for the development of the LBB concept on composite pipes as leakage
is expected to occur through failure in the matrix, in a slow manner from layer to
layer. This toughened UD carbon prepreg system is widely used in heavily loaded
components such as yacht hulls and spars. The nominal mechanical properties
of SE84LV are summarised in Table 4.1 [289]. The supplied SE84LV carbon
prepreg roll was kept in a freezer at -18°C. The SE84LV prepreg roll has eight
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weeks life out of the freezer when being in ambient temperature between 18-
22°C or two years at -18°C.

Table 4.1 Mechanical properties of SE84LV [289]

Property Unit Value
Aerial 2
weight g/m 300
Fibre
volume % 55
fraction
Tensile |0y 2458
strength
Tensile GPa 134
modulus
Tg °C 115

An epoxy prepreg system with the commercial name RP507 [290] was acquired
and used for preliminary experimental investigation of the defect modelling
strategy for the development of the LBB concept. This material was supplied by
PRF Composite Materials Laminates. This prepreg system comprised UD, high
strength carbon fibre with 150 g/m? aerial weight as well as epoxy resin system
RP507 with 38% resin content by weight and medium tack. The prepreg system
has a glass transition temperature (Tg) of 121°C. RP507 is a medium temperature
cure resin system with curing temperatures varying between 90°C to 160°C.
RP507 can be used in applications in aerospace, automotive, marine and
defence. The nominal mechanical properties for this UD material are summarised
in Table 4.2 [290]. The RP507 carbon fibre prepreg was supplied in a roll and
was kept in the freezer at -18°C. Its outlife was specified by the manufacturer as

one month at 20°C or twelve months at -18°C.
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Table 4.2 Mechanical properties of RP507 [290]

Property Unit Value
Aerial 2
weight g/m 150
Fibre
volume % 55
fraction
Tensile MPa 2912
strength
Tensile GPa 131
modulus
Tg °C 121

4.1.2 Miscellaneous
4.1.2.1 6082T6 Aluminium tooling plate

An aluminium alloy tool/mould was used for the manufacturing of flat CFRPs. The
aluminium tool was used as part of the oven system for the curing of the
composite laminates. The dimensions of the aluminium tool were 450x450x4
mm? in order to accommodate the composite laminates that were manufactured,
as well as the sealing product at the edges of the tool without interfering with the

composite panel.
4.1.2.2 Chemlease® PMR-90 EZ Release agent

A semi-permanent release agent was used for mould releasing of the composite
laminates. The commercial name of this material is Chemlease® PMR-90 EZ
[291], supplied by Chemtrend. Chemlease® PMR-90 EZ was used in order to
provide multiple releases and high slip and therefore to enhance productivity. It
was also used to provide protection of the part and its surface quality, as well as

extension of the tool life.
4.1.2.3 VACsealY-40 Tacky tape

A high quality sealant tape was used for vacuum bag sealing during the

manufacturing process. VACsealY-40 [292] was supplied by VAC Innovation.
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This material was used to provide good adhesion as well as quick release. This
material can be used under elevated temperatures of up to 205°C in conventional

and autoclave ovens.
4.1.2.4 Bleeder Lease® B Peel ply

A coated nylon peel ply sheet with nominal thickness of 0.114 mm was placed on
each side of the composite laminate. Bleeder Lease® B [293] was supplied by
Airtech and was used for easy release of cured composite laminates. The easy
release is achieved due to a silicone release agent that Bleeder Lease® B is
coated with. The use of Bleeder Lease® B enables the application of vacuum
conditions which eventually leads to the reduction of voids and air bubbles. A
textured surface is produced when the peel ply was peeled off the cured laminate
due to the tightly woven nature of Bleeder Lease® B. The texture surface
improves the adhesion of the part for further processing such as bonding and
painting.

4.1.2.5 A4000 Perforated release film

A perforated release film with the commercial name A4000 [294] and thickness
of 0.025 mm was used on top of the peel ply at the upper side of the laminate.
This high performance fluoropolymer release film was supplied by Airtech. It
incorporates perforations following the P3 perforation style [295], which
corresponds to nominal hole diameter of 0.381 mm and nominal open area of
0.14%. The existence of perforation enables controlled release of excess resin
from the laminate while it also enhances the application of vacuum conditions for
the reduction of voids and air bubbles. The maximum operating temperature of
this material is 260°C.

4.1.2.6 Airweave® N-4 Breather

A medium weight conformable breather was selected to ensure adequate
evacuation and air channelling throughout the vacuum bag. The material was
supplied by Airtech Advanced Materials Group. The use of Airweave® N-4 [296]
provides high quality vacuum bagging and also protects the vacuum bag from

any sharp edges of the composite structure. Bridging can be avoided due to its
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flexible nature and conformability to complex shapes. Airweave® N-4 is made of
non-woven polyester and has white colour. Its nominal areal weight is
approximately 140 g/m?. Being able to absorb the excess resin of resin rich

systems under curing, Airweave® N-4 can be also used as a bleeder.
4.1.2.7 Ipplon® WN1500 Vacuum bag

A high temperature nylon vacuum bag, supplied by Airthech, was used in order
to create a uniform compressive force over the structure that was under vacuum
conditions. Ipplon® WN1500 [297] has a maximum operating temperature of
246°C and can be used under high pressure. The thickness of this material is
0.05 mm and its colour is blue. Ipplon® WN1500 can achieve high elongation of
375% and has a tensile strength of 62 MPa.

4.1.2.8 Non stick Polytetrafluoroethylene (PTFE)

The Mode | and Il out-of-plane tests require the incorporation of non stick
Polytetrafluoroethylene (PTFE) crack starting films [298] in the middle of the
composite structure during manufacturing. This material was supplied by
Goodfellow and its thickness is 13 um. Its low coefficient of friction renders it ideal
to provide negligible bonding on adjacent surfaces. Its maximum operating
temperature is 260°C.

4.1.2.9 Glass fibre tabs

The preparation of composite specimens for testing involved the attachment of
continuous E-glass fibre reinforced polymer matrix materials as tabs. A [0/90]2s
epoxy glass fibre plate with 1.5 mm thickness was supplied by Croylek. The plate
was then cut at a 45° fibre orientation with respect to the force direction in order
to provide a smooth transition of the force from the tab to the specimen. Also, the
use of tabs on the composite samples protects it from the grips of the test

equipment.
4.1.2.10 Loading blocks
Aluminium blocks were used for load introduction in Mode | testing. The purpose

of the blocks is to introduce and sustain the applied loading without any damage
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on the CFRP specimens to occur. The material used for blocks was Grade 2014A
aluminium. The blocks were manufactured and supplied by Machinepart
Engineering Ltd. The width of the loading blocks was governed by the width of
the composite specimens. The rest of the dimension were specified based on the
standard for Mode | testing [299]. The blocks dimensions are presented in Figure
4.1.
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Figure 4.1 Loading blocks drawings (dimensions in mm)

4.1.2.11 Araldite 2014-1

The bonding of tabs on the test specimens was performed with the use of
Araldite® 2014-1 [300] supplied by RS components Ltd. This epoxy adhesive
system consists of two parts, which when mixed produce a thixotropic paste
adhesive with high strength. Lap shear strength of 10 MPa and above can be
achieved after 20 minutes at 60°C. Araldite 2014-1 can also provide resistance

against high temperature and chemical substances.
4.1.2.12 3M Scotch-Weld™ DP760

A 3M Scotch-Weld™ epoxy adhesive system was used for the bonding of end

caps on composite pipes. This adhesive system was supplied by RS components
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Ltd. DP760 [301] consists of two parts, toughened epoxy as base and modified
amine as curing agent enclosed in a dual syringe plastic cartridge. The maximum
overlap shear strength is 30.4 MPa when the system is cured at 65+3°C for 120

min ensuring high strength structural bonding between the two adjacent surfaces.
4.1.2.13 PTFE Virgin-FE1000 Rod

A PTFE Virgin-FE1000 rod [302] was used as a mandrel for the manufacturing of
composite pipes. The rod was supplied by Theplasticshop.co.uk®. Due to its low
friction coefficient, varying between 0.05-0.07, PTFE Virgin-FE1000 rod is ideal
for extrusion purposes. The working temperatures of this material vary between
-200°C to 260°C providing coefficient of linear thermal expansion of 15-10°°C*
from 25°C to 100°C.

4.1.2.14 Shrink Tite tape

A polyester tape supplied by East Coast Fiberglass Supplies with the commercial
name Shrink Tite tape [303] was wound on top of the composite pipe. This
polyester tape has the ability to shrink and apply pressure when heated. The
compression forces applied provide compaction and consolidation between
layers as well as elimination of air bubbles and voids while giving a smooth resin
rich finish to the part. The tape is covered with PTFE release coating on one side
to ensure easy removal from the part. The temperature at which shrinking starts
is 65°C, whilst the operating temperature goes up to 180°C. The Shrink Tite tape

can provide 20% shrinking.

4.2 Manufacturing processes

This section describes the manufacturing processes that were followed for the
production of composite laminates and pipes. The first part is dedicated to the
manufacturing of flat composite laminates used for preparing testing coupons.
Two sets of different types of laminates were manufactured. The first set
consisted of the manufacturing of SE84LV carbon fibre prepreg laminates, which
were produced for the execution of the experimental campaign that involved the

acquisition of mechanical and damage properties for the development of the
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constitutive model. The second set consisted of the manufacturing of RP507
carbon fibre prepreg laminates for the preliminary study of a defect modelling
strategy for the development of the LBB concept. The second part of this section
is dedicated to the manufacturing process followed for the production of
composite pipes. The material that was used was SE84LV carbon fibre prepreg
following a manual type of towpreg filament winding technique.

4.2.1 Processing of flat laminates

The process steps that were followed for the manufacturing of composite
laminates consisted of lay-up of the composite plies at the desired fibre
orientations based on the requirements of the tests. Subsequently, the curing
process followed was based on the manufacturer’s datasheet, depending on the

material used. The last step involved the preparation of the test specimens.
4.2.1.1 Ply lay-up

Initially, the prepreg roll was removed from the freezer and was kept at ambient
temperature until its defrosting. The prepreg roll was cut into sheets of
dimensions 300x300mm using a guillotine. The number of sheets cut were
defined based on the requirements of the tests for the specimen thickness. The
roll was then bagged and returned in the freezer for its protection from premature
curing at ambient temperature and a log was kept about the remaining life of the
roll. The sheets were then laid up at the required orientations. For out-of-plane
delamination specimens a non-stick PTFE sheet was embedded at the mid-plane
of the lay-up covering certain area corresponding to a pre-crack. The stack was
debulked every 4 plies to achieve high levels of consolidation and to remove voids
and air bubbles. The alluminium tool was cleaned and coated with Chemlease®
PMR-90 EZ release agent in a fume cabinet. Subsequently, VACsealY-40 tacky
tape was attached at the periphery of the metallic mould and a sheet of peel ply
was placed in the centre. The composite laminate was then removed from the
debulking bed and was positioned on top of a Bleeder Lease® B peel ply sheet.
The sequence of materials that were positioned on top of the composite laminate

was one additional sheet of peel ply, an A4000 perforated release film and an
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Airweave® N-4 breather. The consumable materials were cut in such dimensions
so that they would overhang from the prepreg stack. Vacuum fittings were used
in order to achieve a complete vacuum line extraction configuration. A base plate
was placed on top of the breather, as part of vacuum through bag connectors, at
a location that would not cause indentation on the prepreg stack. The assembly
was completed by placing a sheet of Ipplon® WN1500 vacuum bag on top of the
stack, which was sealed through the tacky tape that was applied on the periphery
of the release coated mould. The vacuum bag was then pierced at the location
where the thread of the base plate was in order to insert and thread the top piece
of the vacuum valve. A quick disconnect part was threaded on the top part of the
valve and was connected to a pump through a vacuum hose. The assembly of

the lay-up and the consumables that were used is presented in Figure 4.2.

Vacuum bag
Perforated release

Breather l .
\ / film

Pesl ply Stack of prepreg

O - Sheets

/ —
Release coated
Tacky tape tool

Figure 4.2 Lay-up configuration

4.2.1.2 Curing

The curing process followed was the same for the laminates manufactured using
SE84LYV for the extensive experimental campaign dedicated to the development
of the constitutive model and laminates produced using RP507 for the preliminary
investigation of a defect modelling strategy for the development of the LBB
concept. The lay-up assembly was placed in the oven, whilst being connected
through a hose to a pump to ensure vacuum conditions throughout the curing
process. Based on the manufacturer datasheets, the cure cycle consisted of three
steps, which involved heating up, curing at a consistent temperature and cooling
down. The system was heated up from 23°C to 120°C at a rate of 2°C/min. Once
120°C was reached, the system remained at that temperature for one hour (1 h).

Subsequently, the cooling down occurred at a controllable rate of 2°C/min until
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approximately 55°C was reached. The nominal glass transition temperature of
SEB84LV reached following this profile is 115°C, whilst for RP507 it is 120°C.
Figure 4.3 presents the configuration of composite laminate with the

consumables inside the oven at the end of the curing cycle.

Figure 4.3 Cured laminate in the oven under vacuum

4.2.1.3 Preparation of specimens for testing

After curing the composite laminate was cleared from consumables utilised for its
manufacturing. In the case of specimens for in-plane testing the next step was
preparation for tabbing. More specifically, the laminate sides and edges were
cleaned from any excess resin using a diamond saw and sand paper. Glass fibre
tabs had been previously cut and their surface had been treated using grit
blasting. The selected abrasive was 120 grit alumina. In this way the surface of
the tabs had a relatively abrasive finish to achieve successful adhesion. The
surfaces of both the composite laminate and the tabs were cleaned from dust that
would contaminate the bond. Araldite 2014-1 adhesive was applied on the
surfaces that had to be bonded through an EPX applicator system adhesive gun
and a nozzle that was attached on the bottle of the adhesive in order to allow
mixing of the two parts. The mixture was applied on the composite laminate and
the tabs and a spatula was used to spread it. The two parts were joined together
and excess adhesive was removed with the use of a spatula. Initially the top and
bottom edge of one side of the composite laminate were prepared. The
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configuration was placed on a release coated tool, sealed with a vacuum bag and
cured in the over according to the datasheet of the Araldite 2014-1 at 60°C for 20
min. The use of a vacuum bag enabled the creation of an inclination of
approximately 45° from the tab to the specimen surface, providing a smooth
transition of the force distribution. The same process was followed for the tabbing
of the other side of the composite laminate. Laminates prepared for the out-of-
plane specimens did not require bonding of tabs.

Laminates prepared with tabs for in-plane testing as well as laminates for out-of-
plane testing were then cut to suitable dimensions using a diamond blade saw.
The use of diamond blade ensures the minimisation of microcracks and cutting
marks, due to the abrasive nature of CFRP composites and the hardness of the
diamond.

Aluminium blocks were bonded onto Mode | specimens at the edge of the
specimens where the PTFE was, on both sides (Figure 4.4). Lastly, all specimens
that were used for out-of-plane Mode | and Mode Il testing were coated on both
side surfaces with white spray, ahead of the PTFE insert, for visual detection of
delamination and were later marked. For Mode | specimens a scale was drawn
ahead of the insert every 1Imm. For Mode Il specimens, marks were drawn on the
sprayed sides at locations that indicated the position of the support rollers on
which the samples were mounted during the testing as described in Chapter
4.3.3.2.

Figure 4.4 Mode | DCB specimen
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4.2.1.4 Strain gauging of composite specimens

Biaxial and 45° rosette type strain gauges acquired from Techni Measure Ltd
were utilised for strain recording during testing. The biaxial strain gauges were
aligned to the longitudinal and transverse direction of the 0°, +45° and +45°
tensile and 0° compression coupons. The rosette type strain gauges comprised
three strain gauges aligned to the longitudinal, transverse and a 45° angle
direction between the longitudinal and transverse direction. The 45° rosette type
strain gauges were used on +35°, +55° and +67.5° specimens. The position of
the strain gauges was at the middle of the gauge length at one side of the
specimen. Back-to-back strain gauges were attached on the faces of
compression specimens in order to examine bending and buckling phenomena.
Figure 4.5 illustrates the position of biaxial and 45° rosette type strain gauges.

The attachment of strain gauges on the specimens faces involved preparation of
the finish of the composite surface. The preparation was carried out using scotch-
brite abrasive pads supplied from 3M. Cyanoacrylate adhesive was used for the
attachment of the strain gauge on the desired position. The wires of the strain
gauge were slightly lifted and tags were bonded on the composite specimen
underneath the wires. A soldering iron was utilised to solder the strain gauge
wires onto the tags. The cyanoacrylate adhesive and tags were supplied from

Techni Measure Ltd.
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(a) (b)

Figure 4.5 Position of (a) biaxial and (b) 45° rosette type strain gauges

4.2.2 Processing of tubular vessels

The manufacturing of tubular vessels involved lay-up of composite plies onto a
mandrel at the desired fibre orientation followed by curing. The composite pipe
surfaces were prepared for end cap attachment on both pipe ends of each

cylinder.
4.2.2.1 Lay-up

The SEB84LV prepreg was utilised for the manufacturing of composite pipes.
Sheets of prepreg were cut in a parallelogram shape, based on the required
dimensions of spiral wound pipes. The parallelogram is presented in Figure 4.6

and its dimensions are calculated as follows:

diot=d+2B (4.1)

Here, ais the wrapping angle of the prepreg (complementary to the winding angle

which is 55°), C represents the circumference of the pipe, W is the width of the
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tow-preg and B is the base of the designed triangle. The distance d is calculated
based on the area of the cylinder and the parallelogram, where L the length of
the finished wrapped pipe. The total length of the tow-preg is designated as di;.
These values change, since the diameter is increasing after the placement of

each layer.

)Cf_ [y

Figure 4.6 Spiral wound pipe dimensions

A PTFE Virgin-FE1000 Rod was cleaned and used as mandrel, on which the
prepreg strips were wound. Bench top pipe rollers were also used to facilitate
winding of the tow-pregs as the pipe was spinning. The manufacturing process
and the set-up of the mandrel and the bench top pipe rollers are presented in
Figure 4.7 and Figure 4.8 respectively.

Figure 4.7 Moment from the manufacturing process

All the pipes that were manufactured comprised 8 layers at [+55°]2s stacking
sequence. The orientation of the fibres was defined with respect to the
longitudinal axis of the tube. After the completion of pipe winding with fibre tow-
pregs, two layers of Shrink Tite tape were wrapped around the pipe. The width of

the tape was 32mm and the overlap that was used was approximately 22mm.
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The wide overlap that was selected led to a finer finish of the surface and ensured
that the wall thickness would remain approximately constant along the length of
the pipe. This allowed later the optimal performance of Non Destructive Testing,
preventing the scattering of the transmitted ultrasound on the pipe, leading to

minimisation of the distortion of the shape of the received signal.

Figure 4.8 Set-up of composite pipe and bench top pipe rollers

4.2.2.2 Curing

The pipe wrapped with shrink tape was placed in a Binder M240 oven [304] as
illustrated in Figure 4.9. The use of supports at the edges of the mandrel allowed
the pipe to be raised and not to touch the base of the oven. The curing involved
heating up at a rate of 2°C/min from 23°C to 120°C. The pipe remained at 120°C
for one hour and was cooled down with a rate of 2°C/min from 120°C to 60°C.
The removal of the pipe from the oven allowed the system to cool down to

ambient temperature.
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Figure 4.9 Pipe wrapped with shrink tape for curing in the oven

4.2.2.3 Preparation of tubular vessels for testing

The composite pipe, after its curing, was placed on the bench top pipe rollers for
the removal of the shrink tape. The next step involved the extrusion of the pipe
from the mandrel, which was easily performed due to the non-stick PTFE rod
surface. The pipe ends were cut using a diamond saw to the desired length of
600 mm. The composite pipe after its initial preparation is presented in Figure
4.10. A Dremel Platinum Edition 4000 Multitool was used to treat the surfaces
where the end caps would be attached. This was carried out using a sanding
wheel in order to enable strong adhesion between the composite pipe and the
metallic end caps. Each treated area was 150 mm long allowing 300 mm of
uncovered area of the pipe. Figure 4.11 shows the areas of the composite pipe

that have been treated.
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Figure 4.10 Manufactured composite pipe
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Figure 4.11 Treated areas of pipe for bonding

4.2.2.4 End caps

Closed-end caps were attached to the two ends of composite pipes to allow
internal pressurisation. The end caps were made of steel and were manufactured
based on the requirements of the hydrostatic burst test [305]. More specifically,
they were manufactured and positioned in such way so that they would allow
displacement in both hoop and axial directions enabling the pipe to resemble a
CPV. The dimensions of the end caps follow the standard requirement for pipes
with external diameter less than 150 mm that the uncovered distance between
the end caps is the least 300 mm long. The drawings and a photo of the end caps

are presented in Figure 4.12 and Figure 4.13 respectively. Two sets of end caps
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were manufactured. One set had domed ends whilst the other was kept at its
cylindrical form. This difference on the two sets of end caps is only aesthetic and
has no influence on the performance of the pressurised vessel. Four holes of 5
mm diameter were drilled on the end caps at a distance of 25 mm from the end
cap base. An angle notation at 0°, 90°, 180° and 270° was drawn for the indication
of the hole locations. Four additional holes were also drilled at a distance of 75
mm from the end cap base at 45°, 135°, 225° and 315° angle with respect to the
initial angle notation. The existence of holes facilitated the bonding process of the

end caps on the composite pipe.

Isometric view
Scale: 1:2

Front view 190
Scale: 1:2 Section view A-A
Scale: 1:2

Figure 4.12 End cap drawings (dimensions in mm)
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Figure 4.13 Steel end caps

The attachment of the end caps to the composite pipe involved the application of
3M Scotch-Weld™ DP760 adhesive on both end caps and the pipe. The end caps
had been heated up to 50°C in order to improve the curing heat up rate of the
large thermal mass of the thick steel end caps. One composite pipe end was
inserted in the end cap and subsequently the other end followed. Additional
adhesive was injected to the bond line through the holes drilled on the end caps
until all the air had been removed from the bonded area. The end-closed pipe
was then placed in a Caltherm oven in a vertical position and was cured based
on the manufacturer’s datasheet at 65°C for two hours (2h). The positioning of

the pipe in the oven for its curing is illustrated in Figure 4.14.
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Figure 4.14 Adhesive bonding of end caps on pipe through curing

4.2.2.5 Strain gauging of tubular vessels

Strain gauges were attached on the tubular vessels at suitable locations prior to
hydrostatic burst testing. The strain gauges used were 3 mm rectangular rosette
gauges supplied by Techni Measure Ltd. Figure 4.15 presents the locations of
the strain gauges for intact composite pipes. The strain gauges were placed in
the centre of the pipe/gauge length, in the middle of the distance between the
centre of the pipe /gauge length and the end cap edge and diametrically opposed
from the gauge located in the middle of the pipe/gauge length. A numbering
system from 1-9 was utilised to designate the extracted strains and their

correspondence to the respective locations and angles.
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150 mm

End cap

75 mm

Figure 4.15 Strain gauge locations for intact pipe

4.3 Test protocols

An extensive experimental campaign was carried out on SE84LV for the
extraction of material properties and damage parameters for the implementation
of the continuum damage model presented in Chapter 3. The experimental study
involved in-plane and out-of-plane testing. The in-plane tests consisted of tensile
and compressive tests performed on [0°]s specimens, as well as cyclic in-plane
shear tests performed on [+45°]2s , [+45°]s and [£67.5°]2s specimens. Out-of-
plane tests were carried out for the estimation of the interlaminar fracture
toughness for Mode | and Mode IlI. In the case of Mode | [0°]10 Specimens were
manufactured and tested, whilst in the case of Mode Il testing [0°]12 fibre
orientation specimens were used. Five specimens were tested for each test case
according to the requirements of the respective standards. Performance of Non
Destructive Testing (NDT) before and after the destructive test investigation
enabled the qualitative examination of the composite laminates and investigation
of their failure behaviour. The experimental campaign was completed with
hydrostatic tests on composite pipes. Two composite pipes without liner and
[£55°]2s layup were tested for the assessment of their failure behaviour and
maximum operational pressure. One of the pipes was used as control test and
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did not incorporate artificial defects. One pipe included cut fibre artificial defects
for the validation of the LBB concept.

A preliminary investigation on the defect modelling strategy for the development
of the LBB concept was performed on the RP507 material. The experiments
comprised tensile testing of coupons with and without fibre cut defects for [0°]16
and [£35°]4s layups. All tests were repeated on five specimens. The experimental

investigation for flat and cylindrical structures is summarised in Table 4.3.

Table 4.3 Description of experimental investigation

Material | Structural Structural Test Stacking Number of
type type characteristic sequence | specimens
SE84LV Flat Intact Tensile [0°]8 5
Cvelic [+45°]2s,
SE84LV Flat Intact te¥lsile [+45°]8, 5
[+67.5°]2s
SE84LV |  Flat Intact compr | 518 5
ession
SE84LV Flat Intact Mode | [0°]10 5
SE84LV Flat Intact M?Ide [0°]12 5
. Hydro-
SE84LV | Cylinder Intact Yo 1550105 1
static
. Fibre Hydro-
SE84LV | Cylinder y . [£55°]2s 1
cuts static
‘11
RP507 Flat Intact Tensile [0°]16, 5
[+35°]4s
0°]16,
RP507 Flat Fibre cuts Tensile [0°] 5
[+35°]4s

4.3.1 Non Destructive Testing

NDT provided the opportunity to assess the structure before or after testing by
examination of the location, shape and size of defects that might be present. In
the current research work, the non-destructive evaluation that was carried out

consisted of C-Scan and x-ray computed tomography (XCT).
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4.3.1.1 C-Scan

C-Scan was carried out on composite laminates (Figure 4.16) and pipes for the
inspection of the quality of the structure before testing. Flat composite panels
were submerged into a Motion Link immersion tank. The tank was filled with water
and was used as the medium to facilitate sound transmission. A Panametrics
probe of 12.7 mm diameter was submerged into the water and positioned at the
edge of the laminate at an angle of 0° and a distance of approximately 40 mm.
The ultrasound frequency used was 3.5 MHz. The probe was moving and
scanning along one side of the panel with an increment step of 0.8 mm. The
ultrasonic acquisition software used was Ultravision 3.6R2. A Bacus RT 6
immersion tank was used for composite pipes. The pipe was submerged into the
water and was positioned on a base that enabled rotation. The probe was
positioned at a 0° angle and distance of 68 mm from the pipe. The frequency was
set at 10 MHz to acquire higher sensitivity in order to detect defects of dimensions
less than 1 mm. The scanning angular length was set at 360° and the inspection
length to 310 mm, which was the area between the end caps and part of the
covered area. The probe increment step was 2 mm. The ultrasonic acquisition
software used was Multi2000.

o T

o0 S T

le

Figure 4.16 C-scan image of composite angle ply laminate
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4.3.1.2 X-ray computed tomography

The investigation of failure mechanisms and imperfections in the interior of the
composite structure was performed through XCT. A ZEISS Xradia 520 Versa 3D
X-ray microscope was used for the examination of flat specimens. The specimen
was attached on a stage between the x-ray source at a distance of 53 mm and
the detector assembly at a distance of 92 mm. An electron accelerating voltage
of 30 kV was used as well as a beam current of 66 pA. The generated power was
1.98 kW. This enabled the reconstruction of volumes to be carried out with
resolution of 25 uym pixel size. The optical magnification, which refers to the ratio
between the size of the sample in the image and its actual size, was set to 0.4.
The image process and analysis was performed using the Avizo software
package. To examine part of the composite pipe a Nikon X-Tek-225 X-ray
microscope was utilised. The specimen was positioned on a stage with distance
of 92 mm from the x-ray source and 1053 mm from the detector assembly. The
voltage and beam current used was 100 kV and 150 pA, respectively, generating
power of 15 kW. The magnification was set at 12.5 providing resolution of 16 pm
pixel size. The image process was carried out using the myVGL software

package.

4.3.2 In-plane tests
4.3.2.1 Tensile test

Tensile testing was carried out for the determination of the mechanical properties
of the materials under study. The tensile test method was based on ASTM D3039
[306] which covers various cases of fibre orientation and symmetry. Tensile tests
performed on the SE84LV carbon fibre prepreg were carried out for the
identification of material properties for the development of a constitutive model
that was used for the validation of the LBB concept. For tensile tests at 0° fibre
orientation the identified material properties included the Young’s modulus of
elasticity, Poisson’s ratio, initial and ultimate stress-strain and ultimate damage.
The maximum stress-strain values, the Poison’s ratio and Young’'s modulus were

estimated for RP507 tensile specimens as a preliminary study of a defect
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modelling strategy for the development of the LBB concept. The specimen
dimensions for tensile tests are summarised in Table 4.4 and are based on the

standard recommendations as well as on the test requirements.

Table 4.4 Recommended specimen geometry
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According to the standard, the material properties were obtained by the
preparation and testing of five identical specimens for each test. An 8802 Instron
servo hydraulic test machine was used for the tensile testing. A load cell of 250
kN was utilised for 0° fibre orientation specimens. The speed of the test was 2
mm/min. The strain gauges were connected to a data acquisition system. During
the testing, time, displacement, force and strain were recorded until ultimate
failure of the sample. Any samples that failed prematurely due to incorrect
gripping and alignment of the sample with respect to the loading direction or
excessive gripping force were rejected from the calculations of the material

properties. The stress-strain data recorded during testing were transformed with
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respect to the two-dimensional principal material axes (1, 2) for the calculation of
material properties in the fibre direction. The transformation equations are the

following:
011 Ox €11 Ex
O22|=[T]|O%y| and [€22|=[T]| &
T12 Txy €12 Exy
where
c®2 s 2cs (4.2)
[T]=s?2 2 -2cs
-cs cs c2-s2
and

c=cosb, s=sinb

Here, o, corresponds to the longitudinal stress of the global coordinate system
and g, and g, represent the longitudinal and transverse strains in the global frame
respectively. Parameter 6 represents the angle between the global x-axis with
respect to the direction of the fibre in the principal material direction, 1-axis. In
the case of [0°] specimens, the global and principal axes coincide. For this case,

Equation (4.2) becomes:

011 Ox €11 Ex
O2[=|0] and | €22 [=|&y (4.3)
012 0 2e2] 10

The tensile modulus E44 in the fibre direction [306] was obtained from the stress-
strain test data. Two strain points were utilised at 0.001 and 0.003 absolute strain
as well as the tensile stresses corresponding to this strain range. The tensile

Young’s modulus was calculated as follows:
Ef=—r -1 (4.4)

Here, €,1 and €, are the strains at 0.001 and 0.003 absolute strain respectively

and o4, and o, are the stresses corresponding to them. The Poisson’s ratio vJ,
was identified based on the strains in the longitudinal and transverse direction

with respect to the fibre orientation. The longitudinal strain range is determined
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at 0.001 and 0.003 absolute strain and their corresponding transverse strain

values are identified through plotting. The value of vﬁ’z was estimated as follows:

&
V0,= 22 (4.5)
€117€11

4.3.2.2 In-plane shear tests

In-plane shear tests were performed on [+45°]zs, [+45°]s and [£67.5°]2s SE84LV
specimens to develop the constitutive model. The in-plane shear tests of the
balanced and symmetric £45° specimens were carried out following ASTM
D3518 [307] taking into account certain restrictions on dimensions and stacking
sequence. The shear tests of [+45°]s and [+67.5°]2s SE84LV specimens were
performed in correspondence to ASTM D3039 [306]. The failure stresses and
strains for [£45°]2s, [+45°]s and [£67.5°]2s specimens were identified through
quasi-static tests for the identification of the maximum deformation/strain for each
loading cycle. Cyclic in-plane shear tests were carried out for the acquisition and
incorporation of material properties in the constitutive model. The in-plane shear
modulus of elasticity, initial and critical shear damage, shear damage fracture
limit, initial yield stress and inelastic hardening coefficients were obtained from
cyclic in-plane shear tests at £+45°. Cyclic in-plane shear tests of +45° fibre
orientations were used to obtain the shear, transverse elastic modulus and
coupling factor between transverse and shear inelastic strains. Cyclic in-plane
shear tests at +67.5° fibre orientation led to the acquisition of the initial and critical
transverse damage, brittle transverse damage limit and coupling factor between
transverse and shear damage. The preliminary study on [£35°ss RP507
specimens was carried out based on ASTM D3039 [306] for the investigation of
a defect modelling strategy for the LBB concept development. The maximum
stress and strain values were acquired from the testing. Five samples were
prepared and tested for each in-plane shear case. Their dimensions, which are
summarised in Table 4.4, are based on the standard recommendations and the
test requirements. The quasi-static testing of in-plane shear samples took place
on an 8802 Instron servo hydraulic test machine using a load cell of 250 kN with

a head cross displacement of 2 mm/min. A 100kN load cell was used for cyclic
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tensile tests of +45°, +45° and +67.5° laminates at a loading rate of Imm/min.
Cyclic tests comprised five load/unload cycles with increasing load levels. Time,
force and displacement data were recorded throughout the tests and the strain of
the samples was documented through strain gauges. In cases where premature
failure of samples was observed due to invalid incorporation of loading during the
cyclic tests, the test results were excluded from the calculations of the material
properties. The stress-strain data along the principal material axes for +45° and
+67.5° specimens were calculated from classical laminate theory of symmetric
laminates taking into account the axial force equilibrium between two layers with
opposite signs, 8 and - 6. A parameter B is defined with respect to the lamina
elastic properties and the fibre orientation 6. The transformed stress and strain

results are calculated as follows:

B
011 1-B
O22|= Oy
T — 902 +02
12 Z%KBU2C)CH
where (4.6)

c?(2¢?-1)+4c?s? % (? v12+1>
B= 22 \E1;

4c2g2 812 <E22 +pE22 v12+’|) +(2¢2-1)(c2-s2)
Exo \Eq1 " Eqq

Here, the modulus in the longitudinal direction was determined based on
Equation (4.4) following the ASTM 3039 [306]. The moduli in the shear and
transverse directions were obtained from the slope between the strain range of
0.01 and 0.05 based on ASTM 3518 [307]. In the case where E?1 >>E22, coefficient

B is calculated as follows:

c?(2c?-1)+4c?s? %
B,= 22 (4.7)
a G .
4252 E—12 +(2¢2-1)(c2-s2)
22
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Based on Equations (4.6)-(4.7), the stress and strain data of £45° specimens in
the principal material coordinates are calculated. The stress and strain response

is:
o
011 OX €11 8
?22 =|o,| and izz = ety (4.8)
12 > 12 >

In the case of off-axis +45° specimens, the calculation of the stress and strain
results in the principal material directions followed from classical laminate theory
for symmetric laminates. Having no bending phenomena due to symmetry of the

laminate, the in-plane stresses can be expressed as follows:

1
[61= 517 AI[E°]

where (4.9)

N
[A]= Z [Q] ‘ (Zx-2Z-1)

k=1

Here, [G] is the laminate average stress, 2H is the total laminate thickness and

: : . : T
matrix [A] is the summation of all the stiffness matrices [Q] over N layers of the
laminate. Exponent k corresponds to each layer within the laminate and [¢°] are

the mid-plane strains associated with the laminate. Utilising Equations (4.7), (3.1)

and (4.2) relations for the off-axis +45° specimens can be obtained as follows:

0 0
011 [&] €11 I[Ex + 8y]l
022] =l 4 | and [522] =l 2 (4.10)
T12 l&} 2] & — &y

2 2

4.3.2.3 Compression test

Compression tests were carried out following ASTM D6641 [308]. This test was

performed on SE84LV compressive specimens. The material properties identified
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through compressive testing were the ultimate compressive stress and strain,
compressive modulus of elasticity, ultimate compressive damage factor and non-
linearity corrective factor. The recommended specimen dimensions for
compression tests are summarised in Table 4.4.

In total, five specimens of 0° fibre orientation were prepared for this type of test
for the acquisition of material properties. The tests were performed on an 8801
Instron servo hydraulic test machine with a load cell of 100 kN. The crosshead
displacement for compression tests was set to 1 mm/min. The samples were
gripped on the jigs according to ASTM D6641. The strain gauges from both the
sides of the gauge length were connected to a data acquisition system.

The validity of the compression test was examined through the calculation of the
bending percent from the back-to-back strain gauges attached on each specimen
for the examination of bending phenomena. A maximum of 10% of bending is
required in order to establish the validity of the test and to confirm that there is no
systematic error with the quality of the specimens or the testing procedure. The
bending percent is calculated as follows:

_ &8
€4 +£2

(4.11)

Here, €, and ¢, are the recorded strains from strain gauges 1 and 2 respectively.
The recorded stress and strain results in the global coordinate system coincide
with the principal material axes due to alignment of the loading direction to the
orientation of the fibres. The stress and strain response of the compression
specimens is expressed through Equation (4.3). The calculation of the

compressive modulus E?? is carried out through Equation (4.4) for the strain
range of 0.01 and 0.03 absolute strain based on ASTM 6641 [308]. The strains
for this strain range are calculated as an average from the back-to-back strain

gauges.

80



4.3.3 Out-of-plane tests
4.3.3.1 Mode | Double Cantilever Beam (DCB)

The measurement of the ability of a material to resist fracture was carried out
through the Mode | fracture toughness test based on ASTM D5528 [299]. This
test provides information about the susceptibility of the composite material to
delamination through the calculation of the strain energy release rate G,. Table
4.4 presents the recommended dimensions for the Mode | specimens.

Five specimens were prepared for testing and their dimensions were initially
recorded. The experimental setup consists of a 5567A Instron servo hydraulic
test machine with a load cell of 5 kN, a switch used to record the points on the
load-displacement curve when the crack would propagate. A magnifying glass
was also used to follow the crack propagation and a video camera was recording
the tests to ensure that all the delamination increments were captured. The
crosshead displacement was 1 mm/min. The specimens were gripped in the jig
using pins inserted in the holes of the metallic blocks. The delamination initiated
at the insert tip and the crack propagation points were documented. The
specimen was unloaded at a constant rate of 1 mm/min the instant the
delamination crack was at the first 3-5 mm beyond the insert tip. The position of
the tip of crack on both sides was observed. Load and crack opening
displacement values were recorded every 1 mm for the first 5 mm beyond the
insert tip and every 5 mm for 40 mm of delamination propagation. The specimen
was unloaded with 2 mm/min and the position of the tip of crack on both sides
was observed and recorded. The critical strain energy release rate G,c in Mode |

testing is calculated as follows [28]:

3Pd

F
G'C_—Zb(a+|A|)N (4.12)

Here, P corresponds to load, & is the load point displacement, b is the width of
the specimen, a represents the delamination length and A is a correction factor
accounting for potential rotation of the DCB arms at the onset of delamination.

The calculation of A is based on the plot of the cube root of compliance against
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the delamination length. Factor A is the extrapolation of the linear fit of the plotted
points identified as the x-intercept. If the value of A from the curve is positive,
factor A equals to zero. The compliance is calculated as the fraction of
displacement over force. Parameters F and N are a large displacement and a
load block correction factor respectively. These parameters are calculated as

follows:

io(e) 5
() 5 ) o)

Here, |, represents the distance from the centre of the loading pin to the mid-
plane of the specimen, whilst |, signifies the distance from the centre of the load

pin to the edge of the loading block.
4.3.3.2 Mode Il End Notched Flexure (ENF)

The ENF test for Mode Il interlaminar fracture toughness G, was used under
Mode Il shear loading based on ASTM D7905 [309]. Five identical specimens
were prepared with 0° fibre orientation. The ENF Mode Il test was performed on
a 5567A Instron servo hydraulic test machine with a load cell of 5 kN. The ENF
test fixture consisted of jigs dedicated to three point bending. The diameter of the
support rollers was 8 mm whilst the diameter of the loading roller was 10 mm.
The crosshead displacement was set to 1 mm/min. The test procedure that was
followed involved the utilisation of the same specimens for non-precracked (NPC)
and pre-cracked (PC) tests. For the NPC compliance calibration (CC) tests, the
specimen had initially been prepared with CC marks introduced at a distance of
20, 30 and 40 mm from the insert tip towards the insert side. Initially, the specimen
was positioned in such way so that the support roller would be at the CC mark of
20 mm away from the insert tip. The specimen was then loaded at 0.5 mm/min
until the peak CC force that corresponded to 20 mm distance away from the insert
tip and subsequently unloaded with the same loading rate. Each peak CC force

was calculated based on Classical Beam Theory (CBT) and was different for each
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CC mark [309]. The specimen was repositioned so that the support roller was
placed at the 40 mm CC mark and was loaded at 0.5 mm/min until the respective
peak CC force. The NPC fracture test took place by positioning the specimen so
that the support roller was at the 30 mm CC mark. The sample was loaded at 0.5
mm/min until the delamination was visually advanced or up to the instance the
force was dropped on the force-displacement plot. The specimen was unloaded
anew with a loading rate of 0.5 mm/min. The performance of the PC test, initially
involved the determination of the crack length (acac) from the central CC mark at
30 mm, based on calculations of the unloading line of the NPC tests. This enabled
the determination of the PC crack tip mark and subsequently the PC CC markings
at 20, 30, 40 mm distance from the PC crack tip mark on the specimen. The next
steps involved the same loading process that was followed for the NPC CC by
placing the specimen on the test fixture so that the support roller would be
positioned on the 20, 40 and 30 mm PC CC mark. The test was concluded by
reduction of the force on the load-displacement curve or by visually observed
delamination propagation. Throughout the test the load-displacement data were
recorded continuously.

The critical strain energy release rate Gjcin Mode Il testing is calculated as
follows [39]:

3mP; ., 0
(3”C=$F’C (4.15)

Here, P,,ax IS the maximum force occurred during the fracture tests, apc is the
crack length of 30 mm used during the fracture tests, B is the specimen width and
m denotes the compliance calibration coefficient. Factor m was calculated as the
slope of the linear curve of compliance values against the crack length a to the
power of three. Similarly to Mode I, the compliance is calculated as the ratio of

displacement over force.

4.3.4 Hydrostatic burst test

Hydrostatic burst testing following the American Standard Test Method (ASTM)
1599 [305] for resistance to short-time hydraulic pressure of plastic pipe, tubing
and fittings and the British Standards 12245 [41] for transportable gas cylinders-
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fully wrapped composite cylinders and 17339 [40] for transportable gas cylinders-
fully wrapped composite cylinders and tubes for hydrogen use was carried out on
composite pipes without and with artificial defects. One composite pipe without
defects was tested for the calculation of the maximum burst pressure the system
could withstand, as well as for the determination and examination of the failure
mechanisms that took place throughout the pressurisation. This control test also
was used for the verification of the constitutive model for composite pipes and
the development of a methodology for the establishment of the LBB concept.
Based on this methodology one composite pipe with fibre cut artificial defects was
also tested. The pressurisation data acquired were used for the validation of the
LBB concept and the examination of the failure mechanisms that accompanied
the introduced defects leading to the operational failure of the pipe. The
dimensions of the control pipes are presented in Table 4.4.

All tests were performed in a pressure pit for safety purposes. An inlet hose was
screwed on one side of the end cap and an outlet on the other end. The
pressurised cylinder was secured with belts for safety reasons, without restricting
its movement axially or at the hoop direction, resembling in this way the behaviour
of a CPV loaded under hoop to axial stress ratio of 2:1. The strain gauges that
were attached on the pipe were connected to a data collection acquisition and
were calibrated. A pump was used for the performance of the test with a loading
rate of 67 bar/min after the occupation of the whole volume of the pipe with the
test fluid. The pressure applied on the composite pipe was manually introduced
through the pressure pump by adjusting the flow rate as needed based on the
indication on the pump pressure gauge. The pressurising medium was water
which was dyed pink to allow visual leak detection. Time, pressure and strain
data were recorded throughout the tests and videos were produced through a
camera system. The hoop and axial stresses were calculated as follows:

PD
= 4.16
Oy ot ( )

PD
=— 4.17
OA= 7 (4.17)
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Here, oy and o, are the hoop and axial stresses respectively. P represents the
pressure, D is the inner diameter of the pipe and t is the thickness.

The experimental setup of the pump, data acquisition system from strain gauges
and computer is presented in Figure 4.17. The pressure pit, where the pressure

vessel was tested, is shown in Figure 4.18.

Figure 4.18 Pressure pit for pressure testing
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5 Constitutive model development and verification

This chapter describes the development and verification of the constitutive model
that enabled the simulation and establishment of the LBB concept to be carried
out. The constitutive model development was based on a series of in-plane and
out-of-plane characterisation tests for the SE84LV carbon prepreg. Material
properties and damage parameters were acquired from these tests and were
estimated based on fitting of analytical models to the experimental response. The
constitutive model was verified through simulation and comparison of the
experimental and simulation results. This chapter comprises three sections. The
first section is dedicated to the characterisation tests that were carried out based
on the requirements of the material model used for FEA. The second part
addresses the identification of the model parameters through conventional
calculations and fitting. The final section is devoted to the verification of the

constitutive model.

5.1 Characterisation test results

This section is dedicated to the characterisation test results that were acquired
from in-plane and out-of-plane tests for the identification of material model
properties required for the development of the constitutive model. A set of
minimum of five specimens was utilised for each test case. The in-plane
experiments included quasi-static loading in the fibre direction under tension and
compression of specimens with fibre orientations at 0° as well as cyclic loading
of specimens with +45°, +45° and £67.5° layups. Properties for the initiation and
propagation of delamination were acquired from Mode | and Mode Il experiments

on specimens with 0° fibre orientation.

5.1.1 In-plane tests

Five tensile specimens at [0°]s were tested under quasi-static loading for the
acquisition of Young’'s modulus, the Poisson’s ratio, initial and ultimate failure
strains as described in 4.3.2.1. Figure 5.1 depicts the stress-strain results. The
failure stresses of the specimens occurred at 1800-1900 MPa showing good

reproducibility and that the failure was brittle. The stress-strain curves at the lower
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region of the graphs are governed by the elastic modulus and present similar
slope. An average stress-strain curve for the tensile specimens at [0°]s is
illustrated in Figure 5.2. The average value of strength was at 1840 MPa
corresponding to a strain value of 1.42%, which is in close agreement with results
from the literature [310]. The Young’'s modulus value was 125 GPa and it was
calculated based on the slope of the stress-strain graph for the lower region of
the stress-strain curve at 0.001 and 0.003 absolute strain based on Equation
(4.4). The average and standard deviation values for the strength, strain and

modulus are summarised in Table 5.1.
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Figure 5.1 Stress-strain curves for tensile tests of [0°]sspecimens
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Figure 5.2 Average stress-strain curve for tensile tests of [0°]s specimens

Table 5.1 Average strength, strain and modulus values for tensile tests of [0°]s

specimens
Property Value | Average | Standard deviation
Strength MPa 1840 50.2
Strain - 0.0142 0.001
Tensile Modulus | GPa 125 4.5
Poisson’s ratio - 0.33 0.001

A set of five specimens of [+45°]2s fibre orientation was tested (Figure 5.10) under
cyclic tensile loading for the acquisition of the shear moduli of each cycle, the
damage evolution functions, the initial inelastic stress and hardening coefficients.
The tests comprised of at least five load/unload cycles with increasing load levels
as described in 4.3.2.2. Figure 5.3 illustrates the stress-strain curves of the five
specimens tested under cyclic loading. The samples showed relatively good
reproducibility taking into account the difficulties of the manual alteration of the
direction of the loading the moment the required strain of each cycle was reached
in combination with the achievement of successively higher loads during loading
and zero loads during unloading. All samples exhibit nonlinear behaviour
accompanied by hysteresis due to permanent inelastic deformation upon

unloading, which is common for this type of testing [227, 311]. The damage
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evolution is calculated based on the shear modulus degradation after each
successively higher load level. The average value of the undamaged elastic

shear modulus was 4.82 GPa with a standard deviation of 0.08 GPa.
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Figure 5.3 Shear stress-strain curves for cyclic loading of [£45°],s specimens

Cyclic tensile testing was performed on five [+45°]s fibre orientation specimens
(Figure 5.10) comprising of five cycles with increasing loading levels as described
in 4.3.2.2. The values of shear, transverse elastic modulus and coupling factor
between transverse and shear inelastic strains were obtained. The cyclic shear
and transverse stress-strain curves are illustrated in Figure 5.4 and Figure 5.5
respectively indicating good reproducibility. The average undamaged shear
modulus of elasticity calculated from the first loading cycle was 4.77 GPa with a
standard deviation of 0.12 GPa and the average transverse modulus was 8.96
GPa with a standard deviation of 0.4 GPa. The shear moduli acquired from

[+45°]2s and [+45°]2s specimens were found to vary by 0.7%.
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Figure 5.4 Shear stress-strain curves for cyclic loading of [+45°]s specimens
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Figure 5.5 Transverse stress-strain curves for cyclic loading of [+45°]s

specimens
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Five specimens at [+67.5°]2s fibre orientation were tested (Figure 5.10) under
cyclic tensile loading in order to obtain the initial and critical transverse damage,
brittle transverse damage limit and coupling factor between transverse and shear
damage through classical laminate theory as described in 4.3.2.2. Similarly to
[+45°]s, during the [£67.5°]2s cyclic test the interlaminar stresses associated to
initiation of damage and failure are very low providing a biaxial state of loading in
the principal coordinate system to study coupling phenomena. The shear and
transverse stress and strain curves are presented in Figure 5.6 and Figure 5.7
respectively. The stress-strain curves for all samples show good repeatability.
The average initial shear modulus is 4.78 GPa with a standard deviation of 0.08
GPa in good agreement with the results of [+45°]2s and [+45°]s specimens. The
average transverse modulus was 9.28 GPa with a standard deviation of 0.55 GPa

which shows a variation by 2% compared to the cyclic tests on [+45°]s specimens.
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Figure 5.6 Shear stress-strain curves for cyclic loading of [+67.5°].s specimens
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Figure 5.7 Transverse stress-strain curves for cyclic loading of [£67.5°] 2

specimens

The compressive modulus in the fibre direction was estimated through
compression tests on five specimens with [0°]s fibre orientation (Figure 5.10). The
stress-strain curves of the specimens are presented in Figure 5.8. The results
show that all samples follow the same trend down to approximately -1% strain.
The average maximum compressive strength was 1020 MPa and its
corresponding strain was 0.01 as illustrated in Figure 5.9. The average
compressive modulus deducted from the five sample curves was 112 GPa. The
average and standard deviation values of strength, strain and modulus are

summarised in Table 5.2.

93



-0.012

o,; [MPa]

-0.010  -0.008 -0.006 -0.004 -0.002  0.000
I T T T T O
4 -200
\ { -400
\‘ ——Sample 1
| Sample 2 -600
| —Sample 3 | gqg
\‘ ——Sample 4
—Sample 5 - -1000
811 [‘] - '1200

Figure 5.8 Stress-strain curves for compressive tests of [0°]s specimens
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Table 5.2 Average strength, strain and modulus values for compressive tests of

[0°]ss specimens

Property Value | Average | Standard deviation
Strength MPa 1020 13.3
Strain - 0.01 0.0015
Compressive Modulus | GPa 112 0.85

(@) (b) (€) (d)

Figure 5.10 Illustration of (a) [0°]s compression, (b) [£45°]2s, (b) [+45°]s and (c)
[£67.5°]2s specimens
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5.1.2 Out-of-plane tests

The resistance of the material to delamination initiation and propagation is
obtained through the curves of strain energy release rate against the crack length
of DCB and ENF specimens. The resistance curves of six DCB specimens under
Mode | testing are presented in Figure 5.11. A similar trend is followed and the
results show good reproducibility. The delamination initiation values show some
inconsistency with an average delamination initiation value of 127 J/m? and
standard deviation of 27.15 J/m?. The delamination propagation values show a
plateau at an average fracture toughness value of 203.5 J/m? with a standard
deviation of 24.46 J/m?.
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Figure 5.11 Mode | results of [0°]s DCB specimens

Mode Il curves of force against displacement of seven non-precracked ENF
specimens are presented in Figure 5.12. All samples show the same trend and
good reproducibility with failure around 0.95 kN. The average non-precracked
Gic for delamination initiation was calculated and has the value of 1509.5 J/m?
with standard deviation of 88.46 J/m?. Figure 5.13 illustrates the plots of force
against displacement of seven precracked ENF specimens. The specimens are

in agreement leading to a failure load of 0.83 kN. The average precracked value
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of Gic for delamination propagation is 1116.6 J/m? with standard deviation of
43.34 J/m?,
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Figure 5.12 Mode Il results for [0°]s non-precracked ENF specimens
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Figure 5.13 Mode Il results for [0°]s precracked ENF specimens
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5.2 Model parameter identification

This section is dedicated to the identification of material properties, damage
factors and thermodynamic parameters for the different cases of in-plane and
out-of-plane tests. The first part is dedicated to the calculation of the Pam-
Crash™ parameters which followed a conventional procedure recommended by
the relevant literature for the material model [275] based on the experimental
results. The second part involves the identification of the material model
parameters through fitting based on error minimisation utilising a gradient based
solver [312, 313].

5.2.1 Conventional model parameter identification method

5.2.1.1 In-plane properties
5.2.1.1.1 Material model properties in the fibre direction

Elastic properties and damage parameters in the fibre direction of the composite

material were obtained through tensile and compression tests of [0]s specimens.

The undamaged elastic tensile modulus in the fibre direction E?t and the

Poisson’s ratio were identified following the methodology presented in 4.3.2.1,

whilst the calculation of the compressive modulus E?C was described in 4.3.2.3.
Subscript t is used for the representation of the tensile case and c for
compression. The initial and ultimate strain values were identified by observation
of the stress-strain curves acquired through testing. Figure 5.14 depicts the
experimental stress-strain curve for tensile and compression loading at 0° fibre
orientation as well as the points of 0.001 and 0.003 strain at which the tensile and
compressive moduli were calculated. The initial strain threshold values £t and €
correspond to the maximum stress value on the stress-strain curve whilst the
ultimate threshold strains e and € are extracted from the region that
corresponds to complete failure of the specimen at the strain. The points of
ultimate threshold strain according to Figure 5.14 are 0.0152 for the tensile case

and 0.0104 for the compression case. At these points the ultimate damage factors

st and dff become equal to 1 as they reach their ultimate value. For the tensile

case a linear stress-strain relation exists until the initial failure strain. However, in

98



the compression case a linear region exists at the beginning of the loading, and
the behaviour becomes non-linear as the material approaches the initial failure
strain. The non-linearity is associated with fibre microbuckling and misalignment
that take place during compression. The non-linear region is described through
the non-linear compressive modulus, which is calculated as the tangent line of an
arbitrary point of the non-linear region and a corrective parameter. This parameter
is defined by solving Equation (3.16) as follows:
- E{-E!

= (5.1)
EYE|eqq]

Here, E} is the non-linear compressive modulus and y is the corrective
parameter. The material model properties extracted from tensile and
compression loading in the fibre direction are summarised in Table 5.4.
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Figure 5.14 Experimental stress-strain curve from tensile and compression

testing of 0° specimens
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5.2.1.1.2 Cyclic tensile test on [+45°]2s

Shear damage phenomena were studied through cyclic tensile tests at [+45°]zs.
Properties associated with shear damage are the shear moduli of each cycle,
damage evolution functions, initial inelastic stress and hardening coefficients.
Each test consisted of at least five load-unload cycles out of which the shear
moduli were extracted. The experimental stress-strain curve of a sample is
presented in Figure 5.15. The undamaged shear modulus was obtained from the
initial cycle using the experimental points corresponding to strain values of 0.001
and 0.005.
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Figure 5.15 Experimental stress-strain curve for cyclic tensile test of [£45°] 2

specimens

The shear modulus of each subsequent cycle is calculated from the slope of the
line between the minimum point of the unloading part of a cycle and the maximum
point of the loading part of its subsequent cycle. The shear damage occurring at

each cycle is calculated as follows:
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GY,

dir=1- (5.2)
As observed in Figure 5.15 the undamaged shear modulus (Gi12) decreases in

subsequent cycles due to the increase of shear damage (di12) and the initiation of
inelastic phenomena. The shear moduli and damage values extracted from each

cycle are summarised in Table 5.3.

Table 5.3 Shear moduli, strain and damage at each cycle

G! 2e1; | di
cvele \igpay | 1| (4

0 4.92 0.004 0
1 4.67 0.006 | 0.049
2 4.23 0.009 | 0.140
3 3.37 0.017 | 0.315
4 2.70 0.022 | 0.451
5 2.29 0.027 | 0.535
6 1.96 0.032 | 0.602

The damage development due to shear loading at each cycle is associated with
thermodynamic forces and therefore the stored energy of a damaged layer. This

leads to the calculation of the shear damage evolution function for each cycle as

- 1 .
Yi2(H)= ’EG?2(25'12)2 (5.3)

Utilising Equation (5.3), the damage evolution values for each cycle were

follows:

calculated and plotted against the damage corresponding to each cycle. Figure
5.16 shows the curve obtained. As illustrated, the curve is optimally described by

a linear relation, which is expressed by the following equation:

Y12 (0=Y52d12+Y, (5.4)
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Here, Y3, is the critical shear damage determined by the slope of the linear
equation and Y?z is the initial shear damage calculated based on the intercept of

the linear function. The shear damage fracture limit Y35 is given by the maximum
value the shear damage evolution function takes throughout the loading utilising

Equation (5.4) defined as follows:
Yi,=max(Y}y) (5.5)

The shear damage limit values of the five cyclic tensile specimens at [£45°]2s
were calculated and an average value was obtained. The values of the initial
shear modulus, the initial, critical and ultimate shear damage Ilimit are

summarised in Table 5.4.
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Figure 5.16 Shear damage evolution

Inelastic damage phenomena that occur during the test are expressed through

an inelasticity law due to shear damage. The relationship is defined as follows:

R=_12 R (5.6)
1-d,

Here, Ry is the initial inelastic stress calculated at the onset of inelasticity on the

stress-strain curve for approximately 0.005 absolute strain. Results obtained from
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the strain hardening function are plotted against the accumulated effective
inelastic strain accounting for the inelastic strains from the commencement of the

loading up to present. The curve is illustrated in Figure 5.17.
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Figure 5.17 Strain hardening curve

The strain hardening curve can be represented by a power law as a function of

the accumulated effective inelastic strains. The law is as follows:

m

Ri=B(£5,) (5.7)

Here, B and m are the hardening coefficients. The values of the hardening
coefficients are identified based on fitting of the experimental results performed
using the gradient based Microsoft Excel Solver [314, 315]. The accumulated
inelastic strains are calculated based on the area underneath the curve of
damage evolution against the inelastic strain. This area consists of the
summation of the individual areas for each loading cycle. Figure 5.18 illustrates
this graphically. The accumulated inelastic strain is expressed as follows:

pi i

. €12 ) . .
e [ 201dia) defo= Y 2, 8)
£12 =1
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Figure 5.18 Curve of damage evolution with respect to inelastic strain

5.2.1.1.3 Cyclic tensile test on [+45°]s

The transverse elastic modulus as well as a coupling factor between shear and
transverse inelastic strains were calculated through tensile tests of [+45°]s
specimens. The stress and strain experimental results were transformed into the

material coordinate system as follows:

|
o3 ma [15] I 59
T12 [ ‘ 2812

The cyclic loading comprised at least five load-unload cycles with increasing
loading levels. The undamaged transverse modulus was obtained from the slope
of the initial cycle. The determination of the coupling factor between shear and
inelastic strains requires the calculation of transverse and shear damage factors.

The transverse damage factor is calculated from the stiffness reduction of each
cycle. Based on this, the transverse damage factor can be calculated as follows:

. El
dbp=1-—= (5.10)
22
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Here, Egz is the transverse elastic modulus. The shear damage factor is
calculated based on the shear response of the [+45°]s specimens through
Equation (5.2). A coupling factor is defined to account for shear and transverse
strains and damage. The coupling factor was identified as follows:

(B ) (1)
A= . . -
(28?'2—25‘1)2'1)) (1—d'12)2

(5.11)

Here, A is the coupling factor between shear and transverse inelastic strains. An
average value of the coupling factor A from all cycles was identified. The values
of the undamaged transverse modulus as well as the average coupling factor

between transverse and shear inelastic strains are summarised in Table 5.4.

5.2.1.1.4 Cyclic tensile test on [£67.5°]2s

Material model parameters associated with transverse damage evolution and
coupling between shear and transverse damage were determined through cyclic
tensile tests of [£67.5°]2s specimens. The stress and strain results obtained
through experimental investigation were transformed from the global to the
material coordinate system based on Equations (4.6)-(4.8). The values of
coefficients B and Ba were determined and compared. It was found that using
Equation (4.6) the value of B was 0.19072 whilst in the case of Equation (4.7) the
value was 0.19041 leading to a difference of 0.2%.

The shear and transverse elastic strains were identified at each loading cycle
which led to the calculation of the thermodynamic variables as follows:

oo .2

Z15= 5 Gra(2€h,) (5.12)
=SB (el 4l )’ 5.13
Zzz—EEzz(V12€11+€22) (5.13)

The calculation of the shear damage evolution was identified through Equations
(5.3)-(5.4). The shear damage evolution function can also be determined through

the coupling of shear and transverse thermodynamic variables as follows:
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Y12(0)=yZ12(1)+bZ (1) (5.14)

Here, b is a coupling factor between the shear and transverse thermodynamic
forces. Combining Equations (5.3) and (5.14) and solving for the coupling factor
yields:

. 2 .
b= (Y'132d'12+Y?2) -Z15
=

. (5.15)
Z3;

The transverse damage evolution function at each loading cycle was calculated

as the square root of Equation (5.13). The relation is formed as follows:

. 1 , -
Yo, (t)= \/5 E2(vO, €l +eb,) (5.16)

The results of Equation (5.16) for each cycle were plotted against the
corresponding transverse damage parameters utilising Equation (5.10). The
curve is illustrated in Figure 5.19. The demonstrated curve is described by a linear

function as follows:
Y22 (D)=Y5,db,+Y, (5.17)

Here, Y5, is the critical transverse damage limit calculated from the slope of the

linear curve and Ygz is the initial transverse damage limit which correspond to the
intercept of the curve. The brittle transverse damage limit for the fibre-matrix
interface Ygz is determined as the maximum value obtained through Equation
(5.17):

Y5,=max(Y,) (5.18)
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Figure 5.19 Shear damage evolution
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Table 5.4 Material model properties identified through conventional calculations

Standard
Property Unit method
values
EY, GPa 125
vd, - 0.33
et - 0.0142
el - 0.0152
dt - 1
E% GPa 112
y - 0.07
gl - 0.01
gf° - 0.0104
dis - 1
G, GPa 4.92
Yis GPa 0.005
T2 GPa 0.07
Y5 GPa 0.085
Ro GPa 0.027
B - 0.63
m - 0.48
ES, GPa 8.96
Y9, GPa 0.009
Y32 GPa 0.069
Y5, GPa 0.075
b - 2.6
A - 0.19
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5.2.1.2 Out-of-plane properties

Out-of-plane properties associated with the fracture toughness of the material
were identified through Mode | and Mode Il testing on [0°] specimens. The
properties comprised the critical strain energy release rates for Mode | and Mode
I, the stresses required for the initiation and propagation of delamination, as well
as the normal and shear moduli. The calculation of the strain energy release rates
followed the methodology described in section 4.3.3.1 for Mode | and 4.3.3.2 for
Mode II. The results were presented in section 0. Based on the methodology
detailed in section 3.3.3, the delamination initiation stresses for Mode | and Mode

Il were calculated from the area of the triangle that corresponds to the initiation

Gio of the delamination as illustrated in Figure 3.6. The propagation delamination
stress values were assumed to be 10% of the initiation values. Exact identification
of the out-of-plane stresses involves some uncertainty due to the collection of
data based on observation. However, any inaccuracy included in the stress
values is of secondary importance as the model is primarily driven by the energy
absorbed at the crack interface in order the crack to grow [230].The normal and
shear moduli as described in 3.3.3 were calculated from the slope of the elastic
region of the stress versus strain curve for Mode | and Mode Il. Another material
model parameter identified was the thickness of the model tied interface
designated as h¢,t. This thickness is the distance between the upper and lower
arm of the DCB model between the slave nodes and the master segment. The
out-of-plane material properties are summarised in Table 5.5.

109



Table 5.5 Mode | and Il model material properties

Property | Unit Value

Olst GPa |5.263E-3

Olpr GPa | 5.263E-4

Eo GPa 3.9

GIIC J/mm2 | 1.51E-3

Ot GPa | 2.05E-2

Ollpr GPa 2.05E-3

Go GPa | 267

heont mm 15

5.2.2 Material model parameter identification method for in-plane
properties through fitting

The material model properties identified in this section were calculated through
fitting of analytical models to the experimental response. This method was based
on the utilisation of the Microsoft Excel Solver for the optimisation of the analytical
solution by minimising the error between the analytical and experimental
response through fitting. The error minimisation function is the sum of squared
error (SSE) [312, 313] and is calculated as follows:

ESS= 31, (x%)? (5.19)

Here, Xx; is the observations from the experimental data and X; is the projected
analytical results. The Solver uses the Generalised Reduced Gradient Nonlinear
Optimisation solving method which is applicable for smooth nonlinear
minimisation problems [314, 315]. In the case of cyclic loading, the computation
requires the definition of multiple parameters. This was carried out by the
implementation of the in-plane material model in Visual Basic for Applications

(VBA) for Microsoft Excel. The implementation is detailed in Appendix A.
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Fitting for the tensile response in the fibre direction was performed with respect
to the tensile modulus and was based on the acquisition of the minimum error
between these values. The Solver results led to an average error of 2.2%, which
corresponds to an average of 10.24 MPa per data point. Figure 5.20 illustrates
the stress-strain data from the experimental investigation and the analytical
solution indicating that the two curves are in close agreement. The values of
damage model parameters identified through fitting were utilised for the
development of the shell element model to study fibre damage under tensile

loading.
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Figure 5.20 Experimental and analytical model results of [0°]s tensile

specimens

The identification of fibore damage parameters under compression loading was
carried out following a similar procedure as for tensile loading. The stress-strain
results acquired from experimental investigation were compared with the results
obtained through the analytical solution. The fitting was performed with respect
to the compressive modulus and the corrective parameter y. The average error
was found to be 1.76% corresponding to an average difference of 6.9 MPa per
data point. Figure 5.21 illustrates the stress-strain curves of the experiment and

the analytical model which are in close agreement.
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Figure 5.21 Experimental and analytical model stress-strain results for [0°]s

compression specimens

The identification of the damage model parameters acquired from cyclic loading
was carried out through the implementation of the damage material equations on
VBA and the use of the Solver in order to minimise the error between the
comparison of the experimental and analytical solution. In the case of [+45°]2s
case the shear stress versus strain results acquired from experimental and
analytical investigation are presented in Figure 5.22. The average difference was
calculated to be 4.53 MPa per data point.
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Figure 5.22 Experimental and analytical model stress-strain results for [£45°]2s

cyclic tensile specimens

In the case of [+45°]s specimens, the stress-strain results from the experiments
were plotted against the analytical solutions for shear and transverse response
which were identified utilising VBA coding and the Solver. Figure 5.23 for shear
and transverse response against the analytical model illustrate that the curves
are in agreement. The identified average error was 0.73 MPa per data point for
the shear and 0.34 MPa per data point for the transverse response. The results
from [£67.5°]2s specimens were analysed in a similar manner. Figure 5.24 shows
the experimental against the results from the analytical investigation. In the case
of shear response the average error per data point was 0.59 MPa whilst for
transverse was 1.09 MPa. Table 5.6 summarises the values of the in-plane

material model properties utilised for the development of the constitutive model.
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Figure 5.23 Shear (a) and transverse (b) experimental and model stress-strain

results against time for [+45°]g cyclic tensile specimens
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Figure 5.24 Shear (a) and transverse (b) experimental and model stress-strain

results against time for [+67.5°]2s cyclic tensile specimens
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Table 5.6 Material model parameters for the development of constitutive model

Material
Property Unit model
properties
EY, GPa 129.36
vd, - 0.33
et - 0.0142
eft - 0.0152
dt - 1
= GPa 117.9
Y - 0.128
gl - 0.01
gf° - 0.0104
dis - 1
G, GPa 4.37
Y9, GPa 0.009
12 GPa 0.07
Y5 GPa 0.08
Ro GPa 0.035
B - 0.92
m - 0.62
ES, GPa 8.2
Y9, GPa 0.0088
Y32 GPa 0.0657
Y5, GPa 0.075
b - 2.6
A - 0.19
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5.3 Constitutive model verification

This section addresses the details of the verification of the constitutive model for
the loading cases that were used for the extraction of damage material model
parameters. The in-plane tests of tensile loading at 0°, cyclic tensile at +45°, +45°,
+67.5°, compression at 0° and out-of-plane Mode | test at 0° were simulated using
FE according to the respective experiments in order to verify that the identified
damage model parameters calculated based on the fitting can reproduce the
experimental failure response. The simulation results of in-plane and out-of-plane
cases were compared against experimental results and the average error per

data point was calculated.

5.3.1 In-plane damage model verification

The experimental cases of tensile loading at 0°, cycle tensile at £45°, +45°, £67.5°
and compression at 0° were simulated in order to compare and repeat their failure
response using suitable material properties. The in-plane material damage
parameters utilised for all the simulated cases were acquired through fitting and
are summarised in Table 5.6. All models comprised one shell element through
the thickness and eight layers with thickness of 0.3 mm. The assigned boundary
conditions represented the in-plane testing conditions. The movement of all
nodes on the z-axis was constrained as well as their rotation on x, y and z axes
with respect to the global frame. Movement on x-axis was also constrained for
the nodes of the fixed end. The nodes of one side of the shell element were set
with restrained movement on y-axis allowing contraction due to the Poisson’s
effect. The nodes of the free end of each model were assigned with a
displacement versus time loading condition curve that was based on the
displacement results acquired from the experimental investigation.

The [0°]s tensile model comprised one shell element with size of 150x15 mm. The
shell consisted of 250 elements with mesh size of 3 mm and 306 nodes. In the
case of the compression model the shell element dimensions were 140x13 mm?
and its mesh size was set at 2.6 mm. The number of elements and nodes
comprising the model were 270 and 330 respectively. The fibre orientation for

both the tensile and compression models was set at 0° with respect to the
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orthotropic axis. The dimensions of the shell cyclic tensile models of [£45°]2s,
[+45°]s and [+67.5°]2s specimens were 150x15 mm?. The mesh size was set to 5
mm, which led to 150 elements and 186 nodes. The fibre orientation was set
according to the respective specimen case.

Figure 5.25 illustrates the results for tensile loading. The two curves are in
agreement. The model maximum failure stress is indicated at 1800 MPa and the
ultimate strain at 0.0152. The data point error between the experimental and

modelling response was calculated at 11.2 MPa.
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Figure 5.25 Experimental and simulation results of [0°]s tensile model

The stress-strain results from the experimental and modelling investigation for
compression loading are presented in Figure 5.26. The curves are in good
agreement as the experimental response is reproduced from the model. The
maximum stress reaches 1026 MPa whilst the ultimate strain observed at 0.011

absolute strain. The average data point error is 4.35 MPa.
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Figure 5.26 Experimental and simulation results of [0°]s compression model

Figure 5.27 illustrates the comparison between the experimental results and the
results of the model for the case of [£45°]2s specimens. The two curves show
similar response, although as expected the model curve does not include the
hysteresis. The model curve shows that it repeats the cyclic loading quite close
to the experimental behaviour. The average error per data point was calculated
at 5.26 MPa.
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Figure 5.27 Experimental and simulation results of cyclic tensile damage

model at [£45°] 2
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The stress-strain comparison of experimental against simulation results for [+45°]s
specimens is illustrated in Figure 5.28. The shear response is represented in
Figure 5.28a. The plotted model curve shows good fitting to the experimental
results. The average error per data point was 2.63 MPa. Figure 5.28b represents
the transverse response of the model and experimental curves. The two plots
show to have small differences up to 0.001 absolute strain. The curves diverge
after that that point until the end of loading. The average error per data point was
found to be 0.19 MPa.
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Figure 5.28 Experimental and simulation results of cyclic tensile damage

model at [+45°]s
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The simulation results for the cyclic tensile model at [£67.5°]2s were plotted
against the results acquired through experimental investigation. The comparison
curves are illustrated in Figure 5.29. The shear (Figure 5.29a) and transverse
(Figure 5.29b) stress versus strain results show good agreement for the
examined cases. The fitting between the experimental and simulation results
verifies that the experimental results are reproduced by the model. The average
error per data point for shear was calculated at 0.97 MPa, whilst for the transverse

response is 0.85 MPa.
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Figure 5.29 Experimental and simulation results of cyclic tensile damage
model at [+67.5°] 2
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5.3.2 Out-of-plane damage model verification

In order to verify the out-of-plane damage model, a [0°]1.0 DCB model identical to

the test sample was simulated. The DCB model consisted of two shell arms. The

element mesh size of the cohesive zone should be smaller than the cohesive

zone length for the accurate representation of the delamination behaviour and

the load-displacement conditions of the test [316, 317]. The cohesive zone length

(I.n) was calculated as follows:

where

Ich=0-5 min(lch, I,lch, Ilslslender, Islslender, II)

. G
len, 1=Ej >
0 max)
. Gy
lep, 1=EN———m—
(OII, max)
G 1/4
' IC
lsiender, 1= (EI —2> h**
O-I, max)
' GIIC
Islender, n= (EII, slender 2> h
(GII, max)

1 [byqbss <b33)1/2+2b31+b55
E'| 2 b1 2b1

1 _ by bss
—= |— [(b11b33)2+bg —
E” \/ 2 \/( 1 33) 31 2
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(5.26)
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Parameter h represents the laminate half thickness, b; are the Voigt elastic

constants in the material directions and E',, E',, are the equivalent elastic moduli

for Mode | and Mode Il respectively. The calculations indicate that the cohesive

zone length is approximately 2 mm which leads to the selection of a mesh size of
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1 mm. Each arm shell comprised eight thousand (8000) elements. The
dimensions of each shell were 160x25 mm? and the distance between them was
set at half the thickness of the experimental DCB specimen (1.5 mm). Each DCB
shell arm included a stacking sequence of five layers, 3 mm thick with 0° fibre
orientation in order to create a laminate of two arms consisting of ten layers in
total. All layers were assigned the in-plane material properties of Table 5.6. The
interface between the two arms was assigned the material properties
summarised in Table 5.5. The two sublaminates were tied selecting slave nodes
from the lower DCB arm without the initial 50 mm of the arm which represent the
pre-crack as presented in Figure 5.30. The master segment included the entire
upper DCB arm. Boundary conditions were applied on two rows of elements at
the fixed end of both arms constraining movement and rotation on all axes. A
loading curve based on the Mode | testing conditions was assigned on the edge
nodes of the free end on both arms. The direction of the loading was different on

each arm in order to allow separation similarly to the experiment.

Figure 5.30 DCB model at [0°]10

Figure 5.31 illustrates the comparison data. The results of crack growth during
Mode | acquired from the model are in good agreement with the experimental
results. The simulation curve shows that certain amount of noise is present, which

is the result of the loading conditions with respect to the delamination properties.
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The average error per data point between experimental and simulation results
was calculated at 0.0023 kN.

0.04
0.035
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Figure 5.31 Experimental and simulation results of delamination model at [0°]10
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6 Introduction of defects for development of leak-
before-break

This chapter is dedicated to the incorporation of defects for the development of
the LBB concept. The motivation leading to the selection of the defect types, as
well as the methodology for defect introduction are described. The methodology
Is based on the results of an initial experimental investigation on the RP507 UD
carbon prepreg. This investigation sets the ground for a simulation study for the
identification of the most suitable design pattern of defect types and the degree
of damage associated with it, which under certain loading conditions can trigger
failure mechanisms that lead to controllable and predictable failure of the

structure.

6.1 Motivation for defect type selection

Carbon fibre reinforced composites can suffer from brittle and abrupt failure
without previous warning. The development of the LBB concept is based on the
modification of the material properties of the composite locally through the
introduction of weak areas in order to produce a fail-safe structure which achieves
a gradual, controllable and predictable way of failure. These weak points can act
as stress concentration points under certain loading conditions and based on the
way they are positioned, they can facilitate the manipulation and control of the
failure of the structure. This is enabled by the adjustment of the local design and
architecture of the constituents of the materials. In the case of CPVs undergoing
internal pressurisation, the LBB concept relies on the generation of leakage which
as described in Chapter 2 occurs mainly due to matrix dominated failure
mechanisms, which, in these structures, is occasionally accompanied by
intralaminar failure [74, 318]. Therefore, the investigation of introduction of
defects that initiate these failure mechanisms is of main interest in this work.

Randomly oriented fibre discontinuities affect the load bearing capability of
reinforcement leading to deterioration of the structural integrity of the composite
[170, 319, 320]. Highly aligned fibre discontinuities can provide material

properties that can be comparable to those of UD composite materials; while
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affecting the local state of stress and strain of the structure in comparison to the
intact composite. The arrangement of fibre cuts in a well-designed, pre-arranged
manner can lead to controlled deterioration of reinforcement strength and
predictable structural failure. The dominant failure mechanisms that have been
reported for composite materials with introduced slits under tensile loading are
inter-tow debonding and splitting as well as matrix cracks and delamination [178,
321, 322]. These are consistent with the failure mechanisms that can initiate LBB
behaviour on a CPV. In this work, fibre cut defects on UD carbon fibre prepreg
are utilised in order to achieve a gradual, pseudo-ductile structural failure
providing warning before ultimate failure.

In addition to the controlled deterioration of the composite mechanical properties
through the introduction of fibre cut defects, matrix dominated defects are also
investigated. The incorporation of matrix defects, such as resin rich areas, voids,
inclusions, and interfacial weakness points can trigger the development of matrix
and interface dominated failure mechanisms [16, 323-325]. Particularly, the
implementation of poor bonding between neighbouring layers can lead to the
development of delamination under certain loading conditions, which in the case

of CPVs facilitates the creation of leakage.
6.2 Methodology for defect introduction

6.2.1 Fibre cut defects
6.2.1.1 Manufacturing process

Two UD laminates of [0°]16 and [£35°]4s lay-up were manufactured using RP507
carbon prepreg. Both laminates accommodated seven tensile specimens in
prearranged locations for easier implementation of the fibre cut defects. These
were introduced perpendicularly to the fibres during the lay-up. The process took
place using a scalpel to cut the fibres and a ruler on which tape was attached at
specific intervals and length to indicate the exact positions for the cuts on the
prepreg plies. For exploratory purposes, the length of each cut was equal to 20%
of the cross section across the width of each tensile coupon, which corresponds

to 3 mm and 5 mm for 0° and £35° specimens, respectively. The composite
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laminate consisted of 16 layers. The fibre cut defects were positioned on 15
consequent layers at a lateral distance of 5 mm forming an “S” shape pattern at
the cross section along the sample length, whilst the outer layer did not contain
defects as illustrated in Figure 6.1. The curing and specimen preparation for
testing were the same as the procedure described in section 4.2.1, whilst the
tensile testing was carried out according to the process detailed in sections
4.3.2.1-4.3.2.2.

(@)

(b) L

Figure 6.1 Schematic representation of S crack path on (a) consequent layers
(3D view), (b) longitudinal cross section of specimen (xz coordinates)

6.2.1.2 Simulation investigation

Simulation investigations were carried out to reproduce the mechanical testing
conditions. Four models were simulated; two intact models with [0°]16 and [+35°]4s
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lay-ups and their respective with fibre cut defects, introduced as indicated in
section 6.2.1.1. The models corresponding to the intact/defective [0°]is and
[+35°]4s specimens consist of 16 shells through the thickness with dimensions of
250x15%x2.4 mm?3 and 250x25x2.4 mm? respectively. Each layer was identified
with a certain fibre orientation based on the lay-up sequence of the respective
model. For the intact specimen with a [0°]ie lay-up, the model comprises 4896
nodes and 4000 elements with mesh size of 3x3 mm?, whilst the intact specimen
with [£35°]4s lay-up consists of 2976 nodes and 2400 elements with dimensions
of 5x5 mm?2. The fibre cut defect models with [0°]1s and [£35°]4s lay-ups were
prepared using finer shell elements to account for the defective areas. In the [0°]16
case, the model consists of a total of 12864 nodes and 9600 elements with mesh
of 3x3 and 3x0.5 mm? in the intact and fibre cut defects areas following the
requirements of the fibre cut pattern. Figure 6.2 illustrates the [0°]is fibre cut
defective model. Each layer of the defective model with [£35°]4s lay-up consists
of 10620 nodes and 8160 elements with mesh of 5x5 and 5x0.5 mm?.

Figure 6.2 Simulated fibre cut defects in 0° specimen

The 0° tensile material properties assigned to intact elements were extracted
through mechanical testing, whereas the shear and transverse material
properties required for the simulation of the [+35°]4s tensile specimen were based

on literature for similar materials [224, 277] due to the limited experimental
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campaign carried out for the specific material. Table 6.1 summarises the in-plane
material properties utilised.

The material properties in the direction of the fibre assigned to the fibre cut
defective areas were identified through an analytical expression for the
development of a controlled failure methodology. The fibre volume fraction in the
region of the cuts is expressed as:

Vi=Vi-V, (6.1)
where, V'f is the fibre volume fraction of the defective composite, V; the original
fibre volume fraction of the intact material and V, is the fibre cut volume fraction.
Following an isostrain assumption for loading in the fibre direction, the stress can
be expressed as:

0'=0V; + 0.V, + 0V (6.2)
Where, o7, 0, and o, represent the fibre, matrix and fibre cut stress respectively
and V,, is the volume fraction of the matrix.
The material model described in section 3.3.2.4 expresses fibre damage through
the definition of an initial threshold (ef) and an ultimate (¢ff) damage strain.
Assuming that the stress carried by cut fibres and the matrix is negligible, the

initial and ultimate strains for the region with cuts become:

V-V
ot VT Ve
§=& ——— 6.3
=&Y, (6.3)
: Vs-V,
£ =€l —fo ° (6.4)

The initial and ultimate strain of the defective composite region from this analysis
for the case of 20% cut fraction are given in Table 6.1. The mid-plane interface
for the investigation purposes corresponds to the real interlaminar properties
summarised in Table 5.5. The remaining fourteen interfaces of the individual
layers of the models are tied perfectly. The interlaminar properties corresponding
to a perfectly tied interface are summarised in Table 6.2 and were identified
based on the real interface properties. To ensure that no interlaminar failure is
present, the moduli are multiplied by a factor of 10 and the strength and strain
energy release rate values are increased by a factor of 1000. The interlaminar

thickness hy,t is set to 0.15 mm since each shell is located at the midplane of
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each layer. In-plane boundary conditions are assigned to the nodes of the four
models in accordance to section 5.3. The loading conditions applied to the

models follow the response of the respective experiment.
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Table 6.1 Material model parameters extracted from experiments, literature [224,

277] and fibre cut methodology

EX | GPa 136
Vis - 0.34
el : 0.0138
€l - 0.014
g - 0.011
&y - 0.0112
dt - 1
G?z GPa 58
&7 GPa 0.0047
Y2 GPa 0.088
Y1, GPa 0.045
Ro GPa 0.024
B - 2.36
m - 0.64
E), | GPa 10.8
Y2, GPa 0.0076
Y32 GPa 0.12
Ygz \/@ 0.02
b - 2.6
A - 0.33
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Table 6.2 Perfect interlaminar properties

Property | Unit | Value

Olst GPa | 5.263

Opr | GPa |0.5263

Eo GPa | 39

GIIC J/mm?2 1.51

Ojst GPa 20.5

Ollpr GPa 2.05

Go GPa | 26.7

heont mm 0.15

6.2.1.3 Model validation
6.2.1.3.1 Validation of 0° model

Simulation and experimental results were extracted and compared to validate the
methodology developed for the introduction of fibre cut defects in the structure as
well as the chosen material properties. The comparison between experimental
and simulation force against displacement results for the [0°]is intact and
defective specimens is presented in Figure 6.3 and Table 6.3. Figure 6.3 shows
that the simulated intact and defective cases are in good agreement with the
respective experiments. The average difference per data point between the
experimental and modelling results for the intact composite is 2.8 kN, whilst for
the results of the composite with the fibre cut defects the average difference was
4.4 kN. The non-linearity of the experimental plots is attributed to the strain
gauge. Comparison between intact and fibre cut results show that the maximum
force drop is 24.7% for the case of the model in comparison to the experimental
results which led to a drop of 20.1%. Overall, the experimental response of the
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[0°]16 intact specimens and with fibre cuts was reproduced and confirmed the
methodology for fibre cut introduction in the structure.

80 Experimental intact
70 Model intact
60 — — —Experimental cuts
= - — =Model cuts N
55550 o |
= > A
g 40 - 7" : L
-~ - ]
L? 30 . » "’ -5 | |
20 J/‘”~ ,"’ : !
’a~ ~ - - : ]
10 ""/ : — - - | :
0 =7 —
0 0.5 1 15 2 2.5

Displacement (mm)

Figure 6.3 Average force-displacement of [0°]16 intact specimens and with fibre

cuts

Table 6.3 Maximum force-displacement results of [0°]16 intact specimens and

with fibre cuts

Intact Fibre cuts Force

0° Displacement | Force | Displacement | Force | drop
(mm) (kN) (mm) (kN) (%)

Model 2.1 67.0 1.6 50.4 24.7
Experimental 2.1 70.2 1.7 56.0 20.1

An investigation on the failure mechanisms developing during loading was carried
out. The model and damage evolution results are presented in Figure 6.4. Fibre
damage initiates at the defective areas. The increase of loading leads to damage
initiation at areas around defects at which the failure mechanisms of fibre and
matrix damage are dominant. Their combination with matrix transverse and

delamination leads to ultimate failure of the specimen.
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Figure 6.4 (a) Fibre damage developing on defects at 6.9 kN, (b) fibre damage

around defects at the 12" layer at 50.5 kN and (c) damage evolution on

defective shell at 12" layer of [0°]16 Specimens with fibre cuts. The colour

maps represent fibre damage factors.
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XCT scanning of a tested specimen with defects was performed and correlated
to the damage mechanisms observed through simulation. The results, as
illustrated in Figure 6.5 indicate that failure occurred around the embedded fibre
cuts. An “S” shaped failure pattern is evident proving that the embedded fibre cut
damage dominated the rupture of the specimen. Due to the separation and lack
of certain layers it is safe to assume that matrix damage did also contribute

towards failure. These observations prove the validity of the simulated model.

Figure 6.5 Representation of “S” shape defects from XCT results on [0°]16

specimen with fibre cuts

6.2.1.3.2 Validation of £35° model

Comparison between the simulation against experimental response of the
[+35°]4s intact and defective cases was carried out. The results of force against

displacement are presented in Figure 6.6 and Table 6.4.
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Figure 6.6 Average force-displacement of [£35°]4s intact specimens and with

fibre cuts
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Table 6.4 Maximum force-displacement results of [£35°]4 intact specimens and

with fibre cuts

Intact Fibre cuts Force

+35° Displacement | Force | Displacement | Force | drop
(mm) (kN) (mm) (KN) (%)
Model 11.9 30.7 11.9 30.7 0.2
Experimental 11.5 27.6 11.5 27.2 15

Based on the results in Figure 6.6 the experimental and modelling response are
in good agreement. The average force difference per data point between the
experimental and modelling results for the intact case is 0.8 kN in comparison to
the fibre cut defective cases where the average difference is 1.4 kN. The
introduction of the fibre cut defects on £35° tensile specimens did not affect the
force-displacement results as observed experimentally and proved through
simulation. In fact, the drop of maximum force of intact specimens compared to
the fibre cut defective specimens based on the experimental results is 1.5%,
whilst through simulation the drop was found to be 0.2%. The results indicate that
the presence of fibre cut defects in the structural design can lead to minimal
alteration of the off axis mechanical response of the system. The design of the
surrounding area of the defects has a significant role on the development of
failure mechanisms from the defective areas that can contribute to the ultimate
failure of the structure. Factors that can affect the way the fibre cut defects act
are, apart from the type of the fibres and the matrix, the fibre and load orientation,
the orientation of the cut with respect to the fibre orientation and the fibre cut
design pattern, which involves the size of the defects and the intervals between
them.

The failure mechanisms and damage evolution were investigated based on the
simulation results. Matrix shear damage starts at the defective fibre cut areas,
which is accompanied by shear damage in the middle around the defects and the
edges of the specimen. The development of transverse, fibre damage and
delamination occurs at a later stage during loading. The failure mechanisms, as
well as the damage development at the defects and the surrounding areas are

illustrated in Figure 6.7.

136



5051601
5.0356-01
5019201
5.0036-01
4987e.01
4970601
4954001
4938601
= 4922001

4.906e-01
E 4889-01

4873801

4857601

4841601
4825001
4898601

(@) .J\ "

0.9

0.8

0.7
[¢D)
%g'g ——Fibre
E .
S04

0.3 ——Transverse

0.2 Tied

0.1

0

[ ———

1

——Shear

0 5 10 15
Displacment (mm)

(b)

Figure 6.7(a) Matrix shear damage developing on specimen at 12.7 kN and (b)
damage evolution on defects at the 14th layer of [+35°]16 Specimens with fibre
cuts. The colour map represents matrix shear damage factor.

The results of XCT scanning on a ruptured defective specimen are presented in
Figure 6.8. As illustrated, the “S” type of defects does not dominate the failure of
the specimen. Rupture occurs at the location of fibre cuts at the lower layer of the
specimen, but this does not follow the fibre cut path. It is unsure if the failure
initiated at this point. Ultimately, failure took place as fibre, matrix damage as well

as delamination, which is in agreement with the simulation results.
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Figure 6.8 XCT results on [+35°]16 specimen with fibre cuts

6.2.2 Interlaminar weak bond areas
6.2.2.1 Manufacturing process

Weak interface defects were established by embedding pieces of Teflon film in
the structure. This type of defect was examined experimentally in combination
with fibre cut defects on [£35°]4s tensile specimens. The manufacturing process
of the fibre cut and Teflon defective laminate followed the procedure reported in
section 6.2.1. During the lay-up of each lamina, a Teflon strip was placed on top
of the fibre cut defect occupying the same length of 5 mm as the fibre cuts, whilst
their width was 1 mm. Figure 6.9 illustrates the C-scan of the [£35°]4s laminate in
which cut and interfacial defects were introduced. The blue areas in the middle
of the laminate indicate the location of the defects corresponding to each tensile
specimen. The different colouring indicates the existence of poor interface
between the layers, which is caused by the Teflon. The tensile testing, which is

reported in section 4.3.2.2, followed the experimental procedure.

Figure 6.9 C-scan result of [+35°]4s interlaminar weak bond areas
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6.2.2.2 Simulation investigation

The [£35°]ss tensile model developed in section 6.2.1.2 was utilised for the
introduction of delamination defects. The model was updated with weak
interlaminar properties between the areas assigned to fibre cut defects and their
neighbouring elements. The rest of the elements and their slave nodes
correspond to perfect or real interface properties as described in section 6.2.2.1.
The methodology applied for the identification of the properties of the weak
interface was based on the deterioration of the properties of the intact/strong
interface in order to acquire a weak interlaminar bond. The weak interlaminar
properties are presented in Table 6.5. Based on an exploratory investigation, the
normal and shear moduli were decreased by a factor of 0.1, whilst the strength
and strain energy release rate values were decreased by a factor of 0.001. The
contact thickness was considered to remain constant. The boundary and loading
conditions applied on the model remained the same as for the investigation of

intact and fibre cut defective specimens.

Table 6.5 Weak interlaminar properties

Property | Unit Value

Gic J/mm2 | 2.035E-7

Olet GPa |5.263E-6

Olpr GPa | 5.263E-7

Eo GPa | 0.39

GIIC J/mm2 | 1.51E-6

O|ist GPa 2.05E-5

Oljpr GPa | 2.05E-6

Go GPa | 0.267

Reont mm 0.15
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6.2.2.3 Model validation

The force against displacement experimental and simulation results for the
[+35°]4as specimens involving cut and interfacial defects are presented in Figure
6.10 and Table 6.6. The results of Figure 6.10 indicate that the modelling
response of the defective specimen is not in close agreement with the
experimental results with a calculated average difference per data point of 2.45

kN. The force versus displacement plot of the model of the specimen with cut and
interfacial defects shows a force plateau at approximately 22 kN. This is not the
case for the experimental response of the specimen of which the force reaches
a maximum of 31 kN approximately, before its abrupt drop. Based on Table 6.6,
the experimental results show a force reduction of 16.9% between intact and cut
and Teflon defective specimens, whilst the simulation results show a minimal
drop of 0.13%. Recalling the results of section 6.2.1.3.2, the existence of fibre cut
defects as the only type of defect on the [£35°]as specimen led to minimal force
drop of 0.16% and 1.5% based on simulation and experimental investigation
respectively. Therefore, the observed force reduction between intact and
defective experimental results highlight the importance of the Teflon introduction
for the reduction of the force response. The deviation between the experimental
and simulation results of the cut and interfacial defective case is considered to
occur due to the fact that delamination damage is not coupled to other modes of

damage, including shear, in the model.
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Figure 6.10 Average force-displacement of [£35°]4s intact and with cut and

interfacial defects specimens

Table 6.6 Maximum force-displacement results of [£35°]4 intact and with cut and

interfacial defects specimens

Intact Interfacial defects Force
+35° Displacement | Force | Displacement | Force | drop
(mm) (kN) (mm) (kN) (%)
Model 11.9 30.7 11.9 30.7 0.1
Experimental 11.5 27.6 11.8 23.0 16.9

The failure mechanisms taking place as well as the damage development during
loading are presented in Figure 6.11. The simulation results indicate behaviour
similar to the +35° model with fibre cut defects presented in 6.2.1.3.2. However,
the interfacial damage introduced leads to delamination initiation alongside matrix
shear damage. The areas surrounding the defects develop shear damage;
however, delamination as well as fibre and transverse damage take place at a

later stage leading to ultimate failure.
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Figure 6.11(a) Matrix shear damage developing on specimen at 14.7 kN and (b)

damage evolution on defects at the 14th layer of [+35°]16 Specimens with fibre

cuts and Teflon. The colour map represents matrix shear damage factor.

142



7 Simulation and design of leak-before-break response

This chapter focuses on the simulation of the leak-before-break concept on CPVs
that aims to establish a controllable and predictable way of failure preventing
catastrophic events. This involves the simulation of intact pipes and pipes with
weak regions for the investigation and selection of most suitable defect types and
design patterns that result in the desirable LBB behaviour.

7.1 Leak-before-break methodology

The LBB concept is based on the development of a detectable leakage on CPVs
and pipes that will act as warning prior to their catastrophic failure. The success
of the concept hinges on an adequate delay between the incident of leakage and
the final rupture, which can provide sufficient time for reaction in an evacuation
event or repair/replacement of the pressurised system. In this work, the focus is
set on the establishment of two leakages/ruptures in the composite tubular vessel
and the development of a design approach that results in significant separation
of their occurrence. The first leakage represents the feature of failure detection.
It occurs due to the existence of defects deteriorating the structural integrity of
the vessel locally and its development is accompanied by pressure relief. The
manifestation of the second leakage is associated with additional deterioration of
the intact structure and its inability to further withstand the pressurised fluid. The
second leakage represents the catastrophic rupture or burst of the structure. The
leak development and propagation in the cylindrical model is based on an
assumption of a minimum threshold damage percentage of 50%. This required
the acquisition of 50% damage or more from all the shells through the thickness
at a certain location to signify the occurrence of leakage. The first two leakage
appearances were investigated for all cases for the shell elements of each layer
of the cylindrical model. The cases in which adequate delay between the
occurrence of the first and second fracture occurred are considered relevant for
the development of the LBB concept.

The methodology followed for the development of the LBB concept involved intact
tubular vessel simulation for the identification of maximum burst pressure

providing control information. Two models of the intact pipe were simulated; one

143



comprising one shell and one with two shells through the thickness. This provided
information on the durability of the interface by direct comparison of the one and
two shell model and set the ground for investigations on its effect when defects
are introduced in the two cylindrical sub- laminas, as well as between them. The
interface of the mid-plane was tied by implementing the real out-of-plane data
that were presented in Table 5.5 with an updated contact thickness of 1.2 mm
corresponding to half of the composite cylinder thickness of 2.4 mm. In this way,
the outer layer of the inner shell theoretically coincides with the inner layer of the
outer shell. Interfaces that do not belong to the mid-plane were treated as perfect,
based on the methodology described in section 6.2.1.2. The comparison
indicated that the two shells model lost accuracy by 4.5% compared to the one
shell model, which is due to the interface separation. Acknowledging the small
inaccuracy introduced, the two shells model was utilised for the investigation of
the LBB concept through the development of an effective defect design pattern.

Areas of investigation for the development of the cylindrical model were also the
loading rate, as well as the boundary and loading conditions. The loading rate
was examined in order to reduce the computational time without incorporating
inertia effects. It was found that inertia effects of approximately 6% were
incorporated by introducing a loading rate of 4 106 bar/min, which was considered
a good compromise for the simulation studies. In CPVs subjected to internal
pressurisation, stresses and strains act in both the axial and hoop direction in a
ratio of 2:1. In this work, the composite pressure vessel is represented through a
cylinder in which end caps are attached on both ends. In order for the two shell
cylindrical model to account for the behaviour of a CPV, boundary conditions
were applied on the edge nodes of the two cylindrical shells by restraining
movement in the y and z axes, as well as rotation around the x axis. Internal
pressure was applied only on the inner face of the shell at the interior and not on
both cylindrical shells of the model. The pressure load was also translated into
force applied on the edge nodes of the two cylindrical shells, which was
distributed to the surrounding nodes of the edges in the case finer mesh was
required. The application of internal pressure on the inner face of the cylindrical

shell at the interior of the model, as well as its translation into force to account for
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the end caps, was verified by comparison of the simulation results to the one shell
model and through analysis.

The simulation studies for the development of the LBB behaviour involved the
investigation of two types of defects, as described in Chapter 6, as well as of the
amount of damage they introduce and the incorporation of additional design
features. The investigation was based on the following:

e Fibre cut damage;
¢ Reinforcing patch thickness;
e Interfacial defects;

e Combination of types of defects.

A series of fibre cut damage levels was investigated. This involved the
introduction of fibre cut damage of 0, 12.5, 25, 37.5, 50, 62.5, 75, 87.5 and 99%
at a pre-specified location in the structure (section 7.2.2, 8.1) following the
methodology developed in Chapter 6. According to this, the only deteriorated
mechanical properties due to the introduction of fibre cut defects are the initial
and ultimate damage strains in the fibre direction. The calculated properties with
respect to the fibre cut damage are presented in Table 7.1. These were assigned
to the pre-specified location to account for the deteriorated properties of the
defective area.

The addition of a patch in the structural design aimed to provide distinctive
separation between the first and second leakage for the development of the LBB
concept. The study was carried out for the incorporation of three patches with
thickness comprising 2, 4 and 8 layers with lay-up of [£55°], [£55°]s and [£55°]zs,
respectively. The material properties assigned to the patch for all three cases
were the same as for the tubular vessel (Table 5.5-Table 5.6). The addition of the
patch in the composite cylindrical structure was performed considering perfect
interfacial properties, in order for the focus to be on its effect as a feature to
separate the two leak incidents. Further optimisation of the design of defects was
carried out through exploration of its shape, which varies between rectangular

and circular. The use of circular shape defective area aims towards the
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acquisition of highly accurate results through the reduction of the stress
concentration introduced by the corners of the rectangular shape.

Table 7.1 Strain values for fibre cut percentages

Fibre cuts (%) | & () & (9)
0 0.0142 | 0.0152
12.5 0.0124 | 0.0133
25 0.0107 | 0.0114
37.5 0.0089 | 0.0095
50 0.0071 | 0.0076
62.5 0.0053 | 0.0057
75 0.0036 | 0.0038
87.5 0.0018 | 0.0019
99 0.0001 | 0.0002

Investigation of interlaminar weak bond areas, as well as of the combination of
different types of defects and patterns is also of prime interest. The simulation of
interfacial defects provides information on the interfacial damage distribution to
the surrounding material in the structure thus contributing to the ultimate failure
of the cylindrical structure. Additionally, information on the interaction between

fibre and interfacial damage evolution can be extracted.

7.2 Implementation of simulation of CVPs incorporating LBB

designs

The types of defects studied were fibre cuts and artificial interfacial defects
between adjacent layers and a combination of those. Square and cylindrical
shape weak regions were examined. An investigation on the addition of a design
feature was also carried out. The most suitable design pattern was selected for
the development of the LBB concept on a composite pipe subjected to internal

pressurisation.

146



7.2.1 Intact cylindrical model simulation

The simulation of the CPV involved the design of a composite cylinder. The
cylinder contains two shells through the thickness. The diameter of the inner shell
is 104.5 mm, whilst the outer shell diameter is 106.9 mm. The contact thickness
between the two cylindrical shells is 1.2 mm. The mesh size of the two shells is
4x4 mm? providing 12300 elements and 12464 nodes for both shells in total. Each
of the two shells contains four layers with thickness of 0.3 mm each. The lay-up
sequence of the inner shell is [+55°/-55°/+55°/-55°], whereas the outer shell stack
is [-55°/+55°/-55°/+55°]. The material properties assigned to the shells were the
in-plane intact properties of the constitutive model summarised in Table 5.6. The
two shells are tied as presented in Figure 7.1(a) through implementation of the
interfacial properties of Table 5.5 with contact thickness of 1.2 mm. End cap
boundary conditions were applied on the edge nodes of both shells, as described
in section 7.1, restraining movement in the y and z axes as well as rotation around
the x axis. A pressure rate of 4 10° bar/min was applied on the inner face of the
internal shell and a load rate of 21400 kN/min on each of the 82 nodes of both
cylindrical shells of the edges to account for the end caps as illustrated in Figure
7.1(b). The simulation was carried out until the ultimate failure of the tubular

vessel.
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Figure 7.1 Composite cylindrical model with representation of (a) tied interface

and (b) pressure and force application

The results indicate that damage takes place at the edges of the cylindrical
model. If this damage is neglected in order to identify the failure occurring in the
middle of the pipe, this takes place at pressure of 509 bar. The failure

mechanisms acting towards the rupture of the system consist of delamination and
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matrix shear damage. Figure 7.2 shows the cylindrical model under pressure and
the locations of rupture with light blue colour. The damage evolution at a layer in

the middle of the pipe with respect to pressure is also illustrated.
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Figure 7.2 Composite cylindrical model (a) failure response under internal
pressurisation at 509 bar and (b) damage development at shell from the middle
of the pipe. Colour map represents the matrix shear damage factor.
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7.2.2 Description of models for LBB concept

The development of the LBB concept was based on the simulation of pipes with
weak regions. Various cases of types of defects and design patterns are

examined in this section taking into account geometry and shape effects.

7.2.2.1 Fibre cuts
The composite cylindrical model presented in section 7.2.1 was utilised for the

implementation of defects. For efficiency in computational time, the element
mesh size applied to the two shells was refined to 8x8 mm? and 2x8 mm? for the
elements of the edges leading to the formation of 3198 elements and 3280 nodes.
A square area of 8x8 mm? was selected in the middle of both composite
cylindrical shells to accommodate defects. The elements of this area and their
coinciding elements in the hoop and longitudinal direction were split into smaller
4x4, 8x4 and 2x4 mm? elements to increase the accuracy of the results as
illustrated in Figure 7.3. This led to the creation of a total of four more nodes at
the edges of the two cylindrical shells and a total of 3526 nodes and 3440
elements. The two cylindrical shells with the exception of the defective shells
incorporated the in-plane intact properties of the constitutive model summarised
in Table 5.6. The material properties designated for the defective area were those
defined in Table 7.1. The two cylindrical shells including the defective shells were
tied using the out-of-plane properties of Table 5.5 with contact thickness of 1.2
mm. The surface of the inner cylindrical shell consisting of both defective and
non-defective elements was subjected to internal pressure at a rate of 4 106
bar/min. The force applied to the edge nodes of the two cylindrical shells to
account for the end caps was redistributed to include the nodes created due to
the refinement of the mesh to accommodate the elements of the defective area.
The force corresponding to the equally distributed 2x8 mm? nodes is 42800
kN/min. The nodes at the edges of the refined mesh 2x4 mm? correspond to force
of 32100 kN/min, whilst the three intermediate nodes to 21400 kN/min.
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Figure 7.3 Tied two-shell meshed composite cylindrical model with square

shape fibre cut defective area

7.2.2.2 Fibre cuts and patch

An additional design feature was considered in the model presented in section
7.2.2.1 as a solution to enhance the separation and delay of occurrence of the
second leakage with respect to the first leakage. This involves the incorporation
of a patch surrounding but not covering the defective area, as illustrated in Figure
7.4. The composite patch was created as an external curved shell at a distance
of 1.2 mm from the outer cylindrical shell of the composite pipe. The size of the
patch was set to six times the size of the defective area in order to provide
sufficient enhancement of the structural integrity of the intact area surrounding
the defects. The dimensions of the patch were 48x48 mm? with a hollow centre
of 8x8 mm? leaving the defective area uncovered. The patch consisted of 80
nodes and 60 elements at a size defined based on the outer and inner cylindrical
shell elements as well as by the size of the patch. In total, the model comprised
3778 nodes and 3672 elements. The patch shell elements were tied to the
respective external cylindrical shell nodes using the perfect interfacial properties
reported in Table 6.2 in order to ensure that the bond between the adjacent layers
of that area was ideal. The thickness of the patch was investigated considering
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the addition of two, four and eight layers of SE84LV carbon prepreg material with
lay-up of [£55°], [£55°]s and [+55°]2s, respectively. The material properties
assigned to the three patch types were the same as for the intact pipe, presented
in Table 5.5 and Table 5.6.

.

Figure 7.4 Square shape fibre cut defective area with patch

The square defective area was updated to a circular shape in order to reduce
stress concentration at corner points. The circular defective area has a diameter
of 8 mm in accordance to the 8x8 mm? square defective area. The circular shape
defective area consists of 192 quadratic elements and 217 nodes for each of the
inner and outer cylindrical shell. The mesh of the pipe around the circular
defective area was restructured. The mesh consists of five rings which achieve
the circular shape of the defective area as illustrated in Figure 7.5. The shape of
the rings gradually takes the shape of squares in order to meet the square mesh

shape of the rest of the cylinder.
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Figure 7.5 Design of circular shape fibre cut defective area

The design and mesh of the patch were also updated in order to be in agreement
with the circular defective area and the refined mesh of its surrounding area. The
design of the patch for the circular shape defects remains a square of 48x48 mm?,
as presented in Figure 7.6. In total the model consists of 5232 elements and 5376

nodes.

x.J

Figure 7.6 Design of four layer patch of circular shape fibre cut defective area

7.2.2.3 Interfacial defects

The cylindrical model of section 7.2.2.1 was utilised for the introduction of areas
with interfacial defects for the development of LBB behaviour. The intact in-plane
properties of Table 5.6 were applied to all shell elements of the two cylindrical
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shells. A square area of 8x8 mm? consisting of four shells with mesh size of 4x4
mm and located in the middle of the two cylindrical shells was selected, as

illustrated in Figure 7.7.

TIED MASTER

Figure 7.7 Delamination defective area

The deteriorated interfacial properties of Table 6.5 were assigned to the interface
of the slave nodes of the four elements belonging to the inner cylindrical shell and
the adjacent master elements of the outer cylindrical shell. The rest of the
interface between the nodes of the inner cylindrical shell and the master elements
of the outer cylindrical shell was defined utilising the real interlaminar properties,

which are summarised in Table 5.5 with contact thickness of 1.2 mm.

7.2.2.4 Fibre cuts and delamination

7.2.2.4.1 Neighbouring fibre cut defects connected through interfacial
defects

The combination of fibre cut and delamination defects as a mechanism to initiate
leakage in the cylindrical model under pressurisation was investigated based on
the model described in section 7.2.2.1. The mesh in the middle of the cylindrical
shells was refined for accuracy of the results leading to a total of 3698 nodes and
3612 elements. A square area of four 4x4 mm? elements was selected from either
side of the middle of each cylindrical shell to accommodate the fibre cut defects.
As llustrated in Figure 7.8, the fibre cut defective elements of the internal
cylindrical shell are represented with red colour and the fibre cut defective

elements of the external cylindrical shell with grey. The dark green coloured area
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corresponds to the intact elements of the inner cylinder and the intact elements
of the external are shown in light green.

) .d

Figure 7.8 Fibre cut defective shells in red and grey colour for the internal and

external cylinder respectively, (a) without and (b) with external cylindrical shell

The weak interface properties of Table 6.5 were assigned to four central elements
of the inner cylindrical shell and their adjacent elements of the external cylinder.
The slave nodes of the weak interface belong to two defective and two intact
shells on each side from the middle of the inner cylindrical shell, whilst the master
segment consists of their adjacent shell elements of the external cylindrical shell
from which two are intact and two defective. This leads to an arrangement of
internal intact shells weakly connected to external defective shells, as well as
internal defective shells weakly connected to external intact shells. The interface
between the rest of the cylindrical shells was assigned the real interface
properties of Table 5.5, with contact thickness of 1.2 mm. A representation of the

weak and real interfaces is illustrated in Figure 7.9.
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Figure 7.9 Representation of (a) weak tied interface between grey/blue inner
and dark red external shells and (b) real interface assigned to the rest of shells

7.2.2.4.2 Consecutive fibre cut defects connected through interfacial
defects

The cylindrical model of section 7.2.2.4.1 was updated in order to examine the
failure behaviour in the case adjacent fibre cut defective shells are connected
through a weak interface. The inner and external fibre cut defective shells located
in the middle of the cylindrical shell were extended to include two more shells 4x4
mm? each. The representation of the fibre cut defective elements is illustrated in
Figure 7.10.
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Figure 7.10 Fibre cut defective shells in blue and red colour for the internal and

external cylinder respectively, (a) without and (b) with external cylindrical shell

The deteriorated interlaminar properties reported in Table 6.5 were assigned to
the four overlapping fibre cut defective shells of Figure 7.10(a), which are located
in the middle of the cylindrical structure. The interface between the rest of the
inner and outer elements of the two cylindrical shells including intact and four
defective elements, two in the inner and two in the outer cylinder was defined
utilising intact interface properties as summarised in Table 5.5 with contact
thickness of 1.2 mm. Overall, the model consisted of 3612 elements and 3698

nodes.

7.3 Simulation results for CVPs incorporating LBB designs

This section is dedicated to the simulation results of the investigated concepts
described in section 7.2.2. The pressure results with respect to fibre cut damage

157



and interfacial defects are identified. The damage evolution, as well as the failure
mechanisms leading to the first leakage and final rupture are presented.

7.3.1 CPV with square defective fibre area

The simulation results from the model with fibre cuts introduced in a square region
of section 7.2.2.1 were extracted and analysed for the evaluation of the LBB
concept. The shell elements of each layer of the two cylindrical shells were
examined in order to identify the instant and value of leak pressure. The results
are summarised in Figure 7.11, which illustrates the level of pressure as a
function of fibre cut damage of the two first leakages/ruptures that appear during

loading.
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Figure 7.11 Level of pressure for CPV with square shape fibre cut defective

area with respect to fibre cut damage

In the 0% fibre cut case, leakage occurs in the centre of the pipe away from the
defective area, whereas in all the other cases damage first starts at the defective
shells. The results illustrated in Figure 7.11 show that for fibre cut damage up to
50% the first and second leakage occur at very close instants or at the same level
of pressure. As the percentage of fibre cut damage increases, the first leakage
occurs in lower pressure values whilst the second leakage shows a plateau of

pressure between fibre cut damage of 50-99% averaging at 274 bar. This is an
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indication that the LBB concept can be achieved for fibre cut damage higher than
50%, with the most successful case at 75 and 87.5%, which lead to complete
separation and adequate delay between the two leak pressures. Similar to the 75
and 87.5% behaviour is observed for fibre cut damage of 99%. However, the first
leakage occurs very early during the loading and at a low pressure value which
IS not appropriate for the operation of a CPV. The simulation results indicate that
for fibre cut damage from 0 to 75% the failure mechanisms are combination of
fibre, matrix and interface damage. For 87.5 and 99% fibre cut damage, the first
failure occurs in the defective location due to fibore damage, whilst the second
failure occurs mostly as a result of shear and interfacial damage. The first leakage
and the damage evolution at the defective area of the pipe with fibre cut damage
of 87.5% are presented in Figure 7.12. The results indicate that fibore damage is
the dominant failure mechanism for the occurrence of the first leakage, whilst
matrix shear, transverse and interfacial damage is present without governing the
failure. Figure 7.13 represents the second leakage results at the intact area
surrounding the defects. Interfacial damage occurs at an early stage, but rupture
occurs mainly due to shear damage, whilst transverse and fibre damage also

develop.
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Figure 7.12 First leakage for CPV with square shape fibre cut defective area
due to (a) fibre damage at 72 bar and (b) damage evolution at the top right
defective shell for the case of square fibre cut defects of 87.5% fibre cut
damage. Colour map represents the fibre damage factor.
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Figure 7.13 Second leakage for CPV with square shape fibre cut defective area
due to (a) matrix shear damage at 282 bar and (b) damage evolution at the top
right intact shell above the defective area for the case of square fibre cut
defects of 87.5% fibre cut damage. Colour map represents the matrix shear
damage factor.

7.3.2 CPV with square defective fibre area and two layer reinforcing
patch

The simulation results of the model with square shape fibre cut defective area
and a two layer patch are reported in this section. The level of pressure as a
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function of the fibre cut damage of the two first leakages are presented in Figure
7.14. The results show that the increase of the fibre cut damage forces the first
leakage to occur at lower pressure values at the defective elements. The second
leakage remains approximately constant for the fibre cut damage cases between
37.5 to 99% creating a pressure plateau of 324 bar. For fibre cut damage lower
than 75%, the first and second failures occur as combination of fibre, matrix and
interface damage. In the cases of 75, 87.5 and 99% the dominant failure
mechanism during the first leakage is fibore damage; however, a combination of

all failure mechanisms acts for the second leakage.

600

500

NN
o
o

N
o
o

Leak pressure (bar)
w
o
o

1st leak
100 2nd leak

0
0.0% 12.5% 25.0% 37.5% 50.0% 62.5% 75.0% 87.5%100.0%

Fibre cut damage

Figure 7.14 Level of pressure for CPV with square shape fibre cut defective

area and two layer patch with respect to fibre cut damage

Figure 7.15 illustrates the fibre failure mechanism taking place at the defective
area during the first leakage for fibre cut damage of 87.5%. The dominant failure
mechanism is fibre damage, whilst matrix shear and transverse damage, as well
as delamination are present. Figure 7.16 illustrates the failure mechanisms
leading to the second leakage in the model with 87.5% fibre cut damage. The
rupture takes place on the intact elements of the pipe and the patch due to
combination of matrix shear, transverse and fibre damage with the first

dominating mostly.

162



1.000e+00

9.3336-01
8.667e-01
8.000e-01
| 7.333¢.01

6.667e-01
6.000e-01
5.333e-01
4.667e-01

0 4o00e01 y
3333001 ff
2667¢-01 |
2,0006-01
1333601

6.667¢-02 |
0.0G0e+00 |

o,

(@)

0.9
0.8
0.7
%0-6 ——Fibre
c 05
S04
03 ——Transverse

——Shear

0.2 Interfacial
0.1

0 100 200 300 400
Pressure (bar)

(b)
Figure 7.15 First leakage for CPV with square shape fibre cut defective area
and two layer patch due to (a) fibre damage at 71.3 bar and (b) damage
evolution at the top right defective shell for the case of square fibre cut defects
of 87.5% fibre cut damage and two layer patch. Colour map represents the

fibre damage factor.
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Figure 7.16 Second leakage CPV with square shape fibre cut defective area
and two layer patch due to (a) shear and (b) fibre damage at 326.7 bar and (c)
damage evolution at the top right intact shell of the patch above the defective

area for the case of square fibre cut defects of 87.5% fibre cut damage and two
layer patch. Colour maps represent the shear and fibre damage factors
respectively.
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The comparison of the results of the cylindrical models without a square shape
reinforcing patch with the models with a two layer patch shows that the addition
of the two layer patch increases the delay between the occurrence of the first and
second leak thus enhancing the development of a valid LBB concept. The
addition of the two layer patch, leads to earlier separation of the first from the
second leak pressure, from 50% to 37.5%. The comparison also shows that the
values of the first leak pressures are slightly decreased for the model with patch
by an average difference of 11 bar; however, the second leakage takes place at
higher pressure values. The increase of the plateau pressure values by adding
the two layer patch is 18%.

7.3.3 CPV with square defective fibre area and four layer reinforcing
patch

Figure 7.17 summarises the results of the level of pressure as a function of fibre
cut damage the instant of appearance of the first two leakages for the case of
square shape fibre cut defective area with a four layer patch. Separation between
the first and second leak pressures takes place for fibre cut damage higher than
25%. A pressure plateau of 382 bar occurs for the second leakages of the fibre
cut damage cases from 37.5 to 99%. The failure mechanisms taking place involve
fibre, matrix damage and delamination, similarly to the two layer patch. Figure
7.18 indicates that the first leakage occurrence is caused due to fibre damage,
however from the plot in Figure 7.18(b), matrix shear and transverse damage as
well as delamination also develop. Figure 7.19 corresponds to the second
leakage which takes place on the intact shells of the pipe adjacent to the defective
area and passes through the patch. Rupture occurs due to combination of the
failure mechanisms of fibre, matrix shear and transverse damage. The
comparison of the results of the two layer patch and of the four layer patch
indicates that the separation of the first from the second leakage occurs slightly
earlier for the four layer patch case. The comparison of the first leakages of both
cases for the respective fibre cut damage indicates that they occur at very similar
pressures with an average difference per data point of 5.9 bar. The second leak
pressure values show that the use of the four layer patch enhances the

development of the LBB behaviour as the second leak pressures increase by

165



18%. Comparing the four layer patch to the model with no patch, the second leak
pressure values increase by 39% improving the development of the LBB

behaviour.
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Figure 7.17 Level of pressure of CPV with square shape fibre cut defective area
with four layer patch with respect to fibre cut damage
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Figure 7.18 First leakage for CPV with square shape fibre cut defective area

with four layer patch due to (a) fibre damage at 76 bar and (b) damage

evolution at bottom left defective shell for the case of fibre cut defects of

87.5% fibre cut damage and four layer patch. Colour map represents the fibre

damage factor.
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Figure 7.19 Second leakage for CPV with square shape fibre cut defective area
with four layer patch due to (a) shear and (b) fibre damage at 382.7 bar and (c)
damage evolution at the top right intact shell above the defective area for the
case of fibre cut defects of 87.5% fibre cut damage and four layer patch.
Colour maps represent the matrix shear and fibre damage factors respectively.
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7.3.4 CPV with square defective fibre area and eight layer reinforcing
patch
The simulation results for the square shape fibre cut defective area with an eight
layer patch are illustrated in Figure 7.20, which presents the level of pressure as
a function of fibre cut damage of the two first leak occurrences. The results
indicate similarities with the results of the four layer patch with respect to the
separation of the first from the second leak pressure and the types of failure
mechanisms leading to their occurrence as illustrated in Figure 7.21 and Figure
7.22. However, the second leakage occurs at the intact pipe area, which is not
covered by patch primarily due to combination of fibre, matrix shear and
transverse damage. The patch area undergoes rupture immediately after. As
indicated in Figure 7.22(c), matrix shear damage starts occurring at 378 bar, but
leakage does not initiate until a pressure of 408.7 bar at which damage threshold
of more than 50% is evident on all the plies of both shells through the thickness.
Comparison of the first leak pressure results between four and eight layer patch
shows an average difference of 11.3 bar. For these cases, a small pressure
plateau is evident for low fibre cut damage as shown in Figure 7.17 and Figure
7.20. This is explained by the addition of the patch of more layers, which balances
the effect of the defects thus providing a level of robustness to the structure.
Comparison of the plateau of second leak pressures for the eight layer patch
against two and four layer patch indicated an increase by 26 and 6% respectively.
Comparing the results between the eight layer patch and no patch, the LBB

behaviour is enhanced by 48%.
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Figure 7.20 Level of pressure for CPV with square shape fibre cut defective
area with eight layer patch with respect to fibre cut damage
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Figure 7.21 First leakage for CPV with square shape fibre cut defective area
with eight layer patch due to (a) fibre damage at 83.3 bar and (b) damage
evolution at the top left defective shell for the case of fibre cut defects of 87.5%
fibre cut damage and eight layer patch. Colour map represents the fibre
damage factor.

170



3501e-01
2.925e-01

N 2useor
1772001
1195001 (N
6.1§56-02 ‘

(@)

10008400
9333001
8.6670-01
8.0006-01
7333001
66676-01
6.0006-01
5333e-01
46676.01
4.000e-01
333301
2667001
2.000e-01
1333001
6.6676-02
0.090e+00

1 ——Fibre [
0.8 ——Shear
Transverse
j%.jpﬁ Interfacial
0.4
Q
0.2
0
0 100 200 300 400 500
(c) Pressure (bar)

Figure 7.22 Second leakage for CPV with square shape fibre cut defective area
with eight layer patch due to (a) shear and (b) fibre damage at 408.7 bar and (c)
damage evolution at the top left intact shell in the middle of the pipe that is not
covered by patch for the case of fibre cut defects of 87.5% fibre cut damage
and eight layer patch. Colour maps represent the matrix shear and fibre

damage factors respectively.
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7.3.5 Influence of reinforcing patch thickness in the response of
CPVs with square defective fibre area

The investigation of the addition of patch at the area surrounding the defects
indicates that LBB behaviour is enhanced in comparison to no use of patch. As
the patch thickness increases the first leak pressures remain approximately the
same for the respective fibre cut damage cases, whilst the plateau of the second
leak pressures increase, as illustrated in Figure 7.23. This provides an increased
delay with respect to the first leakage causing an LBB response. The patches of
four and eight layer thickness show satisfactory performance. The pressure
response as a function the fibre cut damage are close in these two cases
providing an increase of 6% with doubling the layers of patch for four to eight.
Due to the similarity of the pressure response between these two suitable types
of patch for the development of the LBB concept, the four layer thickness patch
case, which provides an overall enhancement of 39% compared to no use of

patch, was selected for further investigation.
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Figure 7.23 Level of second leak pressures with respect to fibre cut damage for

CPSs with square shape fibre cut defective area with two, four and eight layer

patch
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7.3.6 CPV with circular defective fibre area and four layer reinforcing
patch
The simulation results of the cylindrical model with circular shape defective area
and four layer patch described in section 7.2.2.2 are reported in Figure 7.24.
Separation between the first and second leakage occurs for fibre cut damage
greater than 12.5%. The second leak pressures indicate a pressure plateau
between 12.5 to 99% fibre cut damage at an average of 353.3 bar. As illustrated
in Figure 7.25, in the case of fibre cut damage of 87.5%, the failure mechanisms
leading to first failure is a combination of fibre, matrix shear and transverse as
well as interfacial damage. The defective area of the external shell is isolated and
the shell elements of a certain layer within the eight layer thickness undergoing
fibre, shear and transverse rupture are presented. In the case of the second leak
for fibre cut damage of 87.5%, which is depicted in Figure 7.26, the failure
mechanisms acting upon the rupture of the system are interfacial, matrix shear
and transverse damage. As indicated from the damage evolution of a shell
located at the patch of Figure 7.26(c), damage occurs at 307.3 bar. However,
leakage does not take place until a damage threshold of more than 50% is

achieved through all the layers of all the shells through the thickness.

600 1st leak-Circular patch of four layers

5500 2nd leak-Circular patch of four layers
o]

5400
5
“ 300
@
29500
4
®
Y100

0
0.0% 12.5% 25.0% 37.5% 50.0% 62.5% 75.0% 87.5% 100.0%

Fibre cut damage

Figure 7.24 Level of pressure for CPV with circular shaped fibre cut defective

area with four layer patch with respect to fibre cut damage
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Figure 7.25 First leakage of CPV with circular shaped fibre cut defective area

with four layer patch due to (a) fibre, (b) shear, (c) transverse damage at 62 bar

and (d) damage evolution at a defective shell at the bottom right side of the

defective area for the case of circular fibre cut defects of 87.5% fibre cut

damage and four layer patch. Colour maps represent the fibre, shear and

transverse damage factors respectively.
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Figure 7.26 Second leakage CPV with circular shaped fibre cut defective area
with four layer patch due to (a) shear, (b) transverse damage at 335.3 bar and
(c) damage evolution at an intact shell of the patch above the defective area for
the case of circular fibre cut defects of 87.5% fibre cut damage and four layer
patch. Colour maps represent the matrix shear and transverse damage factors
respectively.
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7.3.7 Influence of defective fibre area shape in the response of CPVs

A comparison of the results between circular and square shape fibre cut defective
area with a four layer patch is illustrated in Figure 7.27. Separation of the first and
second leak pressures occurs sooner for the circular shape. The first leak
pressure for the respective fibre cut damage is lower for the circular shape
defective case indicating an average difference of about 60 bar. This can be
attributed to the increased accuracy of the results of the circular shape defective
area due to the very fine mesh compared to the respective of the square shape
defective area. In the case of the occurrence of the second leakage, the
difference of the pressure plateau is 8%. The pressure for both cases stabilises
and is in good agreement for fibre cut damage higher than 25%; in particular for
the damage level at which the first and second leakages separate. This indicates
that the second leak is relatively independent of the shape of the defective area
as the fibre cut damage increases. The differences introduced due to different
shape of defective areas and their effect to the occurrence of the first and second

leakage is small for the fibre cut damage cases of 62.5 to 99%.
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Figure 7.27 Comparison of first and second leak incidents for CPVs with

square and circular defective area and a four layer patch.
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7.3.8 CPV with delamination defects

The results of the cylindrical model of section 7.2.2.3 with embedded interfacial
defects are summarised in Table 7.2. The results indicate that no separation
takes place between the first and the second leak pressure. Based on the results
presented in Figure 7.28, the weak tied interface undergoes failure at an early
stage. Figure 7.28(b) indicates that the edges of the pipe are under high damage,
which occurs earlier compared to the rupture due to the embedded delamination
defect. If this is not taken into account and the focus is set on the way the
interfacial defect acts upon internal pressurisation, shell element rupture that
leads to the first leakage is developed as combination of interlaminar and matrix
shear damage, whilst fibre and transverse damage follow immediately after. The
second leak incident is presented in Figure 7.29 and occurs under the
development of the same mechanisms leading to the first leakage. The colour
maps indicate the individual damage factors of the failure mechanisms that
ultimately lead to rupture.

Table 7.2 Simulation results for 15t and 2" leakage of CPV with delamination

defective area

15t leakage 2"d [eakage

Leak Pressure (bar) | Leak Pressure (bar)
524.7 525.4
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Figure 7.28 First leakage for CPV with delamination defects due to (a)
interlaminar damage at 2.7 bar at the weak tied interfaces, (b) shear damage at
524.7 bar and (c) damage evolution at the top right defective shell. Colour
maps represent the interlaminar and matrix shear damage factors respectively.
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Figure 7.29 Second leak for CPV with delamination defects due to (a) shear
damage at 525.4 bar and (b) damage evolution at the bottom right shell with
real tied properties underneath the location with delamination defects. Colour
map represents the matrix shear damage factor.

7.3.9 CPV with delamination and fibre cut defects

The simulation results for neighbouring fibre cut defects connected through
interfacial defects, which is described in section 7.2.2.4.1 are presented in Table
7.3. For fibre cut damage of 50% the first leakage occurs at the area of the fibre

cuts where weak interface exists. The second leakage takes place immediately
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after at the fibre cut elements tied with the real interface properties to intact shells.
For fibre cut damage of 62.5% and 99% the first leakage occurs at the weak
interface between intact internal shells and outer defective shells, whilst the
second leakage involves internal defective shells weakly tied to outer intact
shells. This can be explained by the fact that as the pressure increases the outer
cylindrical shell experiences higher degree of tension and failure occurs earlier
compared to the layup arrangement with defective shells in the inner cylindrical
shell. The failure mechanisms acting during the first and second leakages for all
fibre cut damages are a combination of fibre, matrix shear and transverse
damage as well as delamination. Figure 7.30 and Figure 7.31 illustrate the first
leak pressure for the 99% fibre cut damage case. In the fourth layer failure occurs
due to fibre damage as illustrated in Figure 7.30, whilst the fifth layer fails due to
development of matrix shear and transverse damage, as shown in Figure 7.31.
The behaviour is similar for the second leakage, which also occurs as a
combination of failure mechanisms. Overall, the separation between the first and
the second leak pressures is insignificant as the difference between the first and
second leak pressures is minimal. This indicates that LBB behaviour cannot be

achieved utilising this design of defect pattern.

Table 7.3 Simulation results for 15t and 2"? leakage of CPV with delamination and

fibre cut defects

15t leakage 2"d |eakage
Fibre cut damage | | eak Pressure (bar)| Leak Pressure
(bar)
50% 277 278
62.5% 217 223
99% 218 223

180



1.000e+00
9.333e-01
8.667e-01
8.000e-01
7.333e-01
6.667e-01
6.000e-01
5.333e-01
4.667e-01
4.000e-01
3.333e-01
2667e-01
2.000e-01
1.333e-01
6.667e-02
0.0@0e+00

@) <—I

PR ] —

| !

0.9
0.8
0.7
%0.6 Fibre
§ 82 Shear
0.3
0.2 Interfacial

0.1

Transverse

0 50 100 150 200 250
Pressure (bar)

(b)

Figure 7.30 First leakage for CPV with delamination and fibre cut defects due
to (a) fibre damage at 218 bar and (b) damage evolution at intact shell located
at the inner pipe shell tied to an external defective for the case of square fibre
cut defects of 99% fibre cut damage. Colour map represents the fibre damage

factor.
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Figure 7.31 First leakage for CPV with delamination and fibre cut defects due
to (a) matrix shear at 223 bar and (b) damage evolution at an intact shell
located at the outer pipe shell tied to an internal defective for the case of

square fibre cut defects of 99% fibre cut damage. Colour map represents the

matrix shear damage factor.

7.3.10 CPV with delamination and consecutive fibre cut defects

The simulation results of the CPV with consecutive fibre cut defects tied utilising
interfacial defects, which is described in section 7.2.2.4.2, are presented in Table
7.4. The results indicate distinctive separation between the first and second leak
pressures being evident only for fibre cut damage of 99%. In all cases of fibre cut
damage the first leakage is initiated at the defective areas where fibre cut shells

of the internal and external cylindrical shells were tied weakly. For the cases of
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50 and 62.5% fibre cut damage the second leakage occurs at locations with fibre
cuts tied with real interface properties to intact shells of both internal and external
cylindrical shells. The second leakage for fibre cut damage of 99% initiates from
intact shells of the inner cylindrical shell tied using real interface properties to
defective shells of the outer cylindrical shell. The occurrence of the two failures
was accompanied by all failure mechanisms. The exception was the first leakage
for the 99% fibre cut damage case in which fibre damage and delamination were
the most dominant failure mechanisms, as illustrated in Figure 7.32. Figure 7.33
and Figure 7.34 show that the second leak failure occurs as a combination of all
failure mechanisms acting all in one or on consecutive layers. In this investigation
the LBB behaviour is achievable only for fibre cut damage of 99% even though

the delay between the first and second leak pressures is not adequate.

Table 7.4 Simulation results for 15t and 2"? leakage of CPV with delamination and
consecutive fibre cut defects

15t leakage 2"d leakage

Fibre cut damage
Leak Pressure (bar) | Leak Pressure (bar)

50% 277.3 278
62.5% 197.3 199.3
99% 6 150.7
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Figure 7.32 First leakage for CPV with delamination and consecutive fibre cut
defects due to (a) fibre damage at 6 bar and (b) damage evolution at external
defective shell tied weakly to internal defective shell. Colour map represents

the fibre damage factor.
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Figure 7.33 Second leakage for CPV with delamination and consecutive fibre
cut defects due to (a) fibre damage 150.7 bar and (b) damage evolution at
second layer of inner intact shell tied weakly to outer defective shell for
consecutive fibre cut and delamination defect. Colour map represents the fibre

damage factor.
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Figure 7.34 Second leakage for CPV with delamination and consecutive fibre
cut defects due to (a) shear and (b) transverse damage at 150.7 bar and (b)
damage evolution at third layer of inner intact shell tied weakly to outer
defective shell for consecutive fibre cut and delamination defect. Colour maps

represent the matrix shear and transverse damage factors respectively.
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7.3.11 Design pattern for LBB development

The success of the LBB concept is based on the adequate delay that provides
significant separation of the occurrence of the first compared to the second
leakage incident. The fibre cut types of defects indicate that the LBB behaviour
can be achieved for relatively high fibre cut damage providing separation between
the first and second leak incidents. An investigation was carried out on an
additional design feature, the patch, aiming to increase further the pressure
difference of the first two leak occurrences. The selection of the best design of
the patch was based on an examination of its thickness. The results indicated
that the addition of four and eight layer patch provides effective performance for
the development of the LBB concept. Due to only a slight increase of performance
of the eight compared to the four layer patch, the focus was set onto the latter.
Further optimisation was carried out through the reduction of the stress
concentration points of the square defective shape through its alteration into a
circular region. In this case, optimal performance is achieved for the fibre cut
damage range of 75%-99% in terms of delay between the occurrence of the first
and second leak incidents. Ultimately, the case of 87.5% fibre cut damage in a
circular defective area was selected for the validation and proof of the concept as
it provides the highest possible delay. Even though this fibre cut damage case
does not fully deteriorate the primary function of the pressure vessel for the fluid
storage under internal pressurisation, its application to real CPV cases leads to
relatively low pressures at which the first leakage occurs. Interfacial defects, as
well as the combination of the two types of defects under study, did not lead to

scenarios more successful than the four layer patch for circular defective areas.
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8 Assessment and validation of LBB concept

This chapter is dedicated to the assessment of the LBB concept performed
through hydrostatic burst test of an intact tubular vessel as control test and a
vessel manufactured utilising a pattern with defects as proposed in Chapter 7.
The initiation of damage that led to leakage was identified on tubular vessels
without and with introduced defects and is correlated to the damage initiation
suggested by the respective models. The validation of the LBB concept is carried
out through comparison of the experimental to the simulation damage and

pressure results for tubular vessels.

8.1 Manufacturing of composite tubular vessel with effective
defect pattern

A composite tubular vessel utilising the preferred defect design pattern, as
described in Chapter 7, was manufactured for the validation of the LBB concept.
This involves a circular defective fibre area with 87.5% fibre cut damage and a
four layer reinforcing patch around the defective area. The defects were drafted
on laminated paper that was used as indicator for the accurate positioning of fibre
cuts. Two different patterns were drawn to account for the different fibre
orientation of each layer. The 8 mm circular defective area was divided into
chords perpendicular to the fibre orientation at a lateral distance of 1 mm. The
chords were used for the positioning of the fibre cuts which correspond to 87.5%
of the cross section of the length. The fibre cut lines at each cross section were
placed at horizontal intervals of non-defective lines to the nearest of 0.5 mm
distance. The circular fibre cut designs for a £55° layup are presented in Figure
8.1.
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Figure 8.1 Design of circular fibre cut defective area for +55° layup

The manufacturing process of the defective pipe was based on the respective
manufacturing process of the intact pipe that was presented in section 4.2.2. The
layup comprised 8 layers at [£55°]2s stacking sequence. A laser setup was utilised
to indicate the centre of the composite structure for the accurate positioning of
the defects. The laser setup which is presented in Figure 8.2 consisted of a video

camera with laser pointer and a metallic base.

Figure 8.2 Laser setup consisting of camera with laser pointer and a metallic

base
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Each layer was wound around the PTFE Virgin-FE1000 Rod up to approximately
the middle of the structure where the illuminated dot was. A small thin metallic
sheet was utilised underneath the location of the layer where the defects were
implemented in order to avoid the creation of slits on the mandrel or other layers
of the stack. Utilising the laser setup as guidance, the centre of the laminated
paper, where the defects of the corresponding to the fibre orientation design are,
was positioned at the illuminated location as illustrated in Figure 8.3. A scalpel
was used in order to introduce the defects cutting on the lines of the laminated
paper which represent the fibre cut damage of 87.5%. Subsequently, the thin
metallic sheet was removed and the remaining part of the layer was wound
around the mandrel. All layers of the layup sequence were wound in the same
way using the design on the laminated paper that corresponded to the respective
fibre orientation. The patch that was attached around the defective area consisted
of four layers 45x45 mm? at [+55°]s stacking sequence and a circular hollow

middle at a diameter of 8 mm.

(b)

Figure 8.3 Manufacturing process of composite pipe: (a) introduction of

defects and (b) attachment of patch.
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The composite structure was then wrapped with two layers of Shrink Tite tape
before its curing. The curing process of the pipe, as well as its preparation for
testing and the attachment of the end caps was the same as the procedure
described in section 4.2.2. The strain gauging took place using seven 3 mm
rectangular rosette gauges supplied by Techni Measure Ltd. The locations of the
strain gauges were one on the top of the defective area, one on the top left side
of the patch, two strain gauges, each one positioned in the middle of the distance
between the centre of the pipe/defective area and the two end cap edges,
longitudinally aligned and three at the periphery of the pipe at 90° angular
intervals from the strain gauge located in the middle of the pipe. The strain
gauges of each rosette were numbered as illustrated in Figure 8.4 in order to
facilitate the correlation of the extracted strain data to the exact locations and

angles.

| 150 mm

End cap
75 mm 7

/
¥

‘ 14 15

Figure 8.4 Strain gauge locations for pipe with fibre cut defects and a four
layer patch

8.2 Damage assessment on control tubular vessel

One intact pipe with [£55°]2s stacking sequence was tested under internal
pressurisation as described in section 4.3.4. The testing of the intact pipe was
utilised for the verification of the model and as the control for the assessment of
the LBB development on a pipe with deliberately introduced defects. The
experimental results presented in Figure 8.5 show the pump inlet pressure during
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the experiment. The initial part of the curve, up to about 5 min, corresponds to
filling. After this phase the pressure increases rapidly at a rate of about 67 bar/min
after approximately 5.3 min of loading. At a pressure of 135 bar leakage occurs
at the centre of the pipe which leads to drop of pressure in the vessel. The test
was continued for the identification of the burst pressure of the pipe by increasing
the flow rate in order to overcome the loss due to the leakage. Ultimate failure
occurred at 137 bar due to slippage of one of the two end caps as a result of

adhesive bond failure.
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Figure 8.5 Pressure versus time results for intact pipe test

Figure 8.6 illustrates the measured strains as a function of internal pressure for
the linear part of the curve presented in Figure 8.5. The locations of the strain
gauges are presented in Figure 4.15. The results of Figure 8.6(a) for the hoop
strains indicate that the strain gauge located at the centre of the pipe close to the
location where the leakage occurs (strain gauge 2) has a different response
compared to strain gauges positioned antidiametrically (strain gauge 4) or away
from the area of leakage (strain gauge 8). The almost identical behaviour of the
strain gauges located antidiametrically and away from the leakage area indicates
that uniform stresses and strains were applied at the free pipe area. The presence
of a potential manufacturing flaw or the gradual development of certain failure
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mechanisms in the middle of the pipe close to the central strain gauge led to the
occurrence of leakage, which is explained by the irregular strain response of the
gauge compared to the rest of them. Figure 8.6(b) indicates that the axial strains
with respect to pressure show similar responses at the three different locations,
as per Figure 4.15, at which the strain gauges were attached. This is explained

by the uniform loading state at the free pipe length similarly to the hoop case.
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Figure 8.6 Plots of (a) hoop (S.g. 2, 4, 8) and (b) axial (S.g. 1, 5, 7) strains

versus pressure results for intact pipe
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Figure 8.7 Detrended plots of (a) hoop (S.g. 2, 4, 8) and (b) axial (S.9. 1,5, 7)

strains versus pressure results for intact pipe

The strain versus pressure curves were detrended so that elastic effects do not
dominate the results, whilst non-linearity due to damage and failure can be
identified more easily. Figure 8.7 illustrates these results. Figure 8.7(a) shows
damage initiation in the hoop strain close to the leak (strain gauge 2) at a pressure
of 80 bar. The strain gauge diametrically opposite to the leak (strain gauge 4) did
not indicate any damage. The results acquired from the strain gauge (strain
gauge 8) located between the centre of the pipe and the edge of the free end,
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longitudinally aligned to strain gauge close to the leakage (strain gauge 2)
demonstrate the occurrence of damage at 126.5 bar. Figure 8.7(b), indicates
damage shown in axial strain close to the leak (strain gauge 1) at approximately
130.3 bar. The strain gauge antidiametrically located to the leak (strain gauge 5)
did not demonstrate damage initiation, whilst the gauge located between the
centre of the pipe and the edge of the free end (strain gauge 8) indicates damage
at 126.5 bar.

The pressurisation rate of the control pipe was extracted and utilised as input to
the intact pipe model described in section 7.2.1. The pressurised pipe indicated
failure at 564.6 bar. Analysis of the damage evolution during loading show that
the dominant failure mechanisms leading to failure are matrix shear damage and
delamination. Figure 8.8(a) illustrates the cylindrical model at the moment
damage develops in the middle of the structure. The focus is on the examination
of the failure pressure developing in the middle of the pipe as damage in the
edges is governed by constraints in the model rather than real physical effects.
Figure 8.8(b) shows the damage development at a layer in the middle of the pipe.
As the pressure increases, additional damage takes place due to matrix shear,
transverse and fibre damage as well as delamination as illustrated in Figure 8.9.
The value of damage associated to the leakage of the experimental control pipe
is approximately 6%, which is significantly low compared to the damage threshold
of 50% utilised as indication of failure. The low damage factor signifies that other

potential failure mechanisms drive the rupture due to manufacturing flaws.
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Figure 8.8 Composite cylindrical model (a) failure response under internal
pressurisation at 564.6 bar and (b) damage development at shell in the
middle of the pipe. Colour map represents the matrix shear damage

factors.
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8.3 Validation of LBB concept

The evolution of pressure over time in the test of the pipe described in section
8.1 is illustrated in Figure 8.10. Similarly to the intact pipe, the pressure was
increased slowly until the entire volume of the pipe was filled with water. The
pressure increased linearly at a rate of about 72 bar/min after 4.4 min of loading
until the occurrence of leakage at approximately 150 bar. Based on the video the
leakage did not occur at the defective area but from a point of the pipe close to
the end cap. At the beginning of the leakage, the flow rate increased as indicated
by the plateau of pressure until the ultimate functional damage of the pipe at

approximately 178 bar due to excessive leakage.

200
180
160

B
N b
o O

100
80
60
40
20

Pressure [bar]

0 1 2 3 4 5 6 7 8 9
Time [min]

Figure 8.10 Pressure versus time results for defective pipe test

The hoop and axial strains as a function of pressure for the different strain
gauges, located as illustrated in Figure 8.4, are depicted in Figure 8.11. The data
correspond to the linear segment of the pressure versus time curve between 4.8
and 5.5 min of the loading, as only within this range non-linearities were
observed. The strain gauges show almost identical responses apart from the
strain gauge at the location of defects and of the patch which include certain

irregularities. The strain gauge results from the defective area indicate slightly
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higher strain response compared to the rest of the locations. The difference in
strain response of the strain gauge located on the patch is due to the locally
increased pipe thickness to 12 mm. The results of Figure 8.11(b) indicate that all
strain gauges in the axial direction have similar response. A slightly different
response is observed for the strain gauge of the patch due to the higher thickness
location compared to the other locations. A non-linearity is also observed at 94
bar, which indicates damage occurrence, potentially attributed to manufacturing

errors such as offset of the defect pattern through the thickness or inclusions.
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(S.g. 20 hoop, S.g. 19 axial)

The hoop and strain curves were detrended in order to uncover potential non-
linearity. The results for the area with defects and of the patch are shown in Figure
8.12. The results indicate that damage initiation occurs in the area with defects
at approximately 90 bar, whilst damage development lasts up to about 105 bar.

Damage at the patch is manifested at about 97 bar.
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The model described in section 7.3.6 with fibre cut damage of 87.5% was updated
utilising the experimental loading history of the LBB pipe. The simulation results
indicate that initiation of damage exceeding the threshold of 50% occurred at a
pressure of 93 bar. This is in very close agreement with the experimental
observations as they differ by 2%. Figure 8.13 illustrates the failure mechanisms
leading to the first failure, as well as the damage evolution in the defect area. The
first leakage occurs as a combination of fibre, matrix shear and transverse
deformation as well as delamination with the first being the most dominant
through the thickness in all layers of the two shells. The second leakage for
damage threshold of 50% takes place at pressure of 385 bar, caused by
combination of matrix shear, transverse damage and delamination. As illustrated
in Figure 8.14 matrix shear damage starts occurring at 273.3 bar. However, it is
not until 385 bar that the threshold damage of all layers of the two shells through
the thickness reaches the value of 50% in order leakage to occur.

Correlating simulation and experimental results leads to the conclusion that the
leakage generation from points different to the area with introduced defects might
be the result of manufacturing flaws that led to relief of pressure from these
locations. However, due to the fact that the leakage was expected to take place
at 93 bar from the defective area, whilst this took place at 153 bar even though
from a different location, indicates that the damage threshold of 50% does not
necessarily correspond to leakage. The investigation on the damage occurrence
with respect to pressure at the defective area between the simulation and
experimental results leads to the assumption that the damage threshold
corresponding to leakage should be equal or higher to the damage threshold of
the defective location the moment leakage occurred on the tubular vessel from
the point next to the end caps. The damage threshold at the defective area the
instant leakage occurred on the tubular vessel during hydrostatic burst was
calculated at 90%. Therefore, leakage can be assumed to occur for damage over
90%.
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A 25x25 mm? piece of pipe from the defective area was cut and examined through
XCT to identify the failure mechanisms developing around the fibre cut defects.
Figure 8.15 illustrates the results of the XCT focused on a fibre cut defect in order
to verify the development of critical failure mechanisms around the defects under
internal pressurisation. The 3D image of the extracted pipe piece is illustrated in
Figure 8.15(a) in the centre of which the defective area can be observed. The red
point/cross refers to the same characteristic of the structure in different views as
presented in Figure 8.15(b)-(d). Figure 8.15(b) represents the defective area
through the thickness at a depth of 2.48 mm from the curved surface of the piece.
The total thickness of the pipe piece based on the reconstructed XCT images
was 3.42 mm. The fibre cut defects are demonstrated as intralaminar defects and
in some cases coalesce with defects of the same or neighbouring layers through
the interface forming interlaminar cracks. Even though high resolution is not
achieved through the XCT images, fibore damage and delamination areas
associated with matrix damage can be observed, which is in agreement with the
simulation results for the occurrence of the first leakage due to combination of
these failure mechanisms. This indicates that the XCT image probably
corresponds to an early stage of the development of the first leakage, where the
damage mechanisms leading to its occurrence are at their commencement.
Resin rich areas can also be observed around the slits. The resin flow taking
place fills these locations leading to the creation of resin rich areas [163].
Similarly, the area directly above the defects is filled with resin as illustrated in
Figure 8.15(c)-(d). This is the result of the difference in thickness due to the
attachment of the four layer patch to the surrounding area of the defects. In this
large resin rich area, air pockets and foreign material inclusions are evident. The
matrix cracks created at that location are the result of the lower strength of the

matrix compared to the composite material.
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Figure 8.15 XCT of piece of pipe with fibre cut defects
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9 Discussion

This chapter presents an overall discussion covering the main aspects of the
work, including constitutive material model properties, as well as the overall
development of the LBB concept comprising the simulation methodology and

studies, experimental investigation and validation.

9.1 Constitutive model material properties

Damage material model properties were initially calculated through the
conventional methodology utilising analytical model equations based on the
experimental results. However, inaccuracies may be introduced due to human
error in the selection of stress and strain values/ranges for the identification of
the material properties. In this work, this was tackled through the fitting of
analytical solutions to the experimental response utilising the error minimisation
function of the sum of squared error. The analysis took place through the GRG
nonlinear Microsoft Excel Solver making use of the Visual Basic for Applications
(VBA) programming language. The GRG nonlinear solver is based on inverse
analysis and its solution is very often highly dependent on local optimum values
of initial conditions instead of a global optimum response. Therefore, vectors
defined using the GRG solver might not represent a global optimum and hence
global optimisation methods might need to be followed [326, 327].

9.2 Simulation of LBB

An investigation for defect introduction was carried out on CPVs for the
development of LBB. This was carried out through the introduction of fibre cut
defects and interlaminar weak areas, which control the initiation and propagation
of damage in the structure, for the development of a safe-fail structure that can
withstand damage and be progressively led to its failure [163, 188]. The
methodology was initially developed and applied on flat specimens. The fibre cut
methodology was validated through experimental and simulation investigation.
The methodology for interlaminar weak bond areas was not validated due to
deviation of simulation to experimental results. This is attributed to the absence

of factors coupling the damage modes and in particular the delamination to matrix
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shear and transverse damage. This can be resolved through the use of damage
models that take into account the interaction between various damage
mechanisms [256, 328, 329].

The developed defect introduction methodologies were investigated through
simulation of CPVs consisting of two shells through the thickness and tied utilising
information from out-of-plane tests. Further investigation can be carried out on
defect introduction on each layer; however, deviation is expected to occur due to
the introduction of the interface. Improvement of this is feasible by experimental
investigation of similarly oriented plies as well as similarly angled plies with
opposite signs in order to acquire out-of-plane results for both types of interface.
Fibre cut defects embedded in two shells through the thickness showed that LBB
can be achieved for high fibre cut damage, whilst the incorporation of interlaminar
weak bond regions in combination with fibre cut defects showed LBB behaviour
only for the highest fibre cut damage. This suggests that even though the LBB
can be established, for real CPV applications leakage will occur in relatively small
pressure values. In this research work, the introduction of defects was focused
on one particular size in the case of square and circular defective areas. The
investigation of a wider range of geometries of defects can lead to optimisation
of the interaction between the size of the defective area and the pipe [149, 150].
The addition of a patch around the defective areas reinforced the surrounding
intact material and enhanced gradual propagation of damage until the ultimate
failure [144]. The present work focused on one size of patch. Examination of a
range of sizes for the patch can lead to selection of an optimum so that damage
does not occur around it on uncovered locations of the pipe.

An assumption of 50% damage threshold through the thickness for all layers of
both shells was utilised to account for the occurrence of damage which leads to
leakage. Alternative approaches can be utilised for the investigation of the fluid
flow through the defective wall, providing information on the quantification of
leakage. These approaches can include the utilisation of porous media to
represent the defective areas in composite tubes or channels, which depending
on their geometry [330], can lead to capillary flow or flow through porous media
governed by Darcy’s law [331].
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9.3 Experimental investigation of LBB

The manufacturing of composite pipes utilising hand lay-up of tow-preg sheets
from prepreg rolls led to good quality composite pipes as examined through C-
scan. However, during testing leakage occurred at a pressure which is associated
to 6% damage based on the simulation results; a value significantly lower than
the damage threshold of 50% used for the indication of leakage initiation.
Therefore, it was concluded that defects induced during the manufacturing
process caused the leakage on the pipe. Manufacturing errors included due to
human error can be tackled through the use of automated filament winding
equipment. The incorporation of the defective locations was performed in precise
locations ensuring the exact fibre cut damage intended to be used. The use of
scalpel provides good accuracy, however, the use of laser [161] and other
automated equipment can eliminate the introduction of inclusions and human
error with respect to the location of the defects and the cut damage applied. The
attachment of end caps on the composite pipe, resembling the performance of a
CPV [42, 44], was performed utilising adhesives providing high lap shear
properties whilst ensuring even distribution and prevention of the creation of air
channels through slow insertion of the caps.

Burst tests on an intact and a pipe with defects were carried out utilising a
hydrostatic test rig. The occupation of the entire volume of the vessel with water
led to the rapid increase of the pressure due to the small capacity of the vessel
incommoding control of the fluid flow during the test due to the manual operation
of the pressurisation system. Control of the fluid flow can be provided through
hydraulic test rigs. The grip of the pressurised pipe ensured hoop and axial
stresses to occur in a ratio of 2 to 1, respectively to resemble the function of
CPVs. The identification of the exact location of the leak was carried out through
bright coloured dye and video recording for safety reasons. However, the view of
the camera was not able to record leak incidents at the lower part of the pipe.
Therefore, the positioning of recording cameras should be such that the entire

pipe is in view.
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9.4 LBB concept validation

The LBB concept was validated on a composite pipe with fibre cut defects at
damage of 87.5%. The comparison of the results from the experimental and
simulation investigation for the indication of damage were in agreement and
differed by 2%. The failure of leakage generation from the defective location is
attributed to manufacturing defects at locations were leakage occurred leading to
pressurisation relief, as well as to an early stage damage development
associated with the 50% damage threshold at the locations were artificial defects
were introduced. Having demonstrated that the prediction of the damage
development on pipes around artificial defects is achievable, additional
investigations for the identification of the damage threshold associated with the
occurrence of leakage are required. An early conclusion is that this threshold
corresponds to damage of more than 90%. Non-destructive evaluations such as
C-scan and XCT were used for the validation and correlation of the damage
mechanisms leading to failure. The use of C-scan before and after the
pressurisation test did not show differences in the structure, which is the result of
damage mechanisms being at their inception or due to the fact that matrix
cracking and delamination close with the unloading of the structure. Illustration of
structural damage can be possible for high damage values at stages where failure
mechanisms have developed and propagated. The use of XCT provided details
of the structure with regard to the failure mechanisms of fibre and matrix damage
as well as delamination developing around the defects and of their interaction
within the same or adjacent plies. XCT equipment usually corresponds to small
dimension specimens in order to achieve high resolution images. Therefore, a
trade-off relation exists between high resolution and area under study involving
the risk that certain failure mechanisms might not be captured or might be
interrupted, whilst in certain cases defects might be introduced by the cutting

method.
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10 Conclusions and suggestions for further
investigation

10.1 Conclusions

The main conclusions of this research work are as follows:

1. The developed constitutive model based on the Ladevéze continuum
damage model has been verified successfully through comparison of
experimental and modelling results indicating a maximum error of 11.2
MPa for static tests and 5.3 MPa for cyclic tests.

2. The established methodology for the introduction of fibre cut
discontinuities on [0°]16 tensile specimens for the control of their failure
was validated successfully at 20% fibre cut damage.

3. The incorporation of cut defects in the form of a concentrated square or
circular area leads to the development of LBB behaviour, in which a first
leakage occurs followed by a catastrophic failure. The increase of the fibre
cut damage percentage as well as the incorporation of a patch leads to
increased ability to discern between the first and ultimate failure pressure.
The use of a two, four and eight layer patch around square fibre cut
defective area leads to an increase of the second leak pressure plateau
by about 20, 40 and 50%, respectively, compared to the case of defects
without the patch. A circular compared to square fibre cut defective area
leads to earlier separation between the initial and ultimate failure
incidents. Pipe models with interlaminar weak bond areas and
combination of those with fibre cut defective areas do not display
substantial separation between the leak and damage failure occurrences.

4. The LBB behaviour did not occur from the area of the introduced weak
points due to defects associated with the non-automated manufacturing
process. However, the prediction of the LBB in terms of the initiation of
damage from the introduced defects was successful with an error of 2%

between experimental and simulation results.
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5. Adamage threshold of 90% is observed to be associated with the initiation

of leakage against the assumed 50% damage threshold, which is found

to be correlated to the initial stages of damage mechanisms development.

10.2 Suggestions for further investigation

Further investigation should be carried out for the expansion of this work as

follows:

Damage models with coupled in-plane and out-of-plane damage
mechanisms can be utilised to account for the interaction developing
between them during loading. This correlation is particularly significant for
the examination of the interface, as matrix damage phenomena develop
within it and lead to the occurrence of delamination damage. This can be
utilised for the examination of the interfacial defects in combination with
fibre cut defects on flat laminates as well as on CPV models.

Further investigation on the pipe model can take place in order to include
accurate interface properties between adjacent layers with the same offset
orientation as well as of layers with opposite signs. This can take place
through Mode | and Mode Il out-of-plane testing.

The simulation of the CPV utilising individual cylindrical shells to account
for each layer can facilitate the development of the LBB concept through
utilisation of a variety of design patterns through investigation of
introduction of defects in different locations. An “S” type defect shape,
similar to the one used for the validation of defect introduction
methodology on flat specimens, can be potentially effective for gradual
development of leak paths through the introduced defects, thus eliminating
the use of reinforcing patch.

Further examination on the size of defects and patch geometry with
respect to the pipe diameter and containing pressure requirements can be
performed for the identification of responses with development of first
leakage at higher pressure values, whilst maintaining adequate delay

against the occurrence of the second leakage event.
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Defects introduced during the manufacturing of the pipes were considered
to be the cause of leakage in both control and fibre cut defective pipe test
cases, thus incommoding the validation of the LBB concept in terms of the
position of leakage incident. For elimination of this, filament winding
utilisation for the manufacturing of composite pipes or CPVs is suggested.
The minimisation of manufacturing defects can lead to identification of the
maximum failure pressure in the cylindrical part of the vessel. Defective
pipes produced with the minimum amount of manufacturing defects can
be utilised for the accurate identification and correlation of the occurrence
of leakage to the respective damage threshold, which in this work was
considered possible to be above 90%.

The consideration of the variability introduced due to the manufacturing
process and introduction of defects and the identification of the defect
types arising from these sources can be incorporated to the model for the
development of more robust LBB designs. This can be used for the
elimination of the defects introduced due to a certain source or to the
consideration of their exact contribution to a failure response.

The introduction of artificial fibre cut defects in the composite structure can
be carried out through automated equipment (lasers, water cutting, knives,
perforations). In this way, human error causing discrepancies in the
amount of fibre cut damage introduced can be significantly reduced.

The quantification of leakage can be performed through examination of the
fluid flow through defects considered as porous media. The fluid flow can
be investigated taking into account capillary effects and flow through

porous media following Darcy’s law.
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Appendices

Appendix A Visual Basic code for in-plane properties
Function Y_12(G 120, E_2 O, b, d 12 d_22, sig_12, sig_22, ¥Y_12_prey)

fd_12=1Andd_22<1Then
YV_12=Sgr(sig 12" 2/(2 G 1201 -d_ 1232+ _
b* (maxisig 22 My~ 2/ 2 E_2. 071 -d_22)~ 2
FY_12=Y_12_prev Then¥_12=Y_12_prev

Elze
Y_12=1

End If

End Function
Function ¥_22(E_2_0, d_22, sig_22, ¥_22_prey)
Ifd_22<1Then
V_22 = Sgrimax(sig_ 22, A2/ 2 E_2_ 071 -d_22 2
IfY_22<%_22_prev Then Y_22=Y_22_prev
Elze

Y_22=1
End If

End Function

Function d_12(v_12,¥_12_0, v_12_C, v_12_U,¥_22, Y¥_22_U, dmax, d_12, epsrat_12)

Dim Ydyn_12_0 As Double, Ydyn_12_C As Double

Ydyn_12_0=Y_12_0"Sgr(1 +d_12" Abs(epsrat_12))

Vyn _12_C=Y_12_C*Sgrl +d_12 " Abs{epsrat_120
IFY_12=Y_12_JAndY_22<Y_22_UThend_12=max{¥_12-Ydyn_12_0, 0/ Ydyn_12_C
FY_12>=Y_12_UQrY_22==%_22_U Ord_12>=dmax Then d_12 = dmax

End Function

Function d_22¢v_12, ¥Y_12_U, ¥_22,%¥_22_0,¥_22_C,¥_22_ll, dmax, d_22, epsrat_22)
Dim Ydyn_22_0 As Double, Ydyn_22_C As Double

Yyn_22_0=%_22_0%Sgr{l + d_22 " Abs{epsrat_22Y)

Yoyn_22_C=Y_22_ CTSgr(l +d_22 " Absiepsrat_22)

FYy_12<¥_12 UAndY_22<Y¥_22_U Then d_22 = max(Y_22 - Ydyn_22_0, 0)/ Vdyn_22_C
IFY_12==%_12_U0 OrY_22==%_22_U Ord_22 » dmax Then d_22 = dmax

End Function

247



Function sig_eps_12(G_12_0, d_12, d_12_prev, sig_12_prev, eps_12_p_prev, p_12_prav, _
epsral_12, eps_12_e_prev, deps_12, _
F_0, D_R, beta, m)

Dim di=_12 Az Double, dsig_12 As Double, sig_12 As Double, eps_12_p As Double, _
eps_12_e As Double, p_12 As Double

Dim ROdyn As Double, R As Double

Dim au={1 To 4 AsWariant

dE_12=0C_12(d_ 12, epsrat_12, G_12_0,d_12) - _
G_120d_12_prev, epsrat_12, G_12_0, d_12)
deig 12 =deps_ 127 G_12(d_12, epsrat_12, G_12_0, d_12) + _
27dG 12" eps_1Z_e_prev
sig_12 = sig_12_prev + dsig_12
Rodyn=FR_0*{1 + O_R* Abs(epsrat_12)
F=R0dyn + beta ™ Abs(1 /2" p_12_previ ™ m
Fd_12 <=1 Then
If Abs(=ig 12/(1 -d_120 - R <=0Then
eps_12_p=eps_12_p_prey
P12 =p_12_prey
eps 12 _e=sig 12/ G _12(d_12, epsrat_12 + deps_12, G_12_0, d_12)/2
Elze
eps_12_p=eps_12_p_prey + 2% deps_12
p i2=p_12_prev+ {1 -d_12)" deps_12
sig_12 = Abs(epsrat_ 12)fepsrat_12" (1 -d_12)" R
eps_ 12 _e=sig 12/ G _12(d_12, epsrat_12 + deps_12, G_12_0, d_12)/2
End If
Elze
eps_12_p=eps_12_p_prev + 2" deps_12
p_12=p_12_prev+{1-d_12)" deps_12
sig_12 = Abs(epsrat_ 12)/epsrat_12* (1 -d_12)" R
If Absisig_12) > 0 Then
eps_ 12 _e=sig 12/ G _12(d_12, epsrat_12 + deps_12, G_12_0, d_12)/2
Elze
eps_12_e=0
End If
End If
aux(1y=sig_12
a2y = eps_12_p
aux(3 =eps_12_e
auxid =p_12
sig_eps_12 = aux

End Function
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Function sig_eps_22{(E_2_0, d_22, d22_prey, sig_22_prey, eps_22_p_prey, p_22_prey, _
epsrat_22, eps_22_e_prey, deps_22, _
F_0, D_R, beta, m, a)

Dim dE_2 As Double, dsig_22 As Double, sig_22 As Double, eps_22_p As Double, _
eps_22_e As Double, p_22 Az Double

Dim ROdyn As Double, B As Double

Dim awx(1 To 4) As Wariant

dE_2 = E_Zieps_22_e_prev, epsral_22, d_22, E_2_0,d_22)- _
E_Z{eps_22_e_prev, epsrat_22, d22_prev, E_2_0, d_22)
dsig_22 = deps_22 " E_2{eps_27_e_prev, epsrat_22, d_22, E_2_ 0, d_227 + _
dE_2 % eps_22_e_prev
sig_?2? = sig_22_prev + dsig_22
Flodyn = R_0* {1 + D_R ™ Abs{epsrat_227)
F = ROdyn + beta * Absi{p_22_previ ™ m
Ifd_22 <1 Then
Ifa™ 2" Absimaxisig_22, 00/ {1 -d_22) + min(sig_22, 00 - R <=0 Then
eps_22_p=eps_22_p_prey
p_22 = p_22_prey
eps_22_e=sig 22/ E_2leps_22_e_prev, epsrat_22, d_22, E_2 0, d_22
Elze
eps_22_p=eps_22_p_prev + deps_22
P 22=p_22_prev+a* (1 -d_22)" deps_22
sig_22 = Abs(epsrat_22) fepsrat_22* (1 -d_22)"Ria" 2
eps_22_e=sig 220 E_2(eps_22_e_prev, epsrat_22, d_22, E_2_0, d_22)
End If
Elze
eps_22_p=eps_22_p_prev + deps_22
p_22=p 22 prev+a™{l-d_22" deps_22
sig_?2 = Abs{epsrat_22 /epsrat_22* (1 -d_25 " Ria" 2
If Absisig_22) = 0 Then
eps_27_e=sig 22/ E_2{eps_27_e_prev, epsrat_22, d_22, E_2_ 0, d_22
Elze
eps_22_e=0
End If
End If
ax(1) = sig_22
aux(2) = eps_22_p
() = eps_22_e
auxid) = p_22
sig_eps_22 = aux

End Function
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Function G_12{G_12_0, d_12, epsrat_12)
Dim G_12_s As Double

G 12.5=G_12.07(1-d_12)
G_12=0G_12_s* (1 +d_12* Abs(epsrat_12))

End Function

Function E_2(E_2_0, d_22, eps_22_e, epsrat_22)
Gim E_2_= As Double

feps_ 22 e>0ThenE_2 s=E_2 0

feps 22 e==0ThenE_2_ s=E_2_ 01 -d_22)
E_2=E_2_s"{1 +d_22" Absiepsrat_227)

End Function

Function max{x1, X2

Mmax = X2
If X1 = ®2 Then max = X1

End Function
Function min(x1, X2)

min = X2
If X1 < X2 Then min = X1

End Function

250



