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Abstract

Delamination originating from the free edges is a common failure mecha-

nism of composite laminates, as the free edges in composite laminates are

high-stress concentration areas.

This thesis has studied a solution that could suppress delamination start-

ing from the free edges in composite laminates in different loading scenar-

ios. The solution consists of thin additive layers of prepreg carbon/epoxy

composite material, which are added to the composite laminate’s free

edges to enhance the through-thickness strength of the laminate. Ad-

ditionally, the risk of delamination is reduced by constraining the out-

of-plane and shear movements of different plies at the free edge. The

solution was explored in four different loading scenarios, which are eas-

ily encountered in the life cycle of a composite laminate, as are, com-

posite laminates under tension, composite laminates under edge impact,

composite laminates with open holes under tension, and pin-loaded com-

posite laminates. Both numerical and experimental methods have been

complementarily used in each loading case to verify the solution’s effec-

tiveness.

The use of these additive bindings for suppressing free-edge delamination

was successfully proven in the case of composite laminates under tension.

For example, when used to bind the edges of a [(202/ − 202)2]s lami-

nate, the tensile failure strain and load were increased by about 50%, and

the failure mode changed from free-edge delamination to in-plane shear.

However, it did not change the failure load and final failure mode of a

substrate less susceptible to free-edge delamination as a [(452/ − 02/ −
452/902]s laminate.

The use of additive bindings in composite laminates under edge impact

successfully enhanced the through-the-thickness strength of the laminates

and stiffened the initial response of the laminate to the impact. As a re-

sult, higher average peak load values were observed in the specimens

with bindings. Additionally, the delamination length in the perpendicu-

lar direction to the impactor displacement was reduced by about 30% for
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low and medium-impact energies and by about 20% for high-impact en-

ergies. However, the damage in the parallel direction to the impactor dis-

placement was not significantly affected, and similar delamination length

occurred in specimens with binding. Therefore, further investigations are

suggested to test the capabilities of additional binding configurations to

enhance the damage tolerance of composite laminates under edge impact.

Additive narrow binding stripes were added to the edges of holes of com-

posite laminates with open holes. Tensile and fatigue testing was con-

ducted, but the results obtained were inconclusive. Further work is sug-

gested for composite laminates with open holes. The remarkable point

was that the specimens with binding had a more explosive failure and

presented a smaller coefficient of variation of the strain and load values.

Last, in the case of pin-loaded laminates, narrow additive binding stripes

were added at the edge of the hole of the laminate. Both quasi-static

and fatigue tension-tension testing was carried out. The use of additive

bindings successfully enhanced the bearing damage resistance, increasing

the offset bearing strength by about 38%. In addition, additive bindings

reduced the hole diameter size; hence, different diameters were used for

the loading pins of the specimens without and with binding to achieve a

tight fit between the pin and the hole. Smaller pin diameters in specimens

with binding increased the stress concentration at the contact point, and a

more defined ”pear-like” shape was obtained at the deformed hole. Thus,

the design of specimens with larger holes is encouraged for testing the

solution in this type of specimen to avoid the effects of using different pin

sizes.
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Chapter 1

Introduction

This chapter is intended to easily position the reader on the framework of com-

posite materials and their relevance in today’s world. Adversities of the use

of composite materials will be introduced, leading to the purpose of this PhD

project.
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1. INTRODUCTION

1.1 Background

Composite materials have been used for a very long time. The base idea is to com-

bine two or more materials and create new materials with the best properties of the

individual materials, plus added qualities that the respective materials do not exhibit

alone. A typical composite material consists of a material - known as reinforcement

- with high mechanical strength and stiffness, for example, unidirectional or woven

fibres, embedded in a material with lower mechanical strength and stiffness (matrix).

Among known examples of these composite materials, there are mud and straw for

forming adobe, steel-reinforced concrete and fibre-reinforced plastics (FRP), the latter

being the most used nowadays.

In the decade of 1930s, fibre-reinforced plastics were being widely investigated. In

1936, glass fibre - commonly known as ”fibreglass” - was successfully combined with

a suitable polyester plastic resin to create a glass fibre reinforced plastic (GFRP) or

glass fibre composite material. As a result, a composite material showed great spe-

cific strength for the first time, promising to be an excellent structural and building

material. In addition to the high strength to weight properties, FRP showed good

resistance to impact, fatigue and static loads. Furthermore, FRP would not corrode

or rust like metals or rot like wood, which rapidly promoted their use in the naval

sector. Also, GFRP was found to be transparent to radio frequencies, which led to

the adaptation of composites for radar domes and other electronic equipment.

In the 1960s, a significant change occurred in the use of composite materials with

the commercial introduction of the first carbon fibres to the market. Carbon fibre

reinforced plastics (CFRP) improved stiffness to weight ratios even more than GFRP.

This, combined with their excellent thermal properties and dimensional stability, led

composites to be used more in the aerospace, automotive, sporting, and consumer

goods industries. Figure 1.1 presents a chart for a better understanding of the stiff-

ness to density and strength to toughness relations in composite materials compared

with examples of different materials. The low density and high strength values of

composites make composite a great option for the manufacture of structural parts of

vehicles, achieving similar or higher strengths than using metals.

In the 1970s, due to the already known problem of corrosion with Aluminium and

the two big energy crises - known as the ”oil shocks” - that occurred in 1973 and

1979, the aerospace industry was heavily encouraged to expand the use of CFRP

in both fighter aircraft and commercial airlines. As manufacturing processes and

design methods improved, the use of CFRP grew enormously in the 1980s and 1990s,

reaching around 20% composite weight content in fighter aircraft (Hornet F-18) and

15% composite weight content in commercial airlines (Boeing 777, Airbus A320, A330,
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A340). Recently, in modern commercial aeroplanes such as A350 and B787 around

50% of the total weight is composites.

(a) (b)

Figure 1.1: Examples of material property charts: (a) Young’s modulus-density and (b)

strength-toughness - Reproduced from [1].

Nowadays, a wide variety of fibre-reinforced plastics composites are commercially

available. The matrix material for structural composite applications is usually a

thermoset polymer, e.g., an epoxy resin, although thermoplastic composites, e.g.,

polyether ether ketone (PEEK), have become increasingly popular lately. Carbon,

aramid or glass fibres are the most common fibres used as reinforcement. On a

macroscopic scale, the fibres are embedded in the thermoset plastic, so they combine

by physical rather than chemical means [2]. However, on the microscopical scale, the

fibres are strongly bonded with the matrix, so the matrix transfers the load between

the individual fibres. Furthermore, the fibres are protected with a coating called

sizing, which enables processability through the protection of the fibre surface and

ensures an excellent adhesive bond in the fibre-matrix interface [3].

Composite materials also present some disadvantages. Although continuous fibre re-

inforced plastics tend to give the best overall performance (compared to other types

of polymer composites), they present complex fracture mechanisms and behaviour.

Composite materials have low transverse properties, have brittle failure and are sen-

sitive to moisture and high temperatures. Moreover, the mechanical analysis of com-

posite materials is generally more difficult due to their heterogeneity and orthotropic

properties. Additionally, an excellent cleanliness grade is necessary while manufac-

turing to avoid foreign bodies in the composite structure. Furthermore, the use of

”prepregs” - fibre pre-impregnated with a resin usually for autoclave curing - re-

quires their storage in freezers at low temperature, incurring additional equipment
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1. INTRODUCTION

and cost of production.

Despite these inconveniences, composites have gained more and more presence in

the industry in the last decades, reaching a market value of $82 billion in 2016 [4].

Moreover, the trend indicates that the value of composites in the market will keep

increasing to a value of $112 billion by 2027. Hence, it is also important to improve

their behaviour to failure and make them more durable and easily recyclable.

1.2 Problem statement and research aims

Fibre-reinforced composite material failure mechanisms are numerous and different

from those of metals. These failure mechanisms are widely influenced by diverse

variables: the geometry of the specimens [5–12], the stress state on the material [13–

16], the layup stacking sequence [17–21], manufacture defects as voids [22–24], and

material properties [25]. These parameters are still widely investigated, and the re-

porting of their individual and joint influence on the failure of composite laminates

is still ongoing.

Among all failure mechanisms, delamination is a critical one that has been and still

is the case of the study by many [26–38]. It is caused by the combination of high

interlaminar stresses and the relative weakness of the matrix of composite laminates

to carry loads in the through-thickness direction. The fibres that lie in the laminate

plane do not provide reinforcement through the thickness, so the composite relies

on the relatively weak matrix to carry loads in that direction. This combination

provokes the separation of different layers of the composite laminates. As a result,

delamination induces structural integrity loss and strength reduction, leading to the

ultimate laminate failure.

Delamination may occur in different circumstances, such as the presence of an em-

bedded crack when manufacturing, as a result of an impact when handling newly

produced composite parts, during the maintenance of a structure, or just as a result

of the loading conditions to which the composites are subjected. In particular, free

edges in FRP are interlaminar stress concentration areas and are highly probable to

be where a crack or delamination starts. As a result, it is common to encounter differ-

ent laminate layups that can not be adequately tested or used in composite structures

because they suffer from edge delamination under certain loading conditions.

Due to the importance of this phenomenon, there have been several attempts in the

past, as nowadays, to enhance the properties of composite laminates to avoid or mit-

igate delamination and its effects. Some of these attempts include the hybridisation

[39], interleaving [40], critical ply termination [41] and stitching [42] techniques. De-
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tails and more of the like solutions are better explained in section 2.2. As the nature

of delamination is complex and depends on several parameters that could vary sig-

nificantly, e.g., the geometry and loading conditions, finding a solution that stops

delamination in all cases seems very difficult.

The research carried out in this PhD studies a method of mitigating or stopping de-

lamination, originating from free edges of composite laminates/structures, and its

effects. Of course, free edges are not the only triggers of delamination (embedded

cracks, impacts, voids...), but, as mentioned, they are significant interlaminar stress

concetration areas due to the presence of singular stresses, poor finishing of compos-

ite laminates/test coupons, and the unprotected regions against object impacts.

Therefore, rewriting it, in other words, the possibility of a solution that could mit-

igate, stop or suppress delamination originating from the edges of composite lami-

nates/structures has been studied. The solution studied explores a design strategy

for using additive composite layers 1 that could be placed over the edges of the

composite laminate or edges in composite structures for suppressing delamination

originating from free edges in different loading conditions and circumstances. Then,

the primary aim of this PhD could be enunciated as:

To demonstrate how an additive binding laminate, made out of thin FRP com-

posite layers, could be used for suppressing delamination arising from the free

edges in a composite laminate/structure, and to which extent could this idea be

used for different loading scenarios?

Composites are widespread across many different industries, so the loading scenarios

they are subjected to are numerous, e.g., impact, compression, traction, bending,

and combinations between them, plus variations of each of them. Hence, to set

boundaries and a limit to this project’s scope, four different loading scenarios were

decided for studying. The loading scenarios studied are as follows:

• Composite laminates under tension. Additive composite layers are used to stop

free-edge delamination in composite laminates under tensile loading. This is

particularly interesting for tensile test coupons and composite structures with

long free edges.

• Composite laminates under edge impact. Additive composite layers are added

as a reinforcement over the free edge of composite laminates subjected to blunt

impacts. This reinforcement intends to hold the edge of the laminate, as de-

lamination is the main mode of how the composite absorbs the energy of an

impact.
1Please note that hereafter additive layers and additive binding will be used indistinctly across the

whole document.
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• Composite laminates with open holes. The additive composite layers are added

around the edge of open holes in composite laminates under tensile load. The

additive layers are added in the form of thin strips placed around the edge of

the open hole.

• Bearing response of composite laminates with additive layers over the hole. In

the form of thin stripes, additive composite layers are placed over the hole of

composite laminates under a pin-load scenario. The addition of these stripes is

studied in the enhancement of the bearing response of the composite laminate.

To summarise, this thesis aims to illustrate and describe the effect of additive com-

posite layers as a design strategy for suppressing, avoiding or delaying delamination

in composite laminates in four different loading scenarios. In this manner, four inde-

pendent research questions are formulated, as follows:

1. What is the effect of using additive binding layers over the free edges of com-

posite laminates under tension for stopping free-edge delamination?

2. What is the effect of using additive binding layers over the free edge of com-

posite laminates under edge impact for enhancing their damage resistance?

3. What is the effect of using additive binding layers over the edge of the hole of

composite laminates with open holes under tension?

4. What is the effect of using additive layers ver the edge of the hole of pin-loaded

composite laminates?

The study, results and conclusions of the answers for each of these questions are to

be found in their corresponding chapters: chapters 6 to 9.

1.3 Scope of the research

This thesis concentrates on studying four independent research questions that share

the use of a proposed design strategy for suppressing delamination. First, a litera-

ture review was conducted to position this solution in the state of art of the actual

panorama of methods for stopping delamination in composite material laminates.

Composite materials failure modes knowledge is needed to understand the proposed

solution’s effect. An explanation and introduction to composite failure mechanisms

and analysis methods were provided, focusing mainly on the virtual crack closure

technique (VCCT) [43], based on fracture mechanics (FM). The VCCT was the ap-

proach used in this thesis for characterising delamination. In this manner, an exhaus-
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tive explanation of damage analysis and all different composite analysis theories were

out of scope.

Both numerical and experimental analyses were carried out to determine the effec-

tiveness of the additive layers for suppressing delamination. The numerical simula-

tion was used as a tool for designing the experiments and checking the viability of

the solution in each of the loading scenarios, so they were not meant to be a high-

fidelity representation of the experimental behaviour of the samples tested. Hence,

the numerical models were built to keep the simulation computationally light but

reliable. The VCCT was used to measure the energy release rate value (G) at the

crack tip of a pre-modelled delamination. The solution’s effectiveness was measured

based on the experimentally observed effects on the composite laminates’ mechan-

ical properties, its capability to stop delamination, and its influence on the failure

modes (e.g., change in damage mechanisms). Hence, it was decided not to carry out

progressive damage and failure finite element analysis. In this way it was possible to

test different loading scenarios instead of one scenario in detail.

An exhaustive discussion of the results was done, and further works to better under-

stand the solutions studied were proposed.

1.4 Thesis approach method

Answering one of the research questions is independent of answering any of the

others, as each question can be studied separately. Hence, all the information and

knowledge learnt while answering one of the questions is not directly transferable

to other questions and, on some occasions, not transferable. However, to some ex-

tent, each of the questions is relevant to each other, as all four want to answer the

use of additive layers for suppressing delamination in different loading scenarios.

Therefore, the four distinguishable questions parted from a standard methodology

particularised for each question to answer.

The procedure for studying each research question is as follows: first, a literature

search and study were conducted to understand each research question’s actual

panorama and relevance. Second, a finite element (FE) modelling was performed

based on linear elastic mechanics for measuring the value of (G) at the crack tip of

a pre-modelled delamination. Third, experimental investigations were conducted to

verify the additive composite layers solution’s effectiveness. Finally, both numerical

and experimental analyses were compared and discussed thoroughly to verify the

results of the proposed approach for each of these loading scenarios.

Due to the individual circumstances of each loading scenario, the FE models built
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were specific for each of the loading scenarios. The shared part of all the FE models

built is that they use the virtual crack closure technique (VCCT) [43], studying the

effect of the solution on the value of the energy release rate G. In this way, the energy

release rate was a measurable variable used to study the solution’s effectiveness in

suppressing delamination. This value of (G) was measured for both cases, without

and then with additive layers placed over the free edge. Based on the difference

obtained for the value of G, one additive binding was chosen over the others for

experimental testing.

Similarly, the experimental setup is different for each of the loading scenarios. The

experiments were based on the American Society for Testing and Materials (ASTM)

standards for each loading scenario. The nature of the solution studied, which is a

change in the design of the specimens in itself, required modifications and consider-

ations from the ASTM standards to take into account, as explained in chapter 4 for

each of the loading scenarios.

1.5 Relevance of the research

Inmediate stakeholders of this research outputs are manufacturing companies which

use composite laminates as structural components. For example, manufacturers of

sailing boats could potentially benefit of stronger and more stable holes for increasing

the safety of the possibility of the mast falling off. Also, companies that design

fastened composite joins that could implement the solution presented as the output

of the research question 4. Other manufacturing groups which could benefit are those

which need to use alternative layups due to the pressence of free-edge delamination,

incurring in additional weight and cost of the components.

Another immediate stakeholder of this research output is the Advanced Composite

Group (ACG) of the University of Strathclyde, whose knowledge portfolio of design

and analysis of composite laminates grows. Additional stakeholders are composite

material groups that study the failure mode of delamination and methods for sup-

pressing it. Other interested beneficiaries are any companies/groups/universities

that want to numerically and experimentally characterise the performance of cer-

tain composite laminate layups without the happening of delamination/free-edge

delamination. Further stakeholders are scientific journals that could be interested in

publishing the research outputs of the four research questions or parts of them. Ulti-

mately, other beneficiaries of the outcome of this research are my supervisors and me,

as it would determine the validity of my candidature as a PhD and their capabilities

for directing a PhD thesis.

The work carried out in this thesis deals directly with the improvement of composite
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laminates for one of their modes of failure, delamination. The use of an innova-

tive approach for improving the behaviour of composites is directly relevant to the

sustainable development goal SDG number 9, which fosters innovation and develop-

ment.

1.6 Thesis outline

This thesis is structured as follows:

Chapter 1 Introduction gives an introduction to the thesis, its background, aims,

scope and stakeholders.

Chapter 2 Literature review collects the literature review conducted for the thesis.

It comprises the explanation of failure mechanisms of composite materials, the the-

ory used for understanding the work carried out, and the most present updates and

findings on delamination in each of the loading scenarios at the time of the writing

of this thesis. Literature on proposed solutions for stopping delamination in each of

the loading scenarios is also provided.

Chapter 3 Concept of the solutions studied to suppress delamination in composite

laminates introduces the idea of the additive binding and how the solution is con-

ceptualised for the different loading scenarios.

Chapter 4 Finite element modelling deals with finite element (FE) modelling of de-

lamination in composite materials. The background is provided on the approaches

available. The VCCT is the approach used for the development of the FE modelling.

The FE modelling used for each loading scenario is explained in different sections of

the chapter. The chapter does not include the results obtained using the models since

these are presented in the corresponding chapters to each research question.

Chapter 5 Specimens manufacture and experimental testing explains the manufac-

turing and testing procedures used in this research. An introduction to the man-

ufacture of composites with prepregs is given, plus a detailed explanation of the

manufacture and experimental setup for each of the specimens for the four research

questions. The chapter does not include the experimental results obtained since these

are presented in the corresponding chapters to each research question.

Chapter 6 Results on suppressing delamination in composite laminates under ten-

sion presents both the numerical and experimental results of the first research ques-

tion based on the numerical and experimental work explained in chapters 4 and 5.

The effectiveness of additive layers placed over the free edges of composite laminate

tensile coupons for stopping free-edge delamination is discussed. Conclusions and

possible future works are provided.

Chapter 7 Results on suppressing delamination in composite laminates under edge

9
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impact presents both the numerical and experimental results of the second research

question based on the numerical and experimental work explained in chapters 4 and

5. The effectiveness of additive layers placed over the edge of a composite lami-

nate for stopping the advance of interlaminar delamination in composite laminates

subjected to edge impact is discussed. Conclusions and possible future works are

provided.

Chapter 8 Results on suppressing delamination in composite laminates with open

holes presents both the numerical and experimental results of the third research ques-

tion based on the numerical and experimental work explained in chapters 4 and 5.

The effect of the additive composite layers placed around the free edge open holes of

composite laminates is discussed. Differently from research questions, one and two,

fatigue testing is also explored. Conclusions and possible future works are provided.

Chapter 9 Results on enhancing the bearing response of pin-loaded composite lam-

inates presents both the numerical and experimental results of the fourth research

question based on the numerical and experimental work explained in chapters 4 and

5. A discussion on the feasibility of additive layers for enhancing the bearing re-

sponse of pin-loaded composite laminates is provided. Similar to the third research

question, both quasi-static and fatigue testing have been done. Conclusions and pos-

sible future works are provided.

Chapter 10 Conclusions and future works gathers the conclusions obtained from

the research carried out and provides possibilities for future works to add up with

the outputs of this thesis and study better the use of additive layers for suppressing

delamination.

List of References: the bibliographic references mentioned in the dissertation are

presented.

Appendix A Numerical simulations additional information: in this appendix, the

different finite element models are gathered. They are in the form of links to a repos-

itory containing the Python scripts used for the numerical analyses carried out in this

thesis. Additionally, a detailed explanation of the functioning and operation of the

Python scripts is provided.

Appendix B Specimens manufacture and testing additional information: in this

appendix the complementary material of the experimental work is provided.
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Chapter 2

Literature review

This chapter is intended to provide an introduction and understanding of the

main failure mechanisms of fibre-reinforced plastics. Due to the significant

amount of documentation available, the review presented is non-exhaustive but

concise. Out of all failure mechanisms, delamination is acknowledged as one of

the major failure modes in composite laminates. Its role in the four different

loading scenarios studied in this thesis is exposed.
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2. LITERATURE REVIEW

Composite laminates are made of different plies, where each ply is considered a uni-

directional (UD) fibre lamina. The mechanical behaviour of a lamina is defined as

transversely isotropic, while the behaviour of the composite laminate is orthotropic.

Considering a single lamina or ply, the material presents high strength and stiffness in

the fibre direction but has relatively poor mechanical properties when loaded trans-

versely to the fibres, as the matrix controls the lamina properties in those cases. For

facing bi-axial or multi-axial loading scenarios, several plies with different fibre ori-

entations are bonded into a composite laminate 1. The desired elastic properties for a

composite laminate could be achieved by selecting the appropriate fibre and matrix

material, the fibre volume, and the layup sequence of the plies. The fundamentals

of orthotropic elasticity and laminate theory are well established [25, 32, 44–50]. Fig-

ure 2.1 schematically illustrates one single ply and the structure of a fibre-reinforced

composite laminate. EL and ET stand for Young’s modulus of the ply in both the

longitudinal and transverse direction with respect to the fibre direction, respectively.

Hereafter, the longitudinal direction in a ply refers to one of the fibres in a 0° layer,

and the transverse direction means across the width of the ply or 90° direction.

The most common and reasonably accurate method for obtaining the elastic prop-

erties of a single ply is calculating them by a rule of mixtures (ROM) [25]. For

different models for predicting ply properties, see, for example, Hyer and White [49].

The application of the ROM is based on the assumptions that one composite ply is

microscopically homogeneous, linear elastic, orthotropic and in an initial stress-free

state. Additionally, both the matrix and the fibre are homogeneous, linear elastic and

isotropic, and the fibres are regularly well-arranged in space within the matrix. Last,

the presence of imperfections as voids is neglected, and perfect coupling between the

fibre and the matrix is assumed.

At the laminate level, the most commonly used theoretical framework for design-

ing composite laminates is the classical laminate theory (CLT) [25]. The CLT as-

sumes a plane stress condition in the laminate that converts it primarily into a two-

dimensional theory. In this way, out-of-plane stress distributions are not considered.

Hence, the CLT is inadequate for calculating interlaminar stresses, which might be

important in the vicinity of stress concentrations as notches, holes or free edges. Nev-

ertheless, these stress concentration fields decay rapidly with increasing the distance

from the geometrical irregularity. Therefore in regions far from these stress concen-

tration points, the CLT is assumed to be accurate. For the procedure of calculating

laminate elastic properties, please visit [25] or [49].

1The stacking order of the various fibre-oriented plies is known as a layup or stacking sequence. Both

terms are used indistinctly across the whole document.
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Figure 2.1: Schematic structure of fibre reinforced composites - Modified from [2].

One of the main differences between FRP and homogeneous materials is how dam-

age originates and propagates. Although the ”damage cycle” is similar for both metals

and FRP, e.g., both begin with damage initiation, followed by damage propagation,

and end in ultimate failure, the duration each of these phases is different for metals

and FRP. Where metals generally propagate one crack that initiates from one spe-

cific point, the initiation of damage in an FRP is governed by a kinetic process of

micro-crack accumulation, and when a critical density of micro-cracks is achieved, a

macroscopic crack forms. When a crack forms in a composite laminate, the failure

of the laminate seldom occurs catastrophically without warning but tends to be pro-

gressive with sub-critical damage widely dispersed through the material [2]. Also,

most composites do not show any sign of plastic or ductile deformation before fail-

ure; therefore, they are usually described as brittle. However, this brittle behaviour

differs from the brittleness that may occur in metals. The fracture behaviour of com-

posites depends on their microstructure: volume fraction, strength, toughness and

dimensions of the fibres, and volume fraction, strength, and ductility of the polymer

matrix. Parameters such as the fibre-matrix interface are also important, and the pres-

ence of voids and defects can sometimes play a vital role in the failure mechanisms

of a composite structure [51].

Many works [2, 25, 31, 32, 52, 53] have attempted to apply fracture mechanics to

fibre reinforced composites to generate failure theories and predictions. However,

the results from these attempts have met with mixed success. There are situations

where fracture mechanics is appropriate for composites. However, the fracture of

composite materials is often driven by numerous micro-cracks distributed throughout

the material rather than a macroscopic crack. Thus, it is still necessary to understand

the limitations of theories that were intended for homogeneous materials and that
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have been adapted for composite materials [2].

Due to these variable and complex failure processes in composites, generating an

accurate prediction for the failure of composites is highly challenging. Most of the

work carried out for composites’ failure prediction is divided into three main topics:

developing accurate failure theories and acquiring comprehensive and reliable testing

data sets, and developing numerical tools for the analysis of composites. All these

three topics are challenging, but generating a rock-solid data set of experimental

results that could be used for verifying different failure theories is depicted as the

most challenging topic, as explained by Christensen in [54]. Despite the extraordinary

efforts of various experimental programmes for composites characterisation as the

worldwide failure exercises [55–57], there is still a lack of reliable data sets that do

not satisfy some failure theories while coarsely fitting into others.
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2.1 Damage mechanisms in fibre reinforced composites

The failure mechanisms of composite laminates have been classified into three main

groups in the literature, e.g., interlaminar, intralaminar and translaminar failure mech-

anisms 1 [58, 59]. The interlaminar fracture mode -often referred to as interlaminar

delamination or simply delamination- occurs between two adjacent plies and lies in

a plane parallel to the fibres. The intralaminar fracture mode is located inside the

laminate and comprises matrix cracking, matrix-fibre debonding and longitudinal

splitting. Last, the translaminar fracture mode refers to the breakage of the fibres.

Figure 2.2 schematically illustrates these three fracture modes. The amount of energy

required for the failure to occur in each failure mechanism is different in each of them

by orders of magnitude. For example, processes such as fibre-matrix debonding need

about 4 to 40 times higher energies than interlaminar delamination, and events such

as fibre failure or pull-out are between 20 and 600 times greater energies than the

energy required for crack growth in the carbon-epoxy interlaminar direction [60].

matrix crack

Figure 2.2: Ply-level fracture mechanisms exhibited by continuous FRP - Reproduced

from [61]

Longitudinal tensile loading can produce matrix cracking, fibre bridging, fibre break-

age, fibre pull-out, delamination and fibre-matrix debonding. These various failure

mechanisms are illustrated in figure 2.3. The complexity of the analysis of the failure

1It is often found in the literature that the terms ”failure mechanisms/modes” and ”fracture mecha-

nisms/modes” are interchanged. These are not to be mistaken with the ”crack extension modes” that are

illustrated in figure 2.5.
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of composite materials arises as all these failure mechanisms can happen simultane-

ously and interact between with each other, which often means there is not a consis-

tent sequence of damage onset. Furthermore, although, as mentioned, the propaga-

tion of failure is generally progressive and not sudden, these failure modes tend to

occur in areas which are out of eyesight. Hence, advanced nondestructive inspection

methods [62] are needed for damage detection, e.g., ultrasonic [63], radiographic [64],

thermal [65] and optical (holography and shearography) [66] methods.

1. Fibres
2. Matrix
3. Fracture surface
4. Fibre fracture
5. Fibre pull-out
6. Fibre bridging
7. Matrix cracking
8. Fibre-matrix debonding

2

1

3

4

67

8

5

(a)

7

6

8
5

4

(b)

Figure 2.3: Schematic of typical damage modes of UD laminates under tensile loading.

- (a) 3D view, (b) side cross-section view.

An explanation of each fracture mode’s critical failure mechanisms, e.g., delamina-

tion, matrix cracking and fibre breakage, are presented in the following subsections.

Nevertheless, a sufficient though a less detailed description of other failure mecha-
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nisms is also provided in each of the following subsections, e.g., fibre kinking in sec-

tion 2.1.3 as a fibre fracture mode.

2.1.1 Interlaminar fracture - delamination

From a macroscopic point of view, delamination is the one of the most common

failure mechanism in composites. Composite laminates offer exceptional in-plane

strengths. However, due to these materials’ laminated structure, they suffer from rel-

atively poor out-of-plane properties and a subsequent tendency to delaminate. Thus,

delamination is a critical failure mechanism in composite laminates, not for causing

the composite to break into different pieces but because it degrades the laminate to

such a level that it losses its structural integrity, leading it to its final failure. In-

terlaminar delamination in composite structures degrades the laminate to the point

that it becomes useless in service. In addition, it can lead to premature buckling of

the laminate, excessive vibration, moisture intrusion, stiffness loss, and fatigue life

degradation [58].

Initiation of interlaminar delaminations could arise from different sources. It could

be initiated due to the impact of foreign objects (e.g., bird strike, dropping of tools or

other collisions) or processing-induced defects in FRP composite parts (e.g., machin-

ing, cutting, drilling as recollected in-[67]). Residual stresses from processing and

manufacturing (e.g., thermal stresses, voids, and chemical shrinkage in thermoset

matrices) provide initiation sites for delamination or contribute to their propagation

and growth. Moreover, stresses that lead to delamination could also result from

structural sources, such as the geometry of a composite structure, e.g., two panels

joined in a ”T” configuration, edges, holes and ply drop-offs. However, out-of-plane

stresses that lead to delamination can also arise from the mismatch in the Poisson’s

ratios between adjacent plies of a composite laminate. This mismatch of the Poisson’s

ratios results in shear stresses in the x-y plane (please see figure 2.1 for axis reference)

near the ply interface. To counterpart and balance these shear stresses, a through-

the-thickness stress is originated in the z-direction. If the mismatch in Poisson’s ratio

is big enough, substantial out-of-plane stresses occur at the edge of the panel, which

can lead to the formation of a delamination crack.

In 1970 Foye and Baker [68] published a landmark report in which they observed

a significant strength and failure mode dependence as a function of the stacking se-

quence in a laminate. This report led to the first investigation of Pagano and Pipes on

the effect of the stacking sequence on laminate strength [17]. After those investiga-

tions, studies on delamination and its dependence on the laminate stacking sequence

blossomed and became one of the most extensively studied phenomena in the com-

posites literature, e.g., [29, 33, 69, 70]. These studies demonstrated that interlaminar
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through-thickness stress σz (see figure 2.1 for sign convention) and shear stress τxz are

maximum, approaching infinity, at the free-edge. In contrast, the shear stress τyz is

maximum close to the edge but zero at the edge. Figure 2.4 illustrates the computa-

tion of σz and τxz at the interfaces of laminates under tension with different directions

plies adjacent to each other. Also, the effect of the stacking sequence on delamination

has not only been studied for composites under tension but also on notched compos-

ite laminates and structures [18, 71, 72], composites under impact [73] and bearing

behaviour of bolted composite joints [19, 74].

(a) (b)

Figure 2.4: Interlaminar stresses in laminates with different fibre-orientation plies. (a)

interlaminar normal stress on midplane of a [902/02]s laminate, (b) Interlaminar shear

stress τzx near free edge of a [(±15)2]s laminate - Reproduced from [70].

There have been a large number of works proposing criteria for the prediction and de-

velopment of delamination. Two clear approaches are depicted in all of these works:

one based on the strength of the material and the other based on fracture mechanics.

The strength-based criteria approach involves a detailed stress analysis near the free

edges used in conjunction with failure criteria [34]. These failure criteria are similar

to Nuismer and Whitney’s [75] average stress failure criterion. For example, Brewer

and Lagace’s quadratic stress criterion (QSC) [76] predicts failure based on critical

values of both interlaminar shear and normal stresses (out-of-plane stresses) com-

pared with their related strength properties. The work by Fenkse and Vizzini [77]

incorporated the role of in-plane stresses into the QSC.

All in all, these criteria use combinations of the through-thickness tensile and shear

parameters, in linear, quadratic or curve-fit relationships, with a small number also

considering the stress in the fibre direction [78]. An exception is Wisnom et al.’s
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approach [79], which is based on using principal stresses. For further reading on

the different criteria proposed for characterising the initiation and development of

delamination, based on strength, in composite laminates, the reader is directed to

table 10 of the review carried out by Orifici et al. [80] on the methodologies for

composite material modelling incorporating failure.

The other approaches to predicting the delamination propagation are based on frac-

ture mechanics (FM). A review of different criteria based on FM can be found in

table 11 of the review by Orifici [80]. Nevertheless, as the work done and explained

in this thesis is based on fracture mechanics, an explanation of the basics of fracture

mechanics is provided following for a better understanding of the technique used in

this thesis to characterise delamination.

The FM method assumes that materials and structures always have some manufac-

turing defects and flaws that will cause the initiation and growth of cracks leading to

structural failure. Although this assumption of a self-similar growth of a dominant

crack often does not apply to the failure of composite materials, such an assumption

is appropriate for delamination [2]. Thus, FM has been very successful in character-

ising delamination.

Fracture mechanics are based on an energy approach that states that fracture -or crack

extension- occurs when the energy available for crack growth is sufficient to overcome

the resistance of the material. This material resistance includes the surface energy,

plastic work, or other types of energy dissipation associated with the propagation of

a crack [2]. Despite being Griffith [81] the first one to propose the energy criterion, it

was Irwin [82] who developed the concept for the present version of this approach:

the energy release rat G. The energy release rate is defined as the rate of change

in potential energy with the crack area for a linear elastic material. In other words,

the energy release rate is a measure of the energy available for an increment of crack

extension. Based on the energy criterion, a crack can form or grow from an existing

crack only if such process causes the total energy to decrease or remain constant and,

thus at the moment of fracture, the energy release rate is equal to the critical energy

release rate G = Gc, which is a measure of fracture toughness of the material [2]. It is

to be noted that the term rate, as it is used in this context, does not refer to a derivative

with respect to time. Instead, G is the rate of change in the total energy in the crack

with the change in the crack area. How the area of the crack can change was defined

by Irwin, who pointed out the three kinematic admissible crack-extension modes

shown in figure 2.5. In this manner, these crack-extension modes can be added up to

obtain any crack.

In order to quantify the crack growth in a composite structure, it is necessary to pre-

dict the conditions under which a defect or crack in the structure starts to propagate
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and subsequently leads to failure. Delaminations can occur in all crack-extension

modes or a combination of them. Thus delamination growth depends upon the frac-

ture toughness of the material and the stress state of the crack tip, which is governed

by the mixed-mode of the stress intensity factors KI , KI I and KI I I
1 or the strain en-

ergy release rates GI , GI I and GI I I . Not all three modes need to exist together, and

generally, only one or two modes may dominate the fracture propagation [34].

𝜎

𝜎
Interlaminar tension

Mode I

𝜏

Interlaminar sliding shear
Mode II

𝜏

𝜏

Interlaminar scissoring shear
Mode III

𝜏

Figure 2.5: Schematic of the crack extension modes.

The procedure for calculating the energy release rate in a crack is explained as fol-

lows: If we consider an infinite plate subjected to a remote tensile stress (σ) and

containing a planar flaw or crack of length 2a, in the manner that the width of the

plate is much larger than the size of the crack (width >> 2a ), as seen in figure 2.6;

then the energy release rate is defined as the difference between the rate of the work

done, and the rate of the potential energy supplied by the internal strain energy and

external forces, as the flaw area increases [82], as-is:

G =
dΠ
dA

=
dW
dA

− dU
dA

(2.1)

where

Π: total energy

W : work required to create new surfaces

U : potential energy stored in the flaw provided by the internal strain and ex-

ternal forces - Also known as strain energy [25, 83].

A: crack area
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Figure 2.6: Through-thickness crack in an infinite plate subject to remote tensile stress.

In practical terms, ”infinite” means that the width of the plate is >> 2a - Reproduced

from [2].

One of the fundamental assumptions of fracture mechanics is that the fracture tough-

ness (Gc) -or critical energy release rate- is independent of the size and geometry of

the cracked body, and it is solely dependent on the material [2]. This assumption is

valid as long as the material behaviour is predominantly linear elastic.

Rybicki et al. [84] were the first to model the initiation and stable crack growth

of delamination using the interlaminar energy release rate using a modified crack

closure integral. Later, Rybicki et al. [85] derived the use of the energy release rate

for the free-edge delamination problem (see section 2.2). They observed that the

strain energy release rate value remained nearly constant during the propagation of

delamination and hence determined that the critical energy release rate could be a

helpful parameter for characterising the onset and growth of delamination.

Later, Wang [31] also studied the problem of delamination on the basis of fracture

mechanics. He used the stress intensity factors (KI , KI I and KI I I) and the energy

release rate to study the influence of fibre orientation, crack length and ply thickness

on the free-edge delamination problem. He observed that the fibre orientation and

ply thickness influenced the delamination behaviour (in terms of KI , KI I , KI I I and

G) significantly. Moreover, he observed that for edge delaminations at the interface

of angle-ply laminates of the form of [±θ], the KI I is considerably lower than KI

1The reader is referred to [2] for a deeper explanation of the stress intensity factors.
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and KI I I , and that free-edge delamination is dominated by KI I I , (tearing mode as

shown in figure 2.5). This higher magnitude of KI I I is dependent on the ply angle

(θ). However, this dominance of mode III for free-edge delamination is not a shared

feature for all stacking sequences, e.g., [83] showed that the mode III contribution

was negligible.

O’Brien [83] used this approach for predicting delamination based on strain energy

release rate. He used a combination of energy release rate and classical laminate the-

ory, procuring a simple yet effective method for predicting the initiation of free-edge

delamination. His method is based on the stiffness loss experienced by laminates

when delamination occurs, hence procuring a critical strain ϵc at which delamination

starts.

The method proposed by O’Brien was used in this thesis for selecting the substrate

laminate used for the first research question, as explained in the section section 6.1.

Hence, further explanation of O’Brien’s method is given in the following section

section 2.2 of the literature review.

On a micro-scale, but related to delamination, one contributing factor in the compos-

ite’s fracture toughness is the mechanisms of fibre bridging (schematically shown in

figure 2.3 and illustrated in figure 2.7). The interlaminar fracture toughness, which in

composites is usually characterised by a critical energy release rate, is mainly related

to the matrix material’s fracture toughness. However, the matrix and the compos-

ite’s fracture toughness are not the same due to the influence of the fibres in the

latter. The fibre bridging, which can take place usually between two distinct crack

surfaces in composites with a low strength matrix, could lead to an overestimation

of the critical energy release rate. In some instances, the crack grows around a fibre,

which then bridges the crack faces and adds resistance to further crack growth. This

is because it reduces the stress at the crack tip as it still transfers some stress and

allows further interfacial debonding at the fibre-matrix interface. Fibre bridging is

quite present in UD composites. However, the effects of fibre-bridging are reduced

to almost non-existing in delamination resistance testing of FRP composites with

angle-ply (non-unidirectional) layups [86]. For further reading on the fibre bridging

mechanism, the reader is directed to the review carried out by Rafiullah in [87].
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Figure 2.7: Fibre bridging in a specimen under Mode I loading - Reproduced from [87].

As it will be explained in section 2.1.2, bridging is also a key feature in the failure

mechanisms of matrix cracking.

2.1.2 Intralaminar fracture - matrix cracking

Withing the failure modes that originate due to intralaminar fracture, matrix cracking

is generally the most critical of them all. Matrix cracking -also known as transverse

cracking when it occurs in 90° plies- is generally the first failure mode to occur.

Matrix cracks can propagate between the fibres through the thickness of the laminate

rather than between the plies. In addition to reducing the mechanical properties and

structural integrity of composite materials, matrix cracking is the precursor of other

failure modes that can be fatal for the structure or component, e.g., fibre breakage

and/or delamination. The fracture mechanisms (b) intralaminar matrix crack, (c)

Longitudinal intralaminar matrix crack and (d) transverse intralaminar matrix crack,

as shown in figure 2.2, are all related to matrix cracking.

The initiation of matrix cracking could have different sources, e.g., voids [23] and

fibre-matrix debonding in the off-axis plies [3]. These cracks, which typically initiate

at defects or fibre–matrix interfaces, accumulate throughout the laminate, coalesce,

and lead to failure across a critical fracture plane.

In the matter of matrix cracking developing from voids in the laminate, Liebig et al.

[88] indicated that voids are located not only in the resin-rich interlayer region but

also in the fibre-rich intralayer region (see figure 2.2 for reference). These voids are

present between the fibre and the matrix, making the fibre one-side supported in

some areas, as schematically shown in figure 2.8a. The voids lead to stress concen-

trations, and the bigger the void, the higher the stress concentration along the void.

As a result, the voids significantly influence the load transfer between fibre and ma-

trix [88]. Liebig et al. determined that the void length has an essential effect on the

compression failure modes like shear-driven fibre failure or fibre buckling (see sec-

tion 2.1.3 for an explanation of fibre failure modes) due to the only one-sided support
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of the fibre. Additionally, these voids between the fibre and the matrix could derive

into fibre-matrix debonding.

Paris et al. [89] studied the influence of the fibre-matrix debonding phenomenon

in the case of laminate tension loading. Based on their findings, the matrix failure

mechanism is associated with cracks running between fibre and matrix (fibre-matrix

debonding) and interacting between them to create a zone of damage of macrome-

chanical meaning. In this way, it is clear that the interface between the fibre and

the matrix plays an essential role in the formation of cracks [89, 90]. The growth of

fibre-matrix debonding, under quasi-static or fatigue loading, could develop matrix

cracking that travels across different interfaces, forming a macroscopic crack visible

to the naked eye. Additionally, matrix cracks in adjacent ply groups may produce

stress concentrations near their intersection, which give rise to local delaminations

[91]. Figure 2.8 shows an example of fibre-matrix debonding and how it could de-

velop into a matrix crack.

(a) (b)

Figure 2.8: (a) Schematic of a 0/90/0 cross-ply laminate with fibre-matrix debonds de-

veloping. (b) Coalescence of fibre-matrix debonding into a crack - Reproduced from [3].

It is worth mentioning that the cracks in composite laminates are often generated

and propagated within the fibre-rich ”intralayer region” of the prepreg, as shown

in figure 2.2(b). Matrix cracks typically extend across the thickness of the ply or

plies with a common orientation (e.g., it is usual to find matrix cracking in composite

laminates with groups of 90° plies when these are longitudinally loaded1), but do not

necessarily extend across the width of the laminate [3]. This way, matrix cracks in

the 90° layers can initiate short cracks in adjacent plies with other orientations, e.g.,

matrix cracking transfer from 90° plies to ±45° plies in quasi-isotropic laminates.

1As declared before figure 2.1, the longitudinal direction is that of the 0° layers.
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The intralaminar matrix cracking growing across the width of through-the-thickness

of the composite laminate is also known as intralaminar delaminations [61] (parallel

to the lamination plane), which are different from what is usually referred to delami-

nation or interlaminar delamination1. Nevertheless, matrix cracking and interlaminar

delamination are intrinsically related. For example, although delamination in a free

edge (as is explained in section 2.1.1 and section 2.2) is principally driven by the

stresses arising from the mismatch in Poisson ratio and the sudden discontinuity of

material properties, matrix cracking is almost always a necessary precursor to edge

delamination [92]. Figure 2.9 shows an edge view of a [02/902/± 45]s CFRP laminate

after fatigue loading showing matrix cracking in both the 0° and the 45° plies, as well

as interlaminar delamination at the 90/45 interface.

0° 90° +45° -45° plies Delamination at the 90/+45 interface

Matrix crack  
in 90 ° ply

Figure 2.9: Matrix cracking and interlaminar delamination occurrence at a free edge. On

the left, an edge view of a [02/902/ ± 45]s CFRP laminate after fatigue loading shows

matrix cracking in both the 0° and the 45° plies, as well as interlaminar delamination at

the 90/45 interface. On the right, the circle region from the left at a higher magnification

- Reproduced from [3].

In the case of composite layups with 90° plies, the detection of matrix cracking on-

set could often be observed in stress-strain curves in the form of a non-linearity of

the curve [3]. This non-linearity occurs due to two factors. First, the stiffness of the

laminates decreases as a consequence of the matrix cracking in the off-axis layers

(90°layers) of the load direction. Second, the ”locked-in” thermal strain is released

locally to the crack, allowing the compressive longitudinal thermal strains in the

not 90° plies to relax, therefore lengthening the specimen. This ”locked-in” thermal

strain is generated on the cooling of the laminate during the manufacture (see sec-

1The fracture mechanism of interlaminar delamination and the approaches for quantifying and

predicting it are explained thoroughly in section 2.1.1.
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tion section 6.3 for reference) as a result of the mismatch in the coefficients of thermal

expansion (CTE) between the 90° plies and the other different orientations plies [93].

Bailey et al. [94] observed a relationship between the thickness of the transverse plies

(90° plies) and the onset strain value for the transverse intralaminar crack formation.

They determined that for [0/90/0] GFRP laminates with 90° plies of 0.5 mm or more,

the onset longitudinal tensile strain for intralaminar transverse crack formation was

independent of the thickness of the ply thickness and had a value of 0.5%. However,

for 90° plies of less than 0.5 mm thickness, the strain for crack formation increased

as the ply thickness decreased. This feature is exploited nowadays by the denomi-

nated ”thin-ply” composites (<100 µm thick), which have remarkable resistance to

the development of matrix cracking, and hence delamination [95].

Another type of matrix cracking is known as splitting. Splitting usually occurs when

the crack runs parallel to the direction of the applied load, and it separates fibres

between them as a result. For example, several studies have reported splitting of the

0° fibres in cross-ply laminates (generally [90/0/90] laminates or arrangements of the

sort) [3, 94, 96]. Splitting originates due to the mismatch in the poison ratio between

adjacent plies and generally develops along the whole thickness of the ply. Splitting

is also usually defined as a translaminar failure mechanism induced by shear-driven

matrix cracking, as explained in section 2.1.3.

Wealthy literature is available for the analysis of matrix cracking and failure. All

criteria developed for the matrix failure in tension assume a critical fracture plane in

the transverse direction. Furthermore, apart from the maximum stress and maximum

strain criteria, they generally involve an interaction between the tensile normal and

in-plane shear stresses. Among the most common failure criteria, the maximum

stress and maximum strain criteria are based on a comparison of the magnitudes

of the individual stress and strain components with their appropriate strength and

allowable strain values. After these, the most straightforward criteria proposed is

that from Hashin and Rotem [97] for UD composite laminates. As mentioned in

the interlaminar fracture section 2.1.1, Hashin later developed a failure criterion that

included the through-thickness strength [78]. The criterion most often used over

the years is the second-order tensor polynomial criterion proposed by Tsai and Wu

in 1971 [45], as recollected in the historical review carried out by Herakocivh [50].

Finally, Puck’s failure criterion is the most restrictive failure criterion [98], which

recognises three different types of matrix failures. These correspond to the three

different orientations of fracture planes relative to the reinforcing fibres. It is worth

mentioning that Puck’s failure criterion performed quite good in the world failure

exercise, showing pretty accurate predictions [99].

A feature of longitudinal intralaminar fracture is large-scale bridging. It has been
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studied that for any intralaminar failure mechanisms, the bridging of fibres in the

crack region, as schematically shown in figure 2.3, has a significant influence on

the intralaminar fracture toughness and crack propagation behaviour [100]. This

increase in the crack propagation resistance is generally reported and studied using

the fracture mechanics concept of R-curves [101], which depicts the crack growth

resistance, GR, as a function of the crack extension, ∆a.

2.1.3 Translaminar fracture - fibre failure

Out of all failure mechanisms in a composite laminate, fibre fracture is the most

catastrophic of them all. This is because fibres are the load-carrying parts, and their

collapse means the impossibility for the laminate to keep on sustaining load. In this

manner, fibre failure is also the failure mode in which most energy is liberated. Typ-

ical energy values needed in the event of fibre breakage go from 20 to 60 kJ/m2 [60].

For comparison, the energy required for interlaminar delamination development is

usually between 0.1 to 1.5 kJ/m2.

The fibres conforming composite laminates are statistically identical. This means

that they are all different between them, due to different sizes of fibres (diameter),

defects introduced in the fibres during the fibre manufacture or defects introduced

during the composite manufacture (e.g., scratches on the fibre surface). This means

that the fibres in a composite laminate will fracture at different values of the applied

strain, generally producing isolated fibre fractures. At higher strains, these fractures

could induce failure in adjacent fibres, leading to fibre fracture accumulation and

final collapse of the laminate [3].

The presence of other failure mechanisms influences fibre failure. For example, as

mentioned before in section 2.1.2, matrix cracking induced from fibre-matrix debond-

ing could provoke the premature failure of fibres due to stress concentrations. In

addition, Jamison [102] reported the presence of fibre fractures in 0° plies adjacent to

matrix cracks during fatigue loading of cross-ply CFRP laminates, and hence related

influence of matrix cracking on fibre fractures. This behaviour was also observed by

Zangenberg et al. [103] in non-crimp fabrics and by Topal et al. [104] in 3D non-crimp

orthogonal woven fabric composites.

Apart from fracture of the fibre in tension, fibres could also break in compression,

e.g., kinking, splitting and compressive shear failure. Although the stresses from

which failure modes arise act in the fibre direction, fibre splitting and fibre kink-

ing are fibre failures that occur due to matrix failure, so shear-driven compression

failure is the only one resulting from fibre failure. Figure 2.10 shows the different

compression-driven fibre fracture modes in UD composite laminates.
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Shear-driven compressive failure of fibres is originated when the compressive strength

is surpassed. The fibres break cleanly, creating a clear separation at the fracture point,

as shown in figure 2.10. Ewins et al. [105] observed shear-driven fibre compressive

failure for the first time in composites with high tensile modulus. Later on, this phe-

nomenon has been then well characterised in different works [106–108], that proved

that the imperfections influence the compressive fibre failure in the fibre (e.g., wavi-

ness and misalignments of the fibre) and matrix cracks and delaminations that could

enhance those misalignments and add rotation to the fibre within the matrix. Effendi

et al. [108] suggested that the compressive strength of the composites could be im-

proved by increasing the matrix yield stress or minimising geometric imperfections

to avoid this type of failure.

Fibre kinking originates with the formation of a kink-band, as shown in figure 2.10.

Kink-band formation propagates at an angle β from the fibre direction due to the

initial rotation (θ0) of the initially misaligned fibres, which induces shearing of the

matrix. When the shear stress is high enough to provoke matrix failure, the fibres

lose support and hence suffer additional rotation (θ), causing a twist in a portion of

the fibres -known as kink width (w)-, and ultimate failure of the fibres [109].

A-AA-A

SplittingKink-band formation Compressive shear failure

0°

Figure 2.10: Fibre fracture modes in unidirectional composites in longitudinal compres-

sion - Reproduced from [109].

Similarly to kink-bands, and as mentioned in the previous section 2.1.2, fibre splitting

is related to matrix cracking between fibres induced by shear. However, unlike fibre

kinking, fibre splitting propagates through the whole specimen along the fibre-matrix

interface [109], as shown in the central image of figure 2.10.

2.1.4 Summary - Failure mechanisms

Failure mechanisms in composite materials are various and complex. Due to the

interaction in a mixed-mode of the different failure mechanisms, the anisotropy of

composite laminates and the different loading scenarios, there have been several fail-
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ure criteria and workarounds for characterising composite laminate failure. With

the focus on interlaminar delamination, the approach of fracture mechanics for char-

acterising the onset and development of a crack presented itself as a robust and

straightforward method.

Literature on the role of interlaminar delamination in the different four load scenarios

studied in this thesis is presented in the following sections.
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2.2 Free-edge delamination in composite laminates

2.2.1 Free edge effects on the onset of delamination

As explained in section 2.1.1, delamination is a crucial failure mechanism in com-

posite laminates. Delamination has different origins and primarily arises as a result

of high interlaminar stresses. These interlaminar stresses are exceptionally high in

the vicinity of free edges, as demonstrated by Pipes and Pagano in 1970 [13]. As a

result, delamination at the free edges is one of the critical damage modes in com-

posite laminates. It reduces the stiffness and strength of the laminates, leading to

significant structural integrity loss and eventually laminate failure. Also, free-edge

delamination is a significant problem for testing and characterising laminated com-

posites. Unlike most final composite products, which have no or a small number of

free edges, test coupons have long free edges that make them susceptible to free-edge

delamination. Free-edge delamination undermines the actual load-bearing capacity

of the laminate and gives non-representative test results. Figure 2.11 shows a pho-

tograph of free-edge delamination occurrence in a [+454/04/ − 454/904]s open-hole

tensile test specimen, with the free-edge delamination happening between the -45°

and 90° layers and connecting through the thickness of the 90° layer block.

Figure 2.11: Photograph of free-edge delamination in a [454/04/ − 454/904]s open hole

tensile test specimen.

Given its importance, free-edge delamination has been studied for decades, and rel-
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atively good explanations and reliable methods to predict its development have been

proposed. Pipes and Pagano [13] first gave a full three-dimensional stress distribution

in composite laminates under axial extension. This work led to numerous investiga-

tions [15, 110–114] on the effect of the free-edges from a stress-based analysis. These

studies demonstrated that interlaminar through-thickness stress σz (see figure 2.1 for

sign convention) and shear stress τxz are maximum, approaching infinity, at the free-

edge. In contrast, the shear stress τyz is maximum close to the edge but zero at the

edge. These high interlaminar stresses near the free edge provoke edge matrix cracks,

which are almost always necessary precursors for delamination to occur, and then the

peel and shear stress drive the delamination [3].

The occurrence of these high stresses near the free edges is influenced by the stacking

sequence of the laminate [17, 72]. In this way, there is a mismatch in engineering

properties of adjacent plies in composite laminates, e.g., a mismatch in Poisson’s

ratio (νxy) and the coefficient of mutual influence (ηxy,x)1 between layers [115]. The

magnitude of these interlaminar stress depends on the value of |δνxy| and |δηxy,x|,
the elastic and shear moduli, stacking sequence of the laminate, mode of loading and

environmental conditions as determined by Herakovich in [115]. Whereas mismatch

on Poisson’s ratio influences σz and τyz stresses, the mismatch in coefficient of mutual

influence gives rise to the τxz stress near the free edge of a laminate. The mismatch in

νxy and ηxy,x are directly related to the orientation of the fibres in the laminate [115].

Figure 2.12 presents the dependency of νxy and ηxy,x with the fibre orientation (θ)

in unidirectional laminates for T300/5208 carbon-epoxy composite. As shown, the

variation of νxy is symmetric about θ = 0, and the variation of ηxy,x is antisymmetric,

based on finite element stress analysis performed by Herakovich [70].

For angle-ply laminates of the form [±θ]s, it could be derived that both interlaminar

stresses σz and τyz would be negligible throughout the laminate, as νxy is an even

function of θ. Hence, there is no mismatch in νxy for angle-ply laminates. The τxz

shear stress would be non-zero and potentially significant, being it the leading cause

of free-edge delamination in angle-ply laminates. Figure 2.13 shows the variation of

ηxy,x and the normalised τxz for an angle-ply laminate based on finite element stress

analysis by Herakovich [70]. Based on this FE analysis, the value of τxz is maximum

between 15°and 20°, varying slightly upon the elastic properties of the material.

The delamination between layers with the same Poisson’s ratios and coefficients of

mutual influence could still be possible, e.g., adjacent plies with the same orientation,

if the interlaminar stresses caused by the neighbouring plies of different orientations

or elastic properties are high enough. For instance, free-edge delamination in a lam-

inate [±45/0/90]s may occur at the through-the-thickness midplane, e.g., interface

1ηxy,x is defined as the ratio between the shear strain γxy and the axial strain ϵx.
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Figure 2.12: Normalised Poisson’s ratio and coefficient of mutual influence as a function

of fibre angle orientation in unidirectional laminates of T300/5208 carbon-epoxy com-

posite - Reproduced from [70].

(a) (b)

Figure 2.13: Mismatch of (a) ηxy,x and (b) τxz in angle-ply laminates with the fibre angle

orientation (θ) - Reproduced from [70].

90//901, where a significant value of interlaminar normal stress, σz develops. Fig-

ure 2.14 shows the stresses near the edge of a [±45/0/90]s and its consequent de-

lamination in the 90//90 interface for different axial strains. For the same stacking

sequence, Rodini and Eisenmann [116] experimentally demonstrated that the thicker

the ply, which is stressed interlaminarly, the lowest the stress for originating free-edge

delamination. This thickness effect cannot be adequately explained by a stress anal-

ysis alone and they proposed a probabilistic argument that the laminates with thick

plies contain statistically more defects than laminates with thinner plies. However,

this approach needs to deal with the occurrence of singular stress distributions.

1Hereafter the referral to a specific interface in a composite layup will be noted with a double

slash while writing the composite layup, e.g., [+45/ − 45/0/90//90/0/ − 45/45] for referring to the

midplane interface 90//90.
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(a) (b)

Figure 2.14: (a) Stresses τxz and σz near the free edge of a [±45/0/90]s laminate. (b)

Edge damage of a [±45/0/90]s laminate at different tensile strains - Reproduced from

[70]

Due to such stress singularity at the edges, stress-based analyses have limitations

in studying the free edge problem. Therefore, alternative methods from stress ap-

proaches for studying and predicting free-edge delamination were needed. As men-

tioned in section 2.1.1, fracture mechanics have been successfully used for character-

ising delamination and work good in the free edge problem.

Rybicki et al. [85] were the first to model the initiation and stable crack growth of

delamination using the interlaminar energy release rate G. They used a finite ele-

ment analysis that did not require any special singular element or knowledge of a

stress singularity in the solution. Plotting the energy release rate against the crack

length, they observed that the strain energy release rate remained nearly constant

during the delamination propagation. Hence, they determined that the critical en-

ergy release rate (or fracture toughness) could be a useful criterion for delamination

growth. Additionally, they successfully predicted the onset of delamination in a

[±30/ ± 30/90/90]s laminate.

Wang and Crossman [117] used fracture mechanics to investigate the effects of cracks

in transverse plies (90°) on free-edge delamination. They used a FE formulation that

used generalised plain strain for accounting for both the edge delamination and mul-

33



2. LITERATURE REVIEW

tiple transverse cracking growth processes. In the second part of their work [69], they

managed to explain the effect of ply thickness on the transverse cracking and edge

delamination. They assumed values of Gc = GI , but when they encountered mixed-

mode cracking in one of their experiments, this equivalence was considered uncer-

tain. The value of Gc for mixed-mode cracking changes from single-mode cracking.

Wu and Reuter (Power law) [118], Benzeggagh-Kenane (BK law) [119], and Reeder

[120, 121] have proposed different failure development criteria for calculating the

value of Gc under mixed-mode cracking. The choice of criterion is not always clear in

any given analysis, and an appropriate model is often best selected empirically. Last,

Wang and Crossman praised the capabilities of the VCCT but pointed out the neces-

sity of checking the convergence values of energy release rate with mesh refinement.

Later, Wang [122] studied the influence of fibre orientation, crack length, and ply

thickness on free-edge delamination using stress intensity factors and energy release

rate. As mentioned in section 2.1.1 and related to what Herakovich presented in [115],

Wang showed that the mode-III stress intensity factor is one or two orders of magni-

tude higher than mode-I and mode-II stress intensity factors in angle-ply laminates.

O’Brien [83] used Rybicki’s approach to characterise the onset and development of

delamination based on the energy release rate and classical laminate theory. His

method is probably one of the most important works as he obtained a simple equa-

tion (equation 2.2) for determining the critical energy release rate at which free-edge

delamination would occur. Equation 2.2 is based on equation 2.1, and the loss of

stiffness in a laminate after the laminate has completely delaminated. In this man-

ner, he correctly predicted the delamination onset strain for [±30/ ± 30/90/90] and

[+45n/ − 45n/0n/90n]s (n = 1, 2, 3) laminates of T300/5208 carbon-epoxy composite.

He determined that the onset strain of delamination is directly proportional to the

square root of the laminate thickness. This was also reported later in other works,

e.g., Crossman and Wang [123], and Schellekens [124]. Equation 2.2 is explained as

follows:

Consider a symmetric composite laminate as shown in figure 2.15a. Based on O’Brien’s

experimental observation, a symmetric laminate of the type [±30/± 30/90/90] would

delaminate from the free edges along the two symmetric interfaces -30//90 from the

midplane, as shown in figure 2.15b. The energy release rate at the free edges would

be given by equation 2.2.

G =
ϵ2t
2
(Elam − E∗) (2.2)

It is necessary to mention that O’Brien developed this equation for the case of lam-

inates which had 90° plies in the centre of the laminate. He observed that the 90°
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t

(a) (b)

Figure 2.15: (a) Symmetric laminated under axial strain - Reproduced from [70]. (b)

Schematic of free-edge delamination in a symmetric laminate under axial loading - Re-

produced from [83].

plies developed matrix cracking and zig-zag pattern that connected the delamination

occurring in the -30//90 interfaces. This phenomenon also occurs in the other quasi-

isotropic layup ([+45n/ − 45n/0n/90n]s) that he tested, which is observable in the

delamination profile shown in figure 2.11. In this way, instead of considering four

cracks as sketched in figure 2.15b, he only considered two cracks for calculating the

crack area and obtained results that agreed with his experimental observation and FE

analysis. Thus, if using this equation for predicting the onset of delamination in lami-

nates without 90° mid-layers, e.g., angle-ply laminates ([±θ]s), under the assumption

of symmetric delamination from mid-plane as in figure 2.15b, equation 2.2 should

be used with a ”4” in the denominator instead of a ”2”. O’Brien explained this in

Appendix I of his paper [83]. This appreciation is mentioned later on in section 6.1.

It is also interesting to mention that O’Brien calculated the total energy release rate

(G) as GI + GI I (as GI I I was negligible) for the [±30/ ± 30/90/90] layup. He assumed

that the value of critical strain energy release rate (Gc) is independent of the stacking

sequence and hence used the same value of Gc for both layups, and successfully

predicted delamination onset strain in the quasi-isotropic layup. This was possible

as in both layups, the components GI + GI I are the predominant ones, with GI being

bigger than GI I . However, this assumption might not be true always. For most

resins and their composites, Gc may depend on time, environmental factors and crack

modes. Additionally, the value of Gc is dependent on the mixed-mode crack opening

modes [118–121].

Due to delamination, the composite laminate design seeks to avoid excessive free
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edges or stress concentrators that could give way to free-edge delamination. Al-

though delamination can not always be avoided, efforts to suppress free-edge delam-

ination can be found in the literature. The following subsection recollects some of

these solutions for suppressing free-edge delamination and compares the work done

in their conceptualisation with the solution proposed for this thesis’s first research

question.

2.2.2 Free-edge delamination suppression concepts

Several attempts have been made to suppress the initiation and growth of free-edge

delamination. Among all solutions investigated, there are two clear groups: solutions

suggesting laminate modification and solutions applying local modifications at the

free edges.

On the solutions suggesting laminate modification, Pagano and Pipes [17] suggested

a rearrangement of the stacking sequence for reducing the interlaminar stresses that

promote free-edge delamination. In this way, plies of similar orientation angle (whether

θ or −θ) should be separated and dispersed, looking to reduce the tensile σz or get

compressive values of σz at the free edge. Figure 2.16 shows the distribution of in-

terlaminar normal stress (σz) in the neighbourhood of the free edge for both adjacent

plies with similar orientation angles or angle-dispersed. It is noteworthy that in

Pagano and Pipes’ laminates with plies interchanged in the stacking sequence, the

extensional stiffness (Aij) of the laminate is unaffected, whereas the bending stiffness

(Dij) is highly affected (please be referred to literature on CLT for better comprehen-

sion of the extensional and bending stiffness, e.g., [25, 46]). Additionally, there is a

change in the values of interlaminar shear stresses. The resultant τxz, which is sin-

gular at interfaces with opposite ply orientations (θ//−θ), vanishes at the 15°//45°

interface, while the τyz (not singular) attains a maximum at that interface [17].

Figure 2.16: Distribution of interlaminar normal stress σz at the free edge - Reproduced

from [17].
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Herakovich [125] also added insight on the dispersion of layers with similar orienta-

tions for enhancing the strength of angle-ply laminates. He studied the influence of

ply thickness in angle-ply laminates, as the thickness of the plies is an influencing pa-

rameter on the interlaminar stresses. He found out that the interlaminar shear stress

τxz is about 25% higher in clustered (blocked) laminates than in alternating (dis-

persed) laminates. Additionally, the absolute value of τxz decreased, and it changed

the sign at the layer which before had the highest value of τxz. Hence, he determined

that the alternating ±θ layer configuration provides significantly higher strength and

toughness than a clustered or blocked configuration. Figure 2.17 shows a through-

the-thickness interlaminar shear force and shear stress τxz distributions of different

angle-ply laminates.

Figure 2.17: Through-the-thickness interlaminar shear stress and shear force distribu-

tions for angle-ply laminates - Reproduced from [125].

Krieger [40] used an interleaving technique, which places a discrete layer of tough un-

reinforced resin between the layers to achieve a higher interlaminar fracture tough-

ness. In this way, introducing a ply (or interleaf) of an adhesive film with low stiffness

makes it possible to reduce the shear stress concentrations at critical locations of com-

posite structures.

Chan et al. [126] successfully suppressed delamination until final failure in [±35/0/90]s
and [±302/90/±302]T laminates by means of adhesive layers placed between the
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90°layers and the ±30° and 0° layers. In addition, they placed a thin but tough adhe-

sive inner layer between interfaces and also only in the free edge area. They claimed

that although there was no significant change in the total strain energy release rate,

there was a significant decrease in the GI (tension mode) percentage of the total strain

energy release rate.

Similarly, Chan and Wang [39] (previously published in 1986 in [127]) studied the

effect of a 90° layer when serving as the midplane layers on matrix cracking and the

onset of delamination. In layups including 90° layers, the Poisson’s ratio of the 90°

ply relative to other ply orientations is a primary source of increased local stresses.

Hence, to improve free-edge delamination resistance, Chan and Wang used a hybridi-

sation approach, replacing the 90° carbon/epoxy plies in the original laminate with

a lower stiffness ply. They studied using a hybridised ply of the same carbon and

different resin and an S-glass/epoxy ply. This hybridisation reduced the mismatch

in elastic properties of the plies. Their results showed that the hybridised laminates

could withstand higher loads before the onset of laminate splitting, delamination and

final failure. In this way, they concluded that the delamination and ultimate strength

significantly increased when the hybridisation was done with the glass/epoxy layer.

There have been different approaches for avoiding or suppressing delamination on

solutions that apply a local modification at the free edges to increase their interlami-

nar strength. Many of these techniques were centred and particularised for the case

of laminates that presented 90° layers in the midplane of the laminate. For example,

Pagano and Lackman [27] experimentally demonstrated that serrating the free edges

of the laminate can reduce the chance of delamination in [±30/ ± 30/90/90]s. They

serrated the edges of the 90° layers and substituted the material removed with resin.

Stress analysis of the serrated edges showed a reduction in the interlaminar normal

stress, σz. Additionally, the ultimate failure stress of the laminates with the 90° ser-

rated layers was increased by 32%. Chan and Ochoa, following the work of Chan and

Wang in [127], and similarly to the edge serration done by Pagano and Lackman, con-

ducted a prompt ply termination of the 90° layers of laminates that have a 90° layer

in the midplane of the layup. This critical ply termination technique ends the 90° ply

a small distance away from the free edges. As a result, the interlaminar stresses are

reduced, and resistance to delamination is enhanced. Last, on solutions attacking the

mismatch in elastic properties due to the 90° layers in the midplane of the laminate,

Lee and Chan [128] studied a discrete critical ply technique. They proposed segment-

ing the 90° in the width direction, so the loading path for delamination growth is

interrupted.

Mignery et al. [42] used a stitching technique for investigating free-edge delamination

and ultimate strength in different layups of carbon/epoxy laminates and controlled
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the onset and growth of delamination with X-radiography. They effectively arrested

delamination, but the stitching technique had varying adverse effects on the tensile

strength of the laminate. While the stitching does not cause a change in the inter-

laminar stress as in the previously discussed solutions, it improves the delamination

resistance (fracture toughness) as the delamination crack approaches the stitch line.

The stitching technique is widely used for enhancing the mechanical properties of

the composite laminates [129]. Stitching, as a through-the-thickness reinforcement,

influences the in-plane properties (bulk moduli and tensile strength) as well as out-

of-plane properties (interlaminar properties and fracture energies). Stitches behave

as bridging mechanisms (see Damage mechanisms in fibre reinforced composites for

fibre bridging). See the literature review by Drake et al. [130] for further reading on

the effect of stitching in out-of-plane composite properties.

Chuaqui et al. [131, 132]. They have presented an effective resin treatment on free

edges to improve the short beam shear test accuracy and avoid free-edge delami-

nation while simulating several non-standard layups in open hole laminates under

tension. This technique bonds two resin blocks onto the free edges of the laminate,

reducing the interlaminar stresses and delaying the onset and propagation of delam-

ination.

Howard et al. [133, 134] presented a composite U-shaped cap as a reinforcement for

free edges. A stress analysis at the edges and a qualitative semi-empirical correlation

were carried out, showing a reduction of the interlaminar stresses at the free-edges

of a [±30/ ± 30/90/90]s carbon/epoxy laminate. In a later study [135], it was seen

that the prepreg material used for conducting the experiments had been stored for

more than 10 years, and hence the results obtained in [133, 134] were different than

if a fresh prepreg had been used. They tested three U-cap layup configurations, e.g.,

unidirectional cap (0° fibres), cross-ply cap ([0/90] fibres) and a ±45° cap, based on

O’Brien’s assumption [83] that the predominant failure mode for free-edge delami-

nation is mode I delamination (delamination due to high σz).

Their results showed a reduction in interlaminar stresses, where the [0/90] cap re-

duced the most the σz and τyz at the 90° layers, and the ±45° reduced the most the

σz at the ±30° layers. Although their stress predictions indicated that the ±45° cap

would enhance the ultimate strength the most, their choice of material (Kevlar-epoxy)

showed low strength in ±45° arrangements, hence not allowing higher carried loads.

Only when three layers of these ±45° Kevlar-epoxy cloth were placed over the edge

a modest increase in strength was obtained. The ply thicknesses of the materials

they used for the caps are 0.137 mm for the carbon-epoxy tape and 0.084 mm for the

Kevlar-epoxy cloth. In this way, they decided that the [0/90] carbon-epoxy tape was

a better optimum solution that reduced the most interlaminar stresses of the laminate
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they studied. Howard et al. highlighted the need for a suitable method for account-

ing for delamination as the stress-based method they used was mesh sensitive due to

the singularity around the free edges, and the presence of delamination could not be

modelled.

It is worth mentioning that although the physical concept of the solution proposed

by Howard et al. [133, 134] is similar to the approach investigated as the first re-

search question of this thesis, the approach in this thesis is quite different and more

exhaustive, as it will be explained in following sections and chapters. In this thesis,

an additive composite laminate made of thin-ply unidirectional prepregs is applied

to the free edges of cured composite laminates to suppress free-edge delamination,

as schematically shown in figure 3.1. In this thesis, these thin secondary added com-

posite layers are referred to as ”additive binding” as they are added to the primary

substrate and cured in a second stage to bind the layers together at the free edges. To

address the stress singularity drawback in the work by Howard et al., the effect of the

additive binding is studied on the energy release rates in the presence of different de-

lamination sizes and locations using the virtual crack closure technique (VCCT) [43].

The developed technique is used to study a wide range of additive binding layups.

As will be presented, a different optimum layup is suggested as opposed to that

proposed in [133, 134]. This study shows that bindings can suppress the growth of

free-edge delamination as it propagates to larger sizes by reducing the energy release

rates. Also, a thermal analysis has been done to study the possibility of thermal stress

introduction by the binding when curing. Additionally, the recent developments in

the tow spreading techniques and thin-ply technology [95, 136] have allowed the in-

troduction of small amounts of additive secondary materials in the experiments. This

provides the opportunity to suppress the free-edge delamination with a minimal al-

teration of the geometry, significantly less than standard ply thickness materials, e.g.,

those used by Howard et al.

As a brief resume of the main differences between Howard et al. work and the one

presented in this thesis, there are:

• The use of thin-ply prepregs, allowing the suppression of free-edge delamina-

tion with a minimal alteration of geometry, significantly less than those that

used standard ply thickness materials, e.g., Howard et al.

• The study in this thesis is done from a fracture mechanics point of view. The

effectiveness of the reinforcement (additive binding) is studied on the energy

release rate in the presence of different delamination sizes, and locations using

the virtual crack closure technique (VCCT) [43].

• A different optimum layup is suggested as opposed to that proposed in [133,
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134].

• A thermal analysis was carried out to study the possible thermal stresses that

the additive binding may induce in the laminate when curing.

2.2.3 Summary - Free-edge delamination in composite laminates under
tension

Free-edge delamination is one of the important damage modes in composite lami-

nates. Free edges in composites are stress concentrators. A singular three-dimensional

stress state primarily provokes this free-edge effect in the vicinity of the free edges.

The presence of these singular stresses can primarily be explained by the sudden

discontinuous change of the ply elastic properties, especially the Poisson’s ratio and

shear properties in the interface of two different-orientated layers [70]. Attempts to

stop free-edge delamination found in literature could be divided into solutions sug-

gesting laminate modification and solutions suggesting local modifications to the free

edges. Most of these solutions were proposed and studied from a stress-based point

of view. Due to the stress singularity at the free edges, the solution studied in this

thesis is investigated by means of fracture mechanics.

All in all, the free edge problem has been studied for more than 50 years, and it is

challenging to envelope all the work carried out. For a more exhaustive read on the

effects of free edges in composite laminates, please refer to the literature review by

Mittelstedt and Becker [137].

2.3 Composite laminates under edge impact

Composite materials are highly susceptible to impact damage. Impact events in

FRP originate damage that could include indentation, matrix cracking, fibre-matrix

debonding, delamination and eventually fibre breakage [138]. One major problem is

the susceptibility of composite components to impact damage at low energy or low-

velocity impacts (LVI), which frequently leave no visible mark, but are the source of

notorious internal damage [139]. Even when no sign of impact damage is observed

at the surface of impact (energies below Barely Visible Impact Damage, BVID), ma-

trix cracking and inter-laminar failure can occur. This is because the impact energy

at which visible damage is formed is much higher than the impact energy level at

which substantial loss of residual properties occurs [138]. These impact-induced de-

laminations constitute a significant cause of compressive strength loss, and hence im-

pacted laminates tend to buckle in the delaminated areas under compression loads.

Additionally, the fatigue life of impacted composite specimens was found to be de-
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termined by the compressive part of the loading and not by the tensile part [140].

For this reason, compression after impact (CAI) and compressive stress after impact

(CSAI) tests were proposed in order to quantify the compressive reduction strength

[138].

Most of the time, impacts are transverse or out-of-plane impacts (skin impacts). This

means that the impact location is on the top or bottom surface of a composite lam-

inate. This kind of impact gives way to the development of damage within the

composite structure, degrading the structure’s strength and affecting its structural

capabilities for withholding load. Although skin or transverse impacts are the most

common, edge-on or edge impact (in-plane impact) could also occur in specific sce-

narios. The edge-on impact is most commonly related to impact on the edge of a

stringer on a stiffened panel [141] during manufacturing or in-service maintenance

and inspection. An aeroplane’s composite centre wing box is a good example of

a composite structure with many free edge stringers or stiffeners inside. They are

highly loaded and are designed to resist buckling to keep the structure safe, but if

a tool drops on the stringer edge during the plane’s maintenance, its residual prop-

erties can be drastically reduced [139, 142]. Figure 2.18 shows a FE schematic of a

centre wing box of an aeroplane with the stringers. After impact, the load-carrying

capability of composite structures, e.g., stringers, could be significantly affected since

damage which can be introduced reduces the strength of the structure significantly

[143, 144].

Figure 2.18: FE schematic model of stringers on a composite wingbox skin.

A wealthy literature could be found about testing and simulation of ou-of-plane

impact-induced damage, e.g [73, 140, 144–162], and even industry standards (ASTM

D7136 and ASTM 7137, etc.) have been developed. However, the edge-on impact or

in-plane impact-induced damage has been considerably less studied [139, 142, 163–

165], where the work by Ostre et al. is one of the most complete ones [166–169].

Figure 2.19 shows an schematic of the principle of edge-on impact.

Malhotra [139] experimentally studied the effect of impact position for low-velocity
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Figure 2.19: Edge impact principle - Reproduced from [166].

impacts and its correlation with residual strength. Rhead et al. [142] presented a

semi-analytical fracture mechanics model for studying the compressive strength of

composite laminates following edge impact. They assumed the final failure of im-

pacted laminates is caused by delamination buckling, which leads to propagation

of damage away from the original site. Ostre et al. developed a three-dimensional

model for capturing the edge impact [167] and compression after impact [169] re-

sponse of composite laminates. The model is a discrete 3D impact model using

Abaqus explicit solver and a user-defined Vumat subroutine. Their model is based

on the one developed by Rivillant, Bouvet and Hongkarnjanaku in [170] and vali-

dated for different stacking sequences in [73]. They used cohesive elements to model

the interlaminar delamination and intralaminar matrix cracking. The fibre failure is

implemented by conventional continuum damage mechanics (see for example [171]

for more information in continuum damage mechanics, CDM) but with original for-

mulation between the integration points of the element to produce a constant energy

release rate per unit area. More recently, Thorsson et al. [172] used a shell-based

FE modelling technique for capturing the response of a laminate subjected to low-

velocity edge impact and compressive strength after impact. They managed to pre-

dict with a sufficient level of agreement the damage caused by impact energies that

produce barely visible impact damage.

In this thesis, the in-plane, edge-on or edge impact is the case of study, as is one load-

ing scenario in which the additive binding solution could be of use for enhancing the

damage tolerance of composite laminates against impact-induced damage. Hence,

edge impact-induced damage is explained in the following subsection. The damage

events succession in a composite laminate’s edge impact scenario is explained.
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2.3.1 Damage caused by edge impact in composite laminates

The impact damage scenario is susceptible to the material properties, the stacking

sequence of the laminate and the impact energy. The damage mechanisms gener-

ated after an edge impact are similar to those developed during classical out-of-plane

or skin impact testing (delamination, matrix cracking and fibre breakage). How-

ever, edge impact events present distinct features from skin impacts, such as a semi-

elliptical damaged area with non-symmetrical delamination occurrence about the

midplane [142] (usually at all interfaces [166]), and wedge effects and multiple ma-

trix cracks along the length direction [166]. In previous studies, [141, 164, 166, 168]

it was shown that typically the edge impact response of composite laminates is more

similar to a progressive crushing process of the edge rather than a skin impact sce-

nario. This is noted due to the occurrence of some phenomena like compressive fibre

failure and wedge effects, which are of minor importance during skin impact, but

become important in edge impact events, as well as in edge crushing [167].

In this way, the typical mechanical response of composites under edge impact is

similar to that observed in progressive crushing of composite laminates [141, 164,

166, 168]. An initial peak force is observed at the impact moment, related to the

stiffness of the laminate in the impact direction, followed by a progressive stage

(plateau) of approximately constant force with eventual oscillations, in which matrix

cracking and delamination develop [141, 166, 168]. Figure 2.20a shows the typical

load-displacement curve of composite laminate under progressive edge crushing.

Hull [173] classified the crushing process into two main failure modes. The first

one is the one referred to as splaying (figure 2.20b), in which bundles of bending

delaminated lamina splay on both sides of the main crack, and the broken matrix

and fibres trapped at the crushing zone could lead to the formation of debris wedge

on the surface of the crushing area [166]. The second degradation mode is known

as fragmentation (figure 2.20c) and consists of the multiple short-length fractures of

the plies due to pure compression, transverse shearing and sharp bending, forming

small fragments on the crush zone [166]. These two failure modes are observed

during edge impact as shown in figure 2.21.

Ostre et al. [166] were the first to propose the degradation modes and their chronol-

ogy in the event of composite laminate’s edge impacts. They proposed that the forma-

tion of kink bands and wedge effects have a leading role, followed by a crushing phe-

nomenon. This description is similar to that of the crushing test curve (figure 2.20a),

whereas the wedge effect could be compared to the splaying effect (figure 2.20b),

and the kink band formation could be compared to the fragmentation mode (fig-

ure 2.20c). From the initial contact between the impactor and the edge until the

moment that the maximum load is reached, the contact surface between the impactor
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(a)

(b) (c)

Figure 2.20: Composite laminate crushing process - (a) Typical load displacement curve

for crushing test (reproduced from [174]) , and the two main degradation modes: (b)

splaying of the edge, (c) fragmentation of the edge (reproduced from [173]).

tip and the specimen grows. During those moments, kink bands appear in the plies

parallel to the impact direction. After the maximum force has been reached, it falls

rapidly until the plateau force value due to crushing and the appearance of wedge

effects, developing matrix cracks that propagate through neighbouring plies of differ-

ent orientations. As the force reaches a plateau, interlaminar delamination starts to

develop. Interlaminar delamination is the most energy-absorbing failure mechanism

present; this is easily checked when observing the load-displacement curve, as the

energy dissipated during the development of delaminations would be the area un-

der the curve for the plateau region. As this crushing plateau progresses, the cracks

advance from the middle of the thickness of the laminate, or point of impact, to the

outer plies and a swelling effect appears. The remaining debris under the impactor

help push the outer plies, and the swelling contributes to delamination spreading

below the impact area [165]. Last, when all energy has been liberated, the discharge

begins. The impactor displacement changes way, and hence there is a gradual drop

in the stress value observed. Usually, a permanent indentation and an out-of-plane

swelling footprint remain at the impact location after the impactor rebound, as seen
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in figure 2.21. For more detail on the edge impact chronology description, please be

referred to [166, 168]

(a)

(b)

Delamination

Wedge debris

Shear 
fracture

(c)

Figure 2.21: XCT images from a [452/02/ − 452/04/902]s composite laminate impacted

on the edge with a cylindrical tup and an energy of 10J. (a) Top view, (b) cross-sectional

view at the centre of the impact, (c) detail of the cross-sectional view pointing out de-

lamination, shear fracture and wedge debris areas.

It is interesting to note that as the impact energy increases, the peak load and im-

pact duration increase, while the crushing plateau load remains relatively constant

[141, 166], and larger permanent indentations and out-of-plane swellings are ob-

tained. Additionally, it was experimentally and numerically observed that the load

at the plateau is apparently independent of the stacking sequence [166, 168]. Never-

theless, despite this independence of the crushing load with the stacking sequence,

the damage extent is somewhat different [141, 166], hence affecting the subsequent

CAEI response [165].

2.3.2 Low velocity impact damage tolerance enhancement

Impact events are challenging to solve or prevent. Hence, as previously mentioned,

many efforts have been dedicated to understanding and predicting the damage tol-
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erance of composite laminates under the events of skin or edge impact 1. Several

studies have been conducted on the influence of the stacking sequence of the lam-

inate on the damage tolerance and how modifications of the layup could help to

enhance the damage tolerance. Most of these studies have been dedicated to the

cases of skin impacts [149, 158, 176–181], and, in contrast, not so many layups have

been studied for the case of edge impacts. For example, Ostre et al. studied four

different quasi-isotropic layups [166], and Arteiro et al. added two quasi-isotropic

layups more [165].

A particular method for stacking sequence modification is the helicoidal or Boulingand-

inspired architectures. These architectures are inspired by the shell of crustaceans

and have gotten relatively good attention lately [182–189]. These helicoidal stacking

sequences have been studied in the case of skin impacts showing an improvement

in impact damage tolerance. Impacted helicoidal structures develop several cracks

that remain parallel to the local fibre orientation, mainly by matrix cracking. In this

way, the fibres are left almost undamaged [190]. This accumulation of the highly dif-

fused sub-critical damage allows the bio-inspired Bouligand structures to withstand

impacts while retaining more of their undamaged mechanical properties [191]. How-

ever, due to the difficulty in manufacturing and the research knowledge associated

with the performance of twisted composite architectures [185].

Apart from varying the stacking sequence of the laminate, the use of different mate-

rials is also an important aspect to consider. Fotouhi et al. [192] reported the better

potential of the glass laminates for energy absorption purposes compared to the car-

bon laminates. The S-glass/8552 epoxy laminates sustained higher deflections prior

to failure than the IM7-carbon/epoxy laminates, while both materials experienced

similar load levels. Additionally, the energy absorption of the glass laminates was al-

most two times higher than that of the carbon, hence the potential of glass laminates

for use in applications susceptible to impact damage events. Moreover, using hybrid

composite laminates has shown better performance than using only one composite

system.

Saka and Harding [193] carried out in-plane tensile impact studies on woven hy-

brid composites. They observed that the tensile strength was higher at the impact

strain rate than at the quasi-static strain rate. Their experimental studies showed that

the tensile strength of woven glass/carbon hybrid composites was more than that

of only-carbon or only-glass composites. Furthermore, Hosur et al. [178] studied

the low-velocity impact response of hybrid composites made of plain woven S2-glass

and twill woven carbon-glass fabrics. They reported a considerable improvement

1In case the reader is interested in solutions once impact event has happened, Hall et al. [175] have

presented a study on the effectiveness of patch repairs for impacted composite laminates.
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in the load-carrying capability of hybrid laminates compared to carbon-epoxy lam-

inates with a reduction in stiffness [194]. Other studies similarly concluded that

hybrid glass-carbon/epoxy composites give higher CAI and better load-bearing ca-

pacity than only-carbon or only-glass composites [195, 196].

In addition to these layup modifications, better matrix systems have also been sug-

gested for enhancing the damage response. For example, Soutis [177] pointed out that

materials with tougher (more ductile) resins suffer minor impact damage and show

better strength retention in CAI than the standard resin systems. Moreover, Cartié

and Irving [197] determined that resin toughness has a much more critical role than

fibre strength and stiffness, influencing the CAI performance in quasi-isotropic CFRP

laminates.

Similarly to the case for stopping free-edge delamination, Sharma and Sankar [198]

used stitching to investigate its effect on the impact tolerance damage and the in-

terlaminar properties of carbon-epoxy composite laminates under skin impact. They

concluded that in this loading scenario, the stitching technique did not apprecia-

bly affected the damage resistance of the laminates. However, the damage tolerance

improves significantly, and so does the CSAI. Additionally, they proposed a man-

ufacturing method for the high-volume production of stitched laminates using the

resin-infused mould (RTM) technique.

It is worth mentioning that, to the author’s knowledge, no technique similar to the

one present in this thesis for enhancing the damage tolerance of composite laminates

under edge impact has been found in the literature. Using a thin-ply composite bind-

ing to protect the edge of composite laminates against edge impact is a solution that

adds a neglectable amount of weight to the whole mass of the composite structure.

However, small additions of these thin-ply layers have been proven to strengthen

composite laminates in some scenarios, as in the case of free-edge delamination [199].

The concept of the solution proposed for the second research question in this thesis is

depicted and explained in section Additive binding layers to enhance damage toler-

ance and response of composite laminates under edge impact of the chapter Concept

of the solutions studied to suppress delamination in composite laminates

2.3.3 Summary - Composite laminates under impact

Literature on impact damage and impact response in composite laminates has been

reviewed. The chronology of the damage development has been explained based on

the work by Ostre et al. [166]. Most of the studies conducted have been for the case

of skin impacts, and little literature can be found on the edge impact scenario. Due

to the nature of the applications of composite structures in the transport industry,
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weight is an essential factor. Hence, the addition of protections for avoiding impact

damage is typically forbidding. In this way, much research has been carried out to

understand the role of the layup on the impact damage tolerance, as the stacking

sequence is something that can be varied easily without incurring in addition of

weight. Hence, the use of additive layers for enhancing the damage tolerance of

composite laminates under edge impact could be a potential tool due to its small

weight addition to the composite structure.

2.4 Composite laminates with open holes

2.4.1 Considerations for fracture criteria of notched laminates

The presence of discontinuities as open holes in composite laminates means the oc-

currence of stress concentrations. In essence, open holes present free edges. Hence,

the same problem as in the case of free-edge delamination occurs, where high inter-

laminar stresses arise due to the presence of open holes [71].

The problem of high stresses in the vicinity of open holes in plates has been studied

for a very long time now [200]. It has been found that in the case of composite lami-

nates, the strength of the system is a function of the absolute dimension of the cutout

(hole) [201]. Furthermore, in composite materials with relatively brittle matrices and

significantly orthotropic, the hole size effect is more pronounced [201].

Waddoups et al. [52] used linear elastic fracture mechanics (LEFM) concepts to ex-

plain the hole size effect. They pointed out that the value of critical stress due to the

presence of open holes depends on the hole size. For hole sizes larger than one inch

(25.4 mm), the ratio between the stress carried without a flaw or damage (σ0) and

the stress with the flaw (σc) was constant, while for diameters less than one inch, the

tensile stress clearly varied with the hole size. The ratio between the stress at the hole

tip (maximum stress at the hole) and the stress in the laminate without a hole is also

called the stress concentration factor (SCF). Figure 2.22 shows the dependency of the

stress concentration factor with the size of the hole based on the model by Waddoups

et al. However, this model presented limitations. Due to the necessary development

by Bowie [200], it could only be used for isotropic materials. In addition, the charac-

teristic dimension (a) they used for characterising σc/σ0 was not constant for all hole

sizes, and they did not provide any physical interpretation for this dimension [71].

To characterise the strength of composite laminates with open holes, the works of

Cruse [202] and Whitney and Nuismer [75, 203] were the first ones proposed. While

Cruse [202] used a method based on LEFM with the critical stress intensity factors

(Kc) for the material to determine the strength of notched laminates, Whitney and
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(a) (b)

Figure 2.22: Dependence of the stress concentration factor with the hole diameter by

Waddoups et al. - Reproduced from [52]

Nuismer [75] focused on the finite state of stress near the boundary of the hole.

Whitney and Nuismer used two different approaches that led to two two-parameter

criteria that predicted the hole size effects without using LEFM. These two models

[75] are known as the point stress and average stress models. The point stress model

assumes that the final failure occurs when the stress at a characteristic distance from

the hole reaches the unnotched strength of the laminate. In the average stress model,

the failure is assumed to occur when the laminate stress averaged over a characteris-

tic distance (d0) is equal to the unnotched strength of the laminate. However, these

two models presented limitations. As they fixed the value of d0 to be constant for all

notch sizes, their formulation yielded a two-parameter model, which was essentially

equivalent to the LEFM models. For the laminates they studied, they observed a di-

rect relationship between the Mode I fracture toughness and the unnotched laminate

strength. For this reason, Whitney and Nuismer also ventured that the characteristic

lengths a0 and d0 they used for their models are constant parameters for various lam-

inates, discontinuity geometries and material systems. It is interesting to note that

these stresses in the vicinity of an open hole are generally between three and four

times the value of stress in the laminate without the hole [52, 71].

Pipes, Wetherhold and Gillespie [201] proposed a three-parameter strength model.

Their model took into account several parameters that influence the notched strength

of composite laminates, e.g., fibre-matrix interfacial bonding, matrix properties, fibre

properties, fibre orientation and laminate stacking sequence. All these parameters

were represented using two material properties they defined as ”notch sensitivity

factor” and an exponential parameter ”m” that would be inherent to the material.

They achieved excellent agreement between their model and experimental data from

different stacking sequence laminates.
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Vaidya et al. [204] proposed a fracture criterion for notched composite laminates con-

taining 0° layers. The criterion is based on the experimental observation that the 0°

layers govern the laminate strength. This is also in agreement with the failure mech-

anisms and failure chronology described by Hallet et al. [205], as the final failure

of laminates with open holes under tension ultimately occurs when their 0° layers

fail. Vaidya et al. introduced the fracture toughness of fibre breakage as an effec-

tive material parameter. In this way, the parameter is layup independent and can be

used to predict the strength of any laminate configuration, which suffices the requi-

site of containing 0° layers in its stacking sequence. Additionally, later, Vaidya et al.

[206] studied the effect of ply thickness on notched laminates, which present fibre-

dominated strength (layers with 0° layers). They showed that ply block thickness

significantly affects the notched strength of cross-ply and quasi-isotropic laminates,

being less pronounced in the latter ones. As in the case of free-edge delamination,

the amount of delamination increases with the thickness of the laminates. Further-

more, in the quasi-isotropic laminates, the failure mode changed from fibre failure to

delamination failure when the thickness of the ply blocks was of four or more plies

blocked together.

Camanho et al. [207] proposed a finite fracture mechanics model for predicting

the open-hole strength of composite laminates. Their models are based on both a

strength-based criterion (equivalent to the average stress criterion [75]) and fracture

mechanics. As an improvement over other methods, the strength prediction method

is based on independently measured material properties. There is no need for cali-

bration for different hole sizes and specimen widths. The model only needs the ply

elastic constants and two additional independent material properties: the unnotched

strength of the laminate and the fracture toughness of the laminate. Additionally,

the model is useful for assessing the brittleness of a given material/geometry com-

bination based on the fracture toughness of the material. As a drawback, it should

be noted that the finite fracture mechanics model is only applicable to notched lami-

nates that exhibit pull-out or brittle failure modes (see section 2.4.2 for an explanation

of failure modes of notched composites). In this manner, the model proposed is not

valid for laminates which present delamination as failure mode, as appropriate nu-

merical finite element analysis is required for predicting the strength in these cases

[207]

All of these fracture criteria need to deal with the so-called ”size effects” in laminated

composites [5, 10]. Size effects in composite laminates occur at different material

and structural levels. For example, at the mesoscale, the tensile and in-plane shear

strengths of a ply constrained by sublaminates depend on the ply thickness [208].

This phenomenon is also known as the ”in situ effect” and was initially detected by

Parvizi in [208] when testing cross-ply glass fibre laminates under tension. This in
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situ effect represents how, when plies constrain a ply with different fibre orientations

in a laminate, their transverse tensile and in-plane shear strengths are higher than the

strength of the same ply in a unidirectional laminate. The in situ effect is influenced

by the number of plies stacked together and the fibre orientation of these constraining

plies. Figure 2.23 illustrates the in situ effect for the relation between the in situ

transverse tensile strength experimentally measured and the thickness of 90° layers

in three different layups for T300/944 carbon/epoxy composite laminates. To predict

the strength of notched laminates subjected to in-plane shear and transverse tensile

stresses, a failure criterion should be established as a function of the in situ strengths

[209].

Figure 2.23: In situ effect in laminated composites - Reproduced from [210]

The size effect or in situ effect phenomenon has been studied particularly for com-

posite laminates with open holes, e.g., [8, 11, 12, 211, 212], as different hole sizes give

great variations in notched strength of the composite laminate. This effect, usually

known as the ”hole size effect”, is caused by the development and propagation of

non-critical ply-level damage mechanisms that occur in the vicinity of the hole before

the final collapse of the laminate [8]. The nature of the non-critical damage mecha-

nisms is known and has been reported, e.g., [211, 213]. However, The hole size effect

is not the only geometrical parameter affecting the strength of notched laminates.

For example, as in the case of unnotched laminates, the thickness of the laminate has

an important role, especially in the case of ply-blocked laminates. Figure 2.24 shows

the effect of thickness on open-hole tensile strength for 3.175 mm diameter holes in a
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[45m/90m/ − 45m/0m]ns laminate, (with m, n = 1, 2, 3...). The subscripts m and n refer

to the number of plies of each orientation, representing two different ways of increas-

ing the thickness of the laminate. When m is increase, it is known as ply scaling, and

when n is increased, it is known as sublaminate scaling.
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Figure 2.24: Effect of thickness on open-hole tensile strength for a [45m/90m/ −
45m/0m]ns laminate with a hole diameter of 3.175 mm. - Reproduced from [212]

Additionally to the hole size effect, as it happens in the case of free-edge delamina-

tion, the stacking sequence of the laminate influences the strength of the laminate

due to interlaminar edge effects [71]. Lagace [214] studied the notch strength varying

the stacking sequence and the hole diameter. He found that for [0/902]s laminates,

the damage mechanisms that provoked the failure changed from fibre-dominated

to matrix-dominated fracture as the hole size decreased. This failure mechanism

change from fibre-dominated to matrix-dominated fracture was accompanied by an

increase in delamination and a considerable less change in strength with hole size

than expected on the basis of analytical fracture criteria as the Whitney–Nuismer [75]

fracture criteria model.

The hole size effect also influences the change in failure mechanisms in laminates

with open holes. Generally, the strength of notched multidirectional laminates tends

to decrease with the hole size. However, Green et al. [211] observed a different

trend for the case of ply-blocked laminates (ply-level scaling). A quasi-isotropic lam-

inate with plies of the same directions stacked together, as [454/904/ − 452/04]s and

laminate thickness of 4 mm, showed an increase in its strength with increasing the

size of the hole, as represented in figure 2.25. In this way, while an increase in

the thickness at constant hole diameter of the laminate led to a decrease in failure

stress, an increase in the hole diameter at constant thickness1 led to an increase in

failure stress. Figure 2.25 shows the variation in failure stress of both ply-scaled
1The dimensions of notched tensile coupon specimens are designed in a way that there is a scaled

proportion between all their in-plane parameters as defined by the ASTM D5766 [215]. This is later

explained in the chapter 5 under the section 5.4.
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and sublaminate-scaled (or ply dispersed) and their corresponding analytical predic-

tions with the average stress criterion [75], with the hole diameter for the case of a

[454/904/ − 454/04]s laminate. Green et al. [211] attributed this finding to the forma-

tion of delaminations at the free edge of the hole. In combination with all the other

scaling testing they performed, they observed that the effect of increasing the thick-

ness on ply-level scaled specimens is predominant over the effect of increasing the

in-plane dimensions. As previously mentioned, the energy available for delamination

to propagate grows when increasing the thickness of the laminate [206].

Figure 2.25: Experimental vs analytical notched strength with respect to hole diameter

for a [454/904/ − 452/04]s laminate. - Reproduced from [211]

The ply thickness controls the size of the delaminations occurring at the free edges

[211]. These delaminations are relatively large for small hole diameters and hence

form and grow instantaneously to form extensive delaminations towards the edges of

the laminate. For larger hole diameters (and assuming the same laminate thickness),

the delamination is relatively smaller, and the delamination around the hole grows

in a more stable trend. As delamination from the edges and the hole grow towards

each other, the easiness for these two delamination fronts to join is directly controlled

by the width of the laminate [216].

As a result of the difficulties in accounting for accurate predictions of the notched

strength of composite laminates, several numerical models have been proposed for

this purpose [11, 205, 213, 217–219]. However, these models still need extensive ex-

perimental data to determine their effectiveness under different scenarios, e.g., layup,

specimen dimensions, and loading conditions. Furthermore, Hallet et al. [220] ac-

knowledge that even if the FE models are capable of capturing variations, both in

terms of the failure mechanisms and the absolute strength values in notched com-

posite laminates, these simulations could be extremely computationally expensive.

For these reasons, they put the challenge on implementing these approaches in a

simplified form which can model components at an industrially relevant scale. These
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kind of approaches have met success in Virtual Test Laboratories (VTL), as the one

introduced by Falco et al. in [221, 222]. Chuaqui et al. [132], based on the VTL intro-

duced by Falco et al. [222], have studied the effects of ply angle (fibre orientation) and

blocking (ply block thickness) on open-hole tensile strength of composite laminates.

They studied an extensive set of what they called standard and non-standard stacking

sequences, as they used standard (0,±45, 90)-degree angles and non-standard angles

with non-orthogonal ply orientations. They used a high fidelity three-dimensional

mesoscale FE model in Abaqus Explicit, obtaining a maximum 5% relative difference

between the model predictions and experimental strength results. Additionally, the

failure morphology between the FE predictions and the ”post-morten” C-scans found

very good agreement. Additional information on the relevant FE models is provided

in chapter Chapter 4 under section 4.4.

2.4.2 Damage mechanisms in composite laminates with open holes

The damage chronology and mechanisms in composite laminates with open holes are

complicated and vary on different parameters, e.g., laminate thickness, hole diameter,

and laminate’s layup, among others., as explained in the previous section 2.4.1. In an

extensive characterisation campaign at University of Bristol [21, 205, 211, 212, 216],

they explained the damage mechanisms and size effects in ply-level and sublaminate

scaling laminates of layup [45m/90m/ − 45m/0m]ns, (with m, n = 1, 2, 3...). Figure 2.26

illustrates the difference between ply-level and sublaminate-level scaling. They di-

vided their study cases into ”1D scaling”, where in-plane dimensions were kept con-

stant, and the thickness was scaled, ”2D scaling”, where the in-plane dimensions

were scaled and the thickness was kept constant, and ”3D scaling”, where all three

dimensions (thickness, width and hole diameter) were scaled. Three different failure

modes are identified as the cause of laminate failure depending on the scaling level of

the laminate dimensions. These failure modes are delamination, pull-out and brittle

failure. The failure mechanisms in this laminate stacking sequence could be used as

a reference in other quasi-isotropic laminates (0,±45, 90 degree plies) under tension

due to their similarities.

The results of the test campaign of notched strength of quasi-isotropic laminates of

Hexcel IM7/8552 carbon/epoxy prepreg with layup [45m/90m/ − 45m/0m]ns, being

0° the direction of the applied load, are summarised in figure 2.28 as of recollected

in [216]. The parameters ”D”, ”W”, ”t” and ”tply” represent hole diameter, the width

of the specimen, laminate thickness and ply thickness, respectively. It was seen that

in the case of blocked plies (ply scaling), extensive delamination occurred first, and

the failure mode was defined as such. On the other hand, in the case of dispersed

plies (sublaminate scaling), fibre failure occurred first, with extensive pull-out on
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Figure 2.26: Thickness scaling approaches for [45m/90m/ − 45m/0m]ns laminates. - Re-

produced from [212]

the smaller specimens (small hole diameters and narrower specimens) and a cleaner

brittle fracture in larger specimens [211]. Hence three failure mechanisms were de-

fined: pull-out (fibre-dominated failure with extensive subcritical damage), brittle

(fibre-dominated failure with minor subcritical damage) and delamination (matrix-

dominated failure). These three failure modes are shown in figure 2.27.

(a) (b) (c)

Figure 2.27: Different failure mechanisms in open hole tension tests: (a) brittle, (b) pull-

out, (c) delamination - Reproduced from [212]

The pull-out failure mode is caused by fibre failure of the 0° layers. This fibre break-

age is accompanied by delamination between the off-axis layers, which tend to fail

due to matrix cracking. Green et al. [211] observed that the pull-out occurred across

the whole width of the specimens, with splitting failure into the off-axis layers that

propagated from the hole and roughly occurred at the tangent point of the fibres of

the off-axis layers with the hole. The load-displacement curve for this type of failure

is linear initially and has extensive non-linearity prior to its failure. This non-linearity

was assumed to be due to the damage occurring prior to failure, e.g., splitting, de-

lamination of the off-axis layers and matrix cracking of the 90° layers at the hole.

In the same way as a pull-out failure, the brittle failure is fibre-dominated. However,

when laminates break brittlely, they presented slight delamination or splitting of the

off-axis layers. For this type of failure, the damage is localised in the area of the hole,

and every ply of the laminate failed at the same thickness-width fracture plane by

fibre failure in the 0° 45° and -45° layers and by matrix cracking in the 90° layers.
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Figure 2.28: Gross failure stresses, MPa, (coefficient of variation, %) for open hole ten-

sion of [45m/90m/ − 45m/0m]ns laminates. Results from Green et al. [211], Green [223],

Görlich [224] and Cheung and Hallet [225]. - Modified from [216]

Last, the delamination failure consisted of extensive delamination between the -45°

and 0° layers. Apart from this delamination, extensive splitting happened in the 45°

and -45° layers, so the off-axis layers failed in a similar way to that of the pull-out

failure case (cracks and delamination originating from the hole) [211]. Failure initi-

ated from transverse cracks on the surface of the 45° plies, which led to delamination

of the 45/90 interface. These transverse cracks initiated first at the hole and then at

the free edge. In this manner, the 45/90 interface delamination joined through the

width of the specimens. When the damage joined up, it moved down through the 90°

plies, hence delaminating the 90/-45 interface. The damage kept further through the

thickness of the -45° ply and originated the delamination of the -45/0 interface. The

0° plies suffered splitting with the -45/0 interface delamination, and two ligaments

on either side of the hole were left to carry the load. These failure mechanisms were

illustrated by Wisnom et al. [216], as shown in figure 2.29. The delamination of the

-45/0 interface was accompanied by a sudden sharp load drop, and later the load

recovered as the 0° kept withholding the load until their final, fatal breakage.

Differently from the pull-out and brittle force-displacement graphs, the delamination

curves showed a load drop at the time of the -45/0 interface delamination. After this

sudden load drop, the laminate kept on withholding load to even higher values of

the load than the load drop. In the last moments prior to failure, the 0° plies were
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Figure 2.29: Schematic illustration of the mechanisms of outer 45/90/-45 plies separating

from the 0° plies - Reproduced from [216]

the only ones holding the load, and when they collapsed, the laminate failed entirely.

Until the point of -45/0 interface delamination, substantial damage had occurred in

the specimens already. Hence, the failure point of the laminate is defined as the

first load drop point, even though the laminates were still capable of carrying load

after the first load drop. It is also common to observe not only one significant load

drop but smaller several of them, obtaining a ”serrated” profile of the graph. These

smaller load drops correspond to events of transverse cracking in the 90° layers, 45/90

interface delamination and -45/0 interface delamination.

As to the chronology described, the damage propagates throughout all the laminate

after the delaminations started at the hole, and the free edges join together in the

45/90 interface. Hence, in the case of laminates with bigger diameter holes and con-

sequently wider, the 45/90 interface delamination takes longer to join from the hole

to the edge. In this manner, inversely to the case of thinner ply blocks or sublaminate

scaling, the notched strength in thick ply-blocked laminates increases with the size

of the hole as shown in figure 2.25.

Wisnom et al. [216] compared the values of notched strength for a ply-blocked lam-

inate of the form of m=4 and n=1 ([454/904/ − 454/04]s), and ply thickness of 0.125

mm, with the values of the same unnotched laminate. As the hole diameter and

consequently the width of the laminate increase, the notched strength reached an

asymptote value equal to that of the unnotched strength of a 32 mm wide laminate

(W/D = 5). They observed that the transverse cracks in the 45° top ply originated

triangular delaminations at the intersection of the ply and the free edge. Moreover,
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they observed that the moment at which these triangular delaminations grew across

the whole width of the specimen was when delamination was able to step down to

the -45/0 interface and propagate along the length of the specimen, causing a load

drop. In this way, Wisnom et al. ventured that it would be expected that if the speci-

mens were very narrow, these triangular delaminations would join through the width

faster, leading to an earlier onset of full delamination. They demonstrated this fea-

ture by testing an unnotched laminate of the same layup and width of 4 mm. These

4 mm wide specimens failed very close to the notched strength values for small hole

diameters. Thus, they concluded that the width to ply block thickness is the critical

parameter affecting the laminates with an open hole which fails due to delamina-

tion. Figure 2.30 shows the effect of hole size on delamination stress (failure stress)

of [454/904/ − 454/04]s laminates.
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Figure 2.30: Effect of hole size on delamination stress of [454/904/ − 454/04]s laminates.

- Reproduced from [216]

For the case of the laminates which did not fail due to delamination, e.g., m=1 and

n=4, there was the presence of localised delamination visible at the hole edge starting

at matrix cracks [211], which affected the stress concentration. These delaminations

extended through the thickness locally, similarly to the effect observed in unnotched

specimens or specimens whose overall failure mode is delamination. Additionally,

splinting of the 0° layers also occurred, blunting the notch and hence allowing the

specimens to support stresses higher than the value of the unnotched strength di-

vided by the stress concentrator factor. In this way, as the hole size increases in the

case of m=1 and n=4, it becomes more difficult for these local delaminations to join

up and splitting to occur. Hence, the failure mode changes from pull-out (extensive

subcritical damage) to brittle (minor subcritical damage), achieving lower values of

ultimate failure stress. In this manner, the hole size to ply thickness ratio becomes

an important parameter for the fibre failure cases, causing a reduction in the failure

stress as damage (splitting and local delamination) is inhibited.
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2.4.3 Summary - Composite laminates with open holes

Open holes in composite laminates mean the presence of stress concentrators. The

failure mechanisms of laminates with open holes are difficult and change with differ-

ent layups. For the quasi-isotropic laminates studied in the testing campaign by the

University of Bristol, in the cases where the laminate failure is due to fibre failure, the

inhibition of delamination or intra-ply damage (local delamination at the hole and

splitting) provokes the reduction in notched strength of the laminate, as this damage

blunts the hole and consequently the stress concentration factor of it, allowing higher

loads than the strength of the unnotched laminate divided by the SCF. On the other

hand, in the case of failure by overall delamination, the increase in the size of the

specimen provokes an increase in notched strength.

Wisnom et al. [216] determined that the different hole size effects as a function of ply

thickness can be explained in terms of delamination and also demonstrated it numer-

ically [205]. In this manner, delamination has a crucial role in the in-plane strength,

failure mechanism and hole size effect in open hole tension of quasi-isotropic lam-

inates. Delamination can lead to premature failure, especially for small holes and

thick ply blocks.

No particular solutions have been found in the literature for suppressing delamina-

tion in composite laminates with open holes apart from varying the geometrical di-

mensions for obtaining a brittle or pull-out failure. However, as shown in figure 2.28,

the fact that delamination failure occurred with only 0.25 mm thick ply blocks is of

concern, as 0.125 mm ply thickness is a standard prepreg ply thickness [216].

2.5 Pin-loaded composite laminates

Mechanically fastened joints are widely used in many applications (e.g., the aerospace

industry) to secure highly loaded FRP components or structures to other FRP or

metallic parts. However, in bolted composite structures, stress concentrations develop

around the holes, severely reducing the strength of the structure [226]. Furthermore,

due to the presence of a hole, which is a stress concentration point (see section 2.4),

and the interaction between the laminate and the fastener, the load-carrying ability

of the laminate has been found to be reduced significantly due to damage initiation,

and accumulation within the laminate from the early stage of loading [227].
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2.5.1 Bearing strength of pin-loaded composite laminates

The large number of parameters involved complicates the characterisation of bearing

failure in bolted composite laminates. Geometric parameters have been shown to

have a relative impact on the bearing strength [228]. While the bearing strength de-

creases with an increased diameter-to-thickness ratio (D/t), the width-to-diameter

(W/D) and edge distance-to-diameter (e/D) do not influence the bearing failure

stress but determine the mode in which failure occurs (see figures 2.31 and 2.32 for

an understanding of the geometrical parameters). Several studies [226, 229–232] have

demonstrated that the bearing strength is strongly affected by the presence and value

of lateral constraint on the top and bottom surfaces of the material surrounding the

hole. The bearing strength increases with increasing the clamping-applied force, as

well as with increasing the constrained lateral area, e.g., by increasing the washer out-

side diameter [228]. Figure 2.31 illustrates a schematic of how the lateral constraint

is applied to the experimental testing of bearing strength of composite laminates for

pin joint configurations (double shear specimens as of ASTM D5961). Application

of a lateral clamping load produces a shift from bearing to net-section failure mode

[232] (see figure 2.33 for failure modes in composite bolted joints). Additionally, the

ultimate bearing strength has been shown to increase more than 100% by applying a

lateral clamping load [232].

Figure 2.31: Schematic of loading fixture. - Reproduced from [226]
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Quinn and Matthews [233] studied the effect of the stacking sequence on the bearing

strength of GFRP laminates. In the case of quasi-isotropic laminates with 0°±45° and

90° plies, they reported that placing the 90° layers at or next to the surface increases

the bearing strength. Additionally, they found that the failure mode was linked to the

stacking sequence. Smith and Pascoe [19] studied the bearing strength depending on

the stacking sequence of eight quasi-isotropic stacking sequences of CFRP laminates.

They found that it appeared to be less of a stacking sequence effect for CFRP than

for the GFRP tested in [233]. They reported that the effect of the stacking sequence

has a minor influence on the determination of the bearing strength of a CFRP com-

posite laminate. Despite that, Aktas and Dirikolu [74] studied the bearing strength of

[0/45/ − 45/90]s and [90/45/ − 45/0]s CFRP laminates and found similar behaviour

from that showed in [19] for GFRP laminates. They reported a 12% and 20% improve-

ment in the safe and maximum bearing strengths when the 90° plies were located at

the surface.
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Figure 2.32: Definition of joint geometric design parameters. - Reproduced from [234]

Figure 2.32 shows an illustration of some commonly used joint geometric design

parameters. Failure modes are generally associated with failure planes. These planes

are referred to as the bearing plane, the net-tension plane and the shear-out plane,

as shown in figure 2.32. At a testing specimen level, there are four ways in which

a composite bolted joint can fail when the laminate is the failing part1. These are

bearing, net-tension, shear-out and mixed or cleavage failure. Figure 2.33 shows

a schematic representation of these failure modes. The bearing failure mode is a

progressive failure mechanism which occurs when the laminate cannot withstand

load anymore. Bearing is a non-catastrophic failure mode where non-linearities in

the load-displacement relation appear before the final failure. On the other hand,

shear-out and net-tension occur catastrophically and present lower strength [235].

1When the failure occurs due to the bolt, there are two additional ways in which the joint could fail.
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Therefore, it is an unwanted failure mode. In the case of this thesis, the bearing

failure is the one studied.

Figure 2.33: Typical failure modes in composite bolted joints: net-tension, shear-out,

mixed or cleavage, and bearing failure. - Reproduced from [74]

One very studied parameter on the strength of bolted composite laminates is the ef-

fect of bolt clearance [232, 234, 236–242]. Depending on the loading mode, according

to the ASTM D5961, it has been reported that the influence of the bolt-hole clearance

has different importance. The bolt-hole clearance is defined as the difference between

the hole and pin diameter in µm, but it is also often referred in terms of percentage.

Pierron et al. [240] investigated, both numerically and experimentally, the pin-hole

clearance in ±45° single GFRP plates loaded in pin joint (double shear test specimen

as of in ASTM D5961). They studied clearances of up to 12.5% for a pin diameter of

16 mm. They reported a decrease in load failure of up to 30% for specimens with

12.5% clearance (2 mm clearance in their study). Finally, they concluded that the joint

stiffness did not vary much with bolt-hole clearance but did not quantify this affirma-

tion. However, as pointed out by McCarthy et al. [241], the load-deflection curves of

Pierron et al. [240] experiments would indicate a stiffness loss between 15% and 20%,

which is quite substantial. It is worth mentioning that such big clearances would

certainly incur strength and joint stiffness loss, as the size of the pin diameter would

be taking a leading role [243]. As the diameter decreases, the bearing strength drops

due to the fact that the stress concentration factor of the bolt-hole contact intensifies

[234]. Kelly and Hallström [232] found that for reasonable clearances of no more than

3.05%, for CFRP laminates, the effect of the bolt-hole clearance was important with

regard to the 2% offset strength (see the ASTM D5961 [244] for the definition of offset

strength). However, the ultimate bearing strength was not significantly affected by

these clearances. Kashaba et al. [242] reported the same findings for GFRP laminates.
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However, they did show an effect on the ultimate bearing strength, where there was

a reduction of up to 15.3% when the clearance was 300 µmm. They reported that al-

though specimens with pin-hole aerospace tolerances (clearance of 50 µm) had lower

values of ultimate strength compared to neat-fit specimens, they presented higher

failure displacement. Furthermore, in this manner, these specimens showed higher

energy absorption, which could play an important role in delaying catastrophic fail-

ure [242]. Hyer, Klang and Cooper [237] studied not only the effect of the bolt-hole

clearance but also the effect of the elasticity of the pin and the friction between the

pin and the hole surface. They concluded that both the friction and the clearance

significantly influence the stress distribution at the hole and the maximum value of

the stresses around it. While the clearance affects the location, direction and magni-

tude of the maximum stresses, the friction reduces the bearing stress at the 0° plies,

shifting the peak stress away from the 0° plies. Regarding the pin elasticity, they

concluded that it is not a parameter as crucial as bolt-hole clearance and friction and

that pin elasticity reduces the peak stresses. However, this peak stress reduction is

not drastic if using a rigid pin.

Single-bolt/single-lap joints (single shear specimen as of in ASTM D5961) result in

significant stress concentrations in the thickness direction and lower bearing strengths

than pin joint configurations [245]. McCarthy et al. [241] studied the effects of bolt-

hole clearance in single-lap composite joints by means of an extensive experimental

programme. They reported that for reasonable clearances in single-bolt/single-lap

joints, the 2% offset strength (see [244]) is not significantly affected by the bolt-hole

clearance, with a maximum of 7.5% strength drop for clearance of 3% for finger-tight

joints (lateral constraint is clamped with a ”finger-tight” force) with protruding-head

bolts. They did not observe bearing strength drop for countersunk and fully clamped

joints. They expressed that a dependency of offset bearing strength would be ex-

pected for higher clearances, as in the case of DiNicola and Fantle [238] or Pierron et

al. [240], who use large clearance values. Additionally, they reported a dependency

of joint stiffness with the bolt-hole clearance.

Additionally, the radial clearance between washers, which provides the lateral con-

straint at the edge of the hole, and the bolt/pin has been studied. Herrington and

Sabbaghian [246] studied the variation of bearing strength with respect to the clear-

ance between the bolt diameter and the inside diameter of the washer. They found

that the bolt-to-washer diameter ratio was a significant parameter for the bearing

strength of bolted composite joints. A tight fit was found to present the maximum

bearing strength. Large clearances between the washer and the bolt were reported to

have the same strength as the pin-loaded case (without lateral constraint), even for

relatively large clamping forces.
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All in all, it has been seen that although the bolt-hole clearance is important for the

bearing strength value of composite bolted joints, other parameters such as the lateral

constraint or bolt-washer clearance have a stronger influence on the bearing strength.

2.5.2 Failure mechanisms in pin-loaded composite laminates

Camanho et al. [235] conducted an experimental investigation to determine the dam-

age mechanisms in the bearing, shear-out and net-tension failure modes in bolted

CFRP laminates. They used a Hexcel T300/914 carbon/epoxy composite material

with a laminate stacking sequence of [0/90/45/ − 45]2s. They reported that, while

for the specimens that failed by bearing, the damage onset started around 80% of

the failure load, for the net-tension and shear-out specimens, no damage was visible

until 90% of the failure load. In the case of bearing specimens, extensive delamina-

tion and crushing occur. Additionally, the damage tends to follow a ±45° direction

with respect to the loading direction for both the bearing and shear-out specimens.

Damage on the bearing plane follows similar trends in all failure modes. First, there

is localised delamination between the 0° and 90° plies at the hole edge. As the load

increases, matrix cracking develops through the thickness between the 90° and 45°

plies. That matrix cracking further develops into delamination in the 45/-45 interface.

The 45/-45 interface delamination leads to matrix cracking of the -45° plies and fibre

micro-buckling, as also observed by Naik and Crew [247]. For the bearing specimens,

these damage mechanisms lead to shear cracks under the washer surface. These fail-

ure mechanisms stop being present at a 2 mm distance from the hole boundary. At

this distance from the hole edge and in bearing planes of θ = 42° fibre microbucling

occurs. For the shear-out specimens, delamination on the 45/-45 and 0/90 interfaces

and matrix cracking in the off-axis plies occur. For the net-tension specimens, no

damage occurs until 90% of the failure load. Delamination on the 90/45, to a lesser

extent, on the 45/-45 interfaces occurs at this load. Additionally, matrix cracking in

the off-axis plies also happens.

Thus, Camanho et al. [235] concluded that mechanically bolted joints fail in a CRFP

laminate due to damage accumulation. Additionally, they indicated that due to the

three-dimensional effects present at the hole edge, a three-dimensional failure crite-

rion should be used to predict non-critical damage mechanisms that occur prior to

final failure. In this manner, they also pointed out the necessity of accounting delam-

ination in any failure criterion used for bearing strength of pin-loaded laminates.

Xiao and Ishikawa [248] conducted an experimental investigation to study the strength

and failure of mechanically fastened composites in IM7/PIXA and IM600/Q133 car-

bon/epoxy composite materials with [45/0/ − 45/90]2s stacking sequence. They

studied the failure process by means of acoustic emissions (AE) and proposed a
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Figure 2.34: X-ray radiographs of bearing damage tested at four load levels for both

IM7/PIAX and IM600/Q33 composite laminates with stacking sequence of [45/0/ −
45/90]2s. - Reproduced from [248]

non-contact electro-optical extensometer to measure the hole elongation. Similarly to

Camanho et al. [235] they observed that the bearing failure could be outlined as a

process of compressive damage accumulation, dividing it into four stages: damage

onset, damage growth, local fracture and structural fracture or failure. Figure 2.34

illustrates a typical bearing load-displacement curve with the four stages marked

and X-ray images corresponding to the damage accumulated at each stage for the

two material systems they tested. They suggested that different sound frequencies

could be assigned to different failure mechanisms to measure the damage develop-

ment with acoustic emissions. They hypothesised that low or middle amplitude AE

correspond to fibre micro-buckling and high amplitude signals to delamination or

out-of-plane shear cracking. Based on the X-ray images they obtained from the dif-

ferent load stages, they described the failure as follows: at stage 1, there is the main

phenomenon of crushing in the contact area between the bolt and the hole. The main

damage mechanism during stage 2 is accumulated compressive damage in the inside-

washer region. Additionally, kink band formation was observed at the load level of

60%. Xiao and Ishikawa [248] observed that this fibre kinking seemed to cause shear
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cracking and delamination in the ±45° plies. Where the kink bands were pronounced

in the IM7/PIXA specimens at this loading stage, the IM600/Q133 presented both

kink bands and local delamination. At load stage 3, through-the-thickness shear

cracking developed. The kink bands in the 0° plies moved to the ±45° plies and

induced shear cracks and delamination, and subsequently, these damages interacted

and coupled with each other. Moreover, as the inside-washer region reached a satu-

ration state in damage, large-scale delaminations and shear cracks formed under the

washer area leading to a rapid decrease in joint response and final failure at stage 4

(please be referred to Xiao’s and Ishikawa’s work [248] for better understanding with

the aid of scanning electron microscopy images). Figure 2.35 shows the damage state

at maximum load. In conclusion, for this damage chronology, the damage progress

was defined as an intermittently accumulated process by multiple through-thickness

shear cracks. If no lateral constraint is provided, such damages will spread rapidly

around the circular hole.

Figure 2.35: Scanning electron microscopy (SEM) images of through-the-thickness bear-

ing damage at failure point (stage 4) for both IM7/PIAX and IM600/Q33 composite

laminates with stacking sequence of [45/0/ − 45/90]2s. - Reproduced from [248]

Cao et al. [249] have recently conducted a detailed experimental investigation on the

failure mechanisms and chronology of damage in bolted thin-ply composite lami-

nates. In particular, they have studied the bearing behaviour and failure mechanism

under pin-joint or double-lap bolted joint configurations. They studied the progress

of the damage at four different load points, equivalent to the four stage points in
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figure 2.34: (A) where the first small stiffness loss appears (stage 1 in figure 2.34), (B)

peak force at the metal-like yield stage (stage 2 in figure 2.34), (C) slow dropping of

the stress with the increase of displacement (stage 3 in figure 2.34), and (D) sudden

load drop (stage 4 in figure 2.34). Figure 2.36 shows a schematic and X-ray images

of the damage chronology summary they reported. They reported the following

damage accumulation and failure chronology: only a small hole crushing and matrix

micro-cracking are observed during damage initiation. As the bearing load increases,

great amount of micro-damage (matrix cracking and fibre bearing fracture) develops

in the area around the hole accumulating debris in the fracture area. Fibre kinking

occurs in the bearing failure plane (0° direction) and net-tension plane (90° direction)

and induces out-of-plane shear cracking. At the moment of the first load drop (stage

2 in figure 2.34), extensive shear matrix cracking and fibre fracture were observed in

the bearing plane area. Fibre kinking and fragmentation of the 0° plies promotes a

wedge effect matrix cracking in the through-the-thickness direction towards the ±45°

plies, similarly to the one explained in section 2.3.1 for the case of edge impact. They

concluded that the progressive bearing failure of thin-ply laminates was the result of

multiple interacting failure modes (bearing fracture, fibre kinking, matrix cracking

and fibre/matrix debonding), which ultimately produced the permanent deforma-

tion of the fastener and subsequent extensive hole crushing. However, due to the

improved in-situ transverse tensile and in-plane shear strength common to thin-ply

laminates, the propagation of intralaminar and interlaminar cracks in the form of

delamination was not observable.
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Figure 2.36: Schematic showing the bearing failure of thin-py laminates around a bolted

hole during the initiation and propagation of damage. - Reproduced from [249]

2.5.3 Bearing strength enhancement strategies of pin-loaded composite
laminates

The bearing strength is usually the most limiting parameter in composite fastener

joints. It is especially critical for single-row bolted, lug, and shear-loaded joints [250].

Hence, bolted joint regions in composite laminates are expected to be thicker than

the rest of the laminate, incurring additional weight on the whole structure. Looking

to avoid these weak structure points, different methods for improving the bearing

capabilities of bolted joints in composites have been explored in the literature.

Similarly to the other loading scenarios already explained (free-edge delamination,

edge impact and laminates with open holes), layup rearrangements or modifications

have been suggested for higher bearing strengths of bolted composite laminates. For

example, Aktas and Dirikolu [74] pointed out that placing the 90° plies of quasi-

isotropic laminates near the surface gave higher failure stress than placing them in

the centre of the laminate.

Other methods propose a more localised solution, as reinforcement of the area around
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the hole [250–255].

Hole reinforcements in the form of metallic inserts have been explored for enhancing

the bearing response of composite joints. Local embedding of thin titanium layers

into the composite laminate in the coupling region results in a considerable improve-

ment in structural efficiency of bolted and riveted joints in CFRP structures [252].

Kolesnikov et al. [252] reported a great potential increase of specific bearing strength

when using titanium hybridisation. Fink et al. [256] demonstrated the use of this

technique in three-row bolted joints. They obtained an increase of 32% in specific

bearing strength compared with a pure CFRP laminate when using about 20% tita-

nium content in the hybridised region. Camanho et al. [253] studied experimentally

and numerically the local hybridisation of the composite around the hole with ti-

tanium plies. They studied the effect of the number of titanium plies substituting

carbon plies on the bearing strength. They concluded that increasing the titanium

content increased the bearing strength but also increased the weight. With up to 50%

titanium, they observed a remarkable 29% specific bearing strength improvement.

Additionally, they observed a 31% joint stiffness increase when the titanium content

was increased from 0% to 50%. This technique was later assessed by Fink et al. [254]

for implementing it to a spacecraft payload adaptor. They suggested that the possi-

bility of using this technique could potentially save weight with the reduction of bolt

rows, fasteners, edge and pitch distances and overlap lengths.

Akbarpour and Hallström [255] have explored a similar idea to that of Fink et al.

[250, 252–254], but implementing the metal reinforcement in the form of stacked

patches around the holes. They used stainless steel patches instead of titanium. Ak-

barpour and Hallström reported these metal inserts to suppose a penalty weight

of only 5 g and could achieve up to a 60% improvement in the bearing strength.

They pointed out that this reinforcement technique seemed to give a higher bearing

strength reinforcement than for a corresponding lamella coupling concept [252].

Troschitz et al. [257] studied the viability of embedding metallic inserts in continuous

carbon fibre reinforce thermoplastics while using compression moulding. They used

a method for pre-forming the hole and placing the metallic insert without breaking

or disrupting the fibres of the composite. By means of computed tomography (CT)

imaging analyses, they reported that the final material structure around the insert

resulted in inhomogeneous three-dimensional fibre orientation and local variation

of fibre content. In this way, the resulting mechanical behaviour of the insert was

very dependent on this complex geometry originating in the embedding process.

In a theoretical manner, Jones and Platts [251] numerically experimented with the

possibility of having different internal fibre geometry near the hole area and, in this

way, procuring reinforcement to the hole. Although this option would be better than
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metal inserts from a specific strength point of view, manufacturing such patterns is

highly difficult.

Additionally, the use of thin-ply laminates has shown a better bearing response than

standard ply thickness laminates [249, 258]. The use of thin plies improves the load-

carrying capabilities of pin-loaded composite laminates [249, 258]. The more homo-

geneous microstructures distribution of the fibre and matrix in thin-ply composites

aid in minimising the number of voids and resin-rich areas thin-ply in composite

laminates, enhancing the initial damage stress. Thus, pin-loaded thin-ply composite

laminates have higher bearing strength and damage tolerance.

2.5.4 Summary - Pin-loaded composite laminates

Bolted joints in composite laminates are vulnerable points for the strength of com-

posite structures. For this reason, regions where bolted joints are present, tend to

be over-dimensioned with respect to the rest of the composite structure. Compos-

ite bolted joints could fail in four different manners when the composite laminate is

the failing part: net-tension, shear-out, bearing and mixed failure. The bearing fail-

ure mode is a non-catastrophic failure, in which the join fails gradually, contrary to

the net-tension and shear-out failure modes. Additionally, bearing failure occurs for

higher loads than the net-tension and shear-out failure modes. The failure occurring

in a bolted joint has been summarised as the accumulation of crushing damage that

develops in fibre fracture (fibre kinking), matrix cracking, delamination and ultimate

failure when the joint can not withhold any more load.

The failure mechanisms in composite bolted joints are various and complex. Different

proposals have been made to enhance the load-bearing capabilities of bolted joints.

Among the most promising methods are those of hybridising the composite laminate

with metal layers, such as titanium plies, for example. In this way, the mechanical

properties of the laminate are enhanced around the hole and the specific strength of

the joint increases. As far as the literature review conducted in this thesis, the use of

additive layers for enhancing the bearing strength of pin-loaded composite laminates

has not been done. As a potential benefit, additive layers add much less weight and

material, compared with solutions that use metallic inserts or metallic hybridised

plies.
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Chapter 3

Concept of the solutions studied to

suppress delamination in

composite laminates

This chapter presents the ideas of the visioned solutions for each of the research

questions enunciated at the end of chapter 1. The physical meaning and the con-

ceptualisation of the solutions are presented, so the reader can easily locate how

the idea presented is addressed in the following chapters. The actual manufacture

and final form of the ideas will be shown in chapter chapter 5, where details of

the specifically tailored design of each of the conceptualised ideas presented in

this chapter have been put in place.
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3.1 Additive binding layers to suppress free-edge delamina-

tion in composite laminates under tension

Due to the low strength of the polymer matrices, interlaminar cracks known as de-

lamination can develop between the layers, as illustrated in figure 3.1a. For the pur-

pose of suppressing free-edge delamination, the idea of using additive layers has

been explored in this thesis. The concept of it is based on an additive composite lam-

inate made out of thin-ply unidirectional prepreg. This thin-ply laminate is applied

to the free edges of cured composite laminates to suppress free-edge delamination,

as schematically shown in figure 3.1b. As mentioned in 2.2.2, throughout this thesis,

these thin secondary added composite layers are referred to as “additive binding” as

they are added to the main substrate and cured in a second stage to bind the layers to-

gether at the free edges. In this way, this secondary added laminate acts as a binding,

providing constraint and holding the plies of the substrate together, as illustrated in

figure 3.1b. The binding can introduce fibre reinforcement in the thickness direction

at the free edges, and therefore, it enhances the interlaminar strength of the laminate

around the free edges. It also constrains relative out-of-plane and shear movements

of different plies at the free edge, reducing the risk of delamination.

(a)

LOAD

z

x

y

Ovelap-length

Additive 

binding

(b)

Figure 3.1: A composite laminate subjected to axial load. a) No binding applied with

free-edge delamination, b) additive binding applied at the free edges

It will be shown that this solution can achieve more realistic and precise composite

strength characterisation results by eliminating the free-edge delamination where this

damage mode causes premature failure. Additionally, this solution can efficiently im-

prove the composite strength by suppressing or delaying delamination in industrial

applications with free edges.
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3.2 Additive binding layers to enhance damage tolerance and

response of composite laminates under edge impact

Composite structures are highly vulnerable to the impact of foreign objects. Due

to the low strength of the polymer matrices and the brittleness of the fibres, for-

eign object impacts can generate internal damage that reduces the strength of the

structure significantly. This internal damage is a combination of interlaminar delam-

inations, fibre breakage, fibre kinking and matrix crushing and cracking. Figure 3.2a

schematically shows the interlaminar (delaminations) damage originated from the

edge impact of a composite stiffener or stringer. An important part of the energy of

the impact is dissipated through interlaminar delamination, debilitating the strength

of the composite laminate. The idea of using additive layers has been explored to

enhance the damage tolerance of composite laminates under edge impact. These ad-

ditive binding is intended to reduce the extent of delamination or delaminated area

on edge impacted laminates.

The concept of it is based on an additive composite laminate made out of thin-ply

unidirectional prepreg. This thin-ply laminate is applied to the free edge of composite

stiffeners, which are susceptible to suffer edge impacts. Figure 3.2b schematically

shows how the additive binding is applied over the free edge of a composite stiffener,

similar to the free-edge delamination tensile coupons. The addition of this thin-ply

laminate provides initial protection against the direct impact on the free edges of the

different plies of the laminate. Additionally, the additive binding provides through-

the-thickness constraint, helping to stop the advance of delamination through the

composite laminate.

It will be shown to which extent delamination could be stopped by using the additive

binding in composite laminates under edge impact. Additionally, the solution does

not excessively compromise the weight of the structure, hence barely modifying the

specific strength of the structure.
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Figure 3.2: Schematic of a composite stringer impacted on the edge with a free-falling

striker. a) No binding applied with interlaminar delamination, b) additive binding ap-

plied at the free edges reducing the delaminated area after impact.

3.3 Additive binding layers to suppress free-edge delamina-

tion in composite laminates under tension with open holes

Open holes in composite laminates are stress concentration points which reduce the

overall strength of composite structures. However, they are usually needed to pass

wires and pipes through the structure. As explained in section 2.4.2, interlaminar

delamination in composite laminates with open holes delays the final failure point of

the composite laminate (when the laminate can not withstand any more load). It is

taken as a general practice to define the actual failure of the laminate as the point at

which the first load drop is detected in the force-displacement graphs. This load drop

is associated with the moment at which the delamination originated from the hole

edge and the laminate edges join up through the width of the laminate. Figure 3.3a

schematically shows delaminations growing from the open hole of a composite lam-

inate under tension.

Stopping or delaying the spread of these interlaminar delaminations could delay the

moment at which the first drop in force occurs. For this reason, the idea of using

additive layers has been explored to delay or reduce the extent of the delamination

originating from the hole edge. The concept of the solution is based on an additive

composite laminate made out of thin-ply unidirectional prepreg. This thin-ply lam-

inate is added to the edge of the hole, as schematically shown in figure 3.3b. These

additive layers are intended to suppress the initiation of delamination and then hold

the extent of delamination arising from the edge of the hole. In this way, it will be

explored to which extent this additive binding could enhance the mechanical prop-
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Figure 3.3: Schematic of a composite laminate with an open hole under tensile load. a)

No binding is applied with interlaminar delamination, b) additive binding is applied

around the edge of the hole, reducing the delaminated area.

erties of composite laminates with open holes, plus to which extent delamination is

being arrested.

3.4 Additive binding layers for enhancing the bearing response

of pin-loaded composite laminates

Bolted joints are one of the weakest areas of a composite structure. For this reason, the

composite laminate is thicker around the bolted areas. Holes are stress concentration

points, where the stress values reach up to three or four times the stress in points of

the composite far from holes. Additionally, as explained in section 2.5.1, the bolt or

fastener in composite bolted joints induces a crushing effect on the surface of the hole.

This crushing of the hole develops fibre breakage plus small matrix cracking, which

induces delamination and the final failure of the joint. Figure 3.4a schematically

shows a bearing test specimen with delamination arising from the edge of the hole.

It has been shown in section 2.5.3 that increasing the stiffness of the laminate around

the hole under crushing effects with metallic inserts increases the bearing strength of

composite bolted joints significantly. In this thesis, the enhancement of the bearing

strength of composite laminates has been explored by employing additive composite

layers. The concept of the solution is based on an additive composite laminate made

out of thin-ply unidirectional prepreg. This thin-ply laminate is added to the edge of

the hole, as schematically shown in figure 3.4b. It will be shown to which extent the

additive binding can enhance the bearing strength of bolted composite laminates.
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Figure 3.4: Schematic of a pin-loaded composite laminate in a bearing strength testing

setup. a) No binding is applied with interlaminar delamination, and b) additive binding

is applied between the hole and the pin around the edge of the hole, reducing the de-

laminated area.
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Chapter 4

Finite element modelling

Numerical simulations have been used in this thesis as a tool to assess the ef-

fectiveness of the proposed solutions for each research question. A high-fidelity

modelling strategy has been avoided, as that was not the purpose intended for the

FEA in this thesis. This way, computationally light models have been produced

for studying and analysing proposed solutions. This chapter presents the strat-

egy for determining the most suitable additive binding stacking sequence and

geometry. An explanation of existing modelling techniques developed for com-

putationally analysing composite materials is given. Thus, the advantages and

disadvantages of the technique chosen for this thesis are presented. Additionally,

different sections of the chapter are dedicated to explaining how delamination has

been modelled for each particular loading scenario.
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4.1 Modelling delamination in composite materials

Delaminations in composite laminates are constrained to develop in their own plane

(interlaminar), as the toughness of the interface is relatively low in comparison with

that of the adjoining material [259]. At the time of analysing delamination utilising

finite element models, there are two clearly defined approaches1. Delaminations can

be analysed by using cohesive damage models (section 4.1.1) and the virtual crack closure

technique (section 4.1.2).

Cohesive damage models implement constitutive interfacial laws defined in terms of

damage variables and a damage evolution law. These constitutive laws and variables

take form in cohesive damage elements, which are generally inserted between solid

elements [261–264] or beam/shell elements [264].

The fracture mechanics approach has already been mentioned and explained in sec-

tion 2.1.1. Fracture mechanics allows for predicting the growth of an existing crack.

The most extended technique for modelling delamination with FM is the virtual crack

closure technique (VCCT) [43, 259].

The procedures for defining and using both techniques are more or less standardised,

but nomenclature and definitions sometimes vary depending on the software used.

For the numerical analysis done in this thesis, the software Abaqus by DS Simulia

has been used. The Abaqus version is Abaqus 2019, with FOX version 1.0 and Python

version 2.7.3.

4.1.1 Cohesive zone method

The cohesive zone method (CZM) is based on the assumption that the stress trans-

fer capacity between the two separating faces of delamination is not entirely lost at

damage initiation but instead is a progressive event governed by progressive stiff-

ness reduction of the interface between the two faces separating. Figure 4.1 displays

a schematic of the crack propagation concept using the cohesive zone method. This

approach replaces the engineering stress-strain concept with a traction-separation

concept. Cohesive zone model elements can be modelled with zero-thickness ele-

ments. Hence, the initial thickness of the element cannot be used as per the defi-

nition of strain. Instead, deformation is measured by the separation δ between the

faces of the plies connected through the CZM element. In this way, the damage

1It is to be noted that this chapter is written taking into account that the reader is knowledgeable

and understands the principles of FE modelling. In case needing further information than the one given

in this thesis, the reader can be referred to the book of Barbero [259] and the documentation available

of Abaqus [260]
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initiation is related to the interfacial strength, e.g., the maximum traction on the

traction-displacement jump relation. When the area under the traction-displacement

jump relation equals the fracture toughness, the traction is reduced to zero, and new

crack surfaces are formed. The major advantage of cohesive zone modelling is that it

allows for accounting delamination of existing cracks but also allows for the creation

of new ones, contrary to the VCCT approach.

Figure 4.1: Schematic of the basis for cohesive zone method to simulate crack propaga-

tion. - Reproduced from [259]

The interface between the two possible separating faces of the composite laminate is

modelled with cohesive elements [265]. These cohesive elements can be modelled as

zero-thickness elements (defining coincident opposite nodes of the cohesive element)

or finite-thickness elements. The faces of the adjacent plies of the composite laminate

are, therefore, to be regarded as connected to each other through the stiffness of the

cohesive element [259]. Thus, during the deformation of the laminate, the resulting

separation of the plies would be proportional to the stiffness of the cohesive element.

The CZM element is not formulated as usual by integration over the volume of the

element because the initial volume of the element is zero. The CZM element can

be visualised as a spring between the initially coincident nodes of the element. The

nodes of the cohesive element will open (mode I: opening) or slide (mode II: shear

and III: tearing) relative to each other, as shown in figure 2.5.

When formulating the CZM, several researchers have developed different approaches

in terms of how to account for the coupling of the three crack propagation modes. A

single-mode deformation cohesive model, which assumes that the three crack prop-

agation modes are uncoupled (even if they are active simultaneously), is explained

in this thesis. Hence, the formulation presented in this section works only for pure

modes I, II, or III. For further reading on formulations for mixed-mode cohesive

models, the reader is directed to the relevant book [259], the book chapter [266], and

articles [262, 267–271] on the matter. The work by Turon et al. [268] is particularly
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interesting as they introduced a damage model for variable mixed-modes. Addi-

tionally, they introduced a new criterion for the onset of delamination based on an

energy approach, which stems from the expression of the critical energy release rate

proposed by Benzeggagh and Kenane [119].

In a single-mode cohesive model, the formulation for any of the three crack modes

is similar. The surface tractions at the interface are σi, with i = I, I I, I I I denoting the

three crack propagation modes. The corresponding separations between the oppo-

site faces of the CZM element are denoted as δi. Finally, the through-the-thickness

interface stiffness (referred to as penalty stiffness in Abaqus) is denoted as Ki. In this

way, the stress, displacement and the cohesive behaviour of the stiffness is described

in terms of a traction-separation law, represented by equation 4.1. Figure 4.2 rep-

resents how the stress is transferred in terms of the traction-separation law for the

cohesive zone model. The selection of the value of Ki is an additional part of the mod-

elling preparation. Although there is no defined way to obtain the interface stiffness

Ki value, there are approximations and experimentally-based discussions on how to

choose numerical values for Ki, as provided in [272].

σi = Kiδi (4.1)

Figure 4.2: Stress transfer model for cohesive zone model. - Reproduced from [259].

Initially, the material is subjected to a low tensile load in a linear elastic behaviour

up to the onset of damage, represented by the OA line in figure 4.2. During OA,

the material presents an undamaged interface stiffness K̃i ([N/mm3]). Point A, Di =

81



4. FINITE ELEMENT MODELLING

0 (equation 4.2), represents the onset of damage. At this point, the stress is equal

to the interlaminar strength of the material, σ0
i (corresponding with δ0

i ). So the

damage initiation criteria is σi = σ0
i . At this point, σ0

i represents the strength of

the interface, with one strength value for each crack opening mode, σ0
I , σ0

I I , σ0
I I I . In

CZM, these modes are named ”damage modes”, as CZM does not evaluate FM. In

its place, CZM replaces the FM problem by a continuum damage mechanics (CDM)

problem [259]. At damage onset, the two plies do not separate completely into a

physical crack; rather, the interface starts losing its stiffness. Thus, as the relative

displacement increases, the interface accumulates damage, starts losing its stiffness

and the stress goes lower than the strength (point B).

The CZM elements use an assumption of elastic damage behaviour [259]. Hence, if

the material would be unloaded before the total failure of the interface (point C in

figure 4.2), e.g., at point B, the stress-separation would unload to the origin (point

O), as shown in figure 4.2. Due to the damage accumulated, the next time the mate-

rial is loaded, the elastic period would present a Ki stiffness (slope between points O

and B in, as shown in figure 4.2). Consequently, the stress-separation law needs to ac-

count for the Di damage variables, representing the damage absorbed by the material

while loaded. There are as many damage variables as damage modes DI , DI I , DI I I ,

which are state variables to be determined during the analysis as a function of the

relative separation between the faces of the laminate, δi, which are provided by the

FE solution, and the values δ0
i and δc

i , calculated from equations 4.1 and 4.3. The

physical interpretation of Di is a measurement of the degradation of the stiffness.

Equation 4.2 defines the relationship between the interface stiffness of the undam-

aged material (K̃i) and the interface stiffness Ki. The undamaged stiffness values K̃i

are additional material properties needed for the CZM model, which are different

from the Young’s modulus (E), or the shear modulus (G).

Ki = (1 − Di)K̃i (4.2)

The energy release rate at point B is the area enclosed in the triangle OAB. Eventually,

there will be a point for a displacement value in which there will be a total fracture of

the cohesive bond (point C in figure 4.2). At this point, the stiffness of the element is

reduced to zero. Additionally, this point corresponds with the critical energy release

rate value, Gic, with i = I, I I, I I I. So the area of the triangle OAC equals the value of

fracture toughness or the critical energy release rate of the interface. In this way, the

separation distance at fracture δc
i can be calculated as per equation 4.3.

δc
i =

2Gic

σ0
i

(4.3)
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As shown, CZM modelling needs nine experimental material values for its working,

e.g., K̃I , K̃I I , K̃I I I , σ0
I , σ0

I I , σ0
I I I , GI ,GII and GIII . On the other hand, the VCCT requires

only the three values of critical energy release rate (fracture toughness) to predict the

onset and evolution of delamination. Additionally, CZM is generally computationally

costlier than VCCT.

4.1.2 Virtual crack closure technique

The virtual crack closure technique (VCCT) is a method based on fracture mechanics

that allows for predicting the onset and development of cracks based on the pres-

ence of preliminary imperfections, flaws or cracks. According to the VCCT, the strain

energy release rate can be evaluated starting from the assumption that for an in-

finitesimal crack opening, the strain released is equal to the amount of work required

to close the crack. Hence, the energy required to form or propagate a crack is equal

to the elastic energy released by the solid during the crack formation. So, the energy

released is the difference between the elastic strain energy available before and after

the crack is formed. Based on this definition, the energy release rate can be written

based on the strain energy before and after the crack, as in equation 4.4

G =
−∆U
∆A

(4.4)

where A is one-half of the surface created, and U is the internal elastic strain energy.

In other words, as shown in figure 4.3, the energy G released when the crack is

extended by ∆a from a to a + ∆a is identical to the energy required to close the crack

between the points l and i (see figure 4.3).

Additionally, this crack extension of ∆a from a+∆a (node i) to a+ 2∆a (node k), does

not significantly alter the state at the crack tip. This means that the displacements of

the nodes just behind the crack tip are approximately equal to the displacements of

the nodes in the previous crack extension. Based on figure 4.3, when the crack tip is

located at node k, the displacements behind the crack tip at node i are approximately

equal to the displacements behind node l when the crack tip is located at node i. It

is to be noted that the nodes l, i and k, represented in figure 4.3, are referring to the

nodes at the top surface of the crack, and they have their respective coincident but not

merged nodes on the bottom surface of the crack. These nodes in the lower surface

are denoted with an ∗ (asterisk). Based on the Griffith energy approach [81], the crack

progresses as the energy available G is higher than the material energy necessary for

fracture, Gc, as shown in equation 4.5.

G ⩾ Gc (4.5)
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The elastic strain energy released during crack propagation ∆U , and therefore to

create the new surface area, can be calculated as the work required to close the crack

Wclosure, i.e.,

∆U = Wclosure (4.6)

In this way, based on the definition of energy release rate given in equation 4.4,

and on that, the change in strain energy ∆U is considered to be equal to the work

required for crack closure Wclosure (equation 4.6), the calculation of the crack closure

work provides the base for the VCCT. The crack closure work can be calculated from

the FE nodal displacements and forces, as illustrated in figure 4.3.
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Figure 4.3: Two-dimensional principle of the virtual crack closure technique.

Initially, the crack surfaces are rigidly bonded. The nodal forces (X, Z) and displace-

ments (u, w) at the coincident nodes i and i∗ are calculated from the FE solution. The

software Abaqus [273] uses the hypothesis of ”self-similar crack propagation”, which

enounces that during crack propagation, the crack configuration between the nodes

i-k-k∗-i∗ will be similar to the crack configuration between nodes l-i-i∗-l∗. Hence, the

separation between i and i∗ will be equal to the separation between nodes l-l∗ before

crack propagation. This implies that ∆wii∗ = ∆wll∗ = wl − wl∗ and ∆uii∗ = ∆ull∗ =

ul − ul∗ .

In the suppose of single mode deformation, e.g., pure mode I (opening mode), if

GI > GIc (crack propagation) and the nodes i-i∗ open, the elastic work needed for

closing the crack is given by equation 4.7
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Wclosure,modeI =
1
2
[Zii∗∆wii∗ ] =

1
2
[Zii∗∆wll∗ ] (4.7)

On the other hand, if the single mode deformation is mode II (shear mode), and if

GI I > GI Ic and the nodes i-i∗ open, the elastic work needed for closing the crack is

Wclosure,modeI I =
1
2
[Xii∗∆ull∗ ] (4.8)

where Xii∗ and Zii∗ are the shear and opening forces at the nodal points i and i∗, and

∆ull∗ and ∆wll∗ are the shear and opening displacements at nodes l and l∗.

The components of the energy release rate can be calculated then as Wclosure/∆A, as

shown in equations 4.9 and 4.10, where ∆A is one-half of the crack surface created.

This area of the newly created crack is ∆A = ∆a x b, where b is the width of the crack.

For a two-dimensional model, it is assumed that it has unit width, and hence ∆A =

∆a x 1.

GI =
Wclosure,modeI

∆a
=

1
2∆a

[Zii∗∆wll∗ ] (4.9)

GII =
Wclosure,modeI I

∆a
=

1
2∆a

[Xii∗∆ull∗ ] (4.10)

The VCCT method works similarly for mode III by considering the corresponding

components of the separation and nodal forces. A three-dimensional VCCT model

is presented in figure 4.4 where the nodal forces of the lower surface corresponding

to node i∗ have not been represented in figure 4.4a for clarity of the drawing. The

new created surface area for a node is calculated as ∆A = ∆a x b. The width is

calculated from half of the distance from the node to its adjacent nodes in the crack

tip, as shown in figure 4.4. For this reason, when Krueger [43] proposed corrections

for elements with different lengths or widths at the crack tip. For elements which

present the same crack opening length ∆a and width b at the crack tip, the energy

release rate can be calculated as

GI =
1

2∆A
Zii∗(wl − wl∗) (4.11)

GII =
1

2∆A
Xii∗(ul − ul∗) (4.12)

GII =
1

2∆A
Yii∗(vl − vl∗) (4.13)
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For a pure single mode crack propagation, the condition for crack propagation (equa-

tion 4.5) becomes

Gi

Gic
⩾ 1 (4.14)

where i = I, I I, I I I, so Gi is the corresponding opening mode strain energy release

rate and Gic is the corresponding critical energy release rate for that opening mode.

For mixed-mode loading, the single-mode crack criterion needs to be replaced with

a mixed-mode criterion, which is based on experimental data for acquiring fitting

parameters [118–121]. These criteria make use of an equivalent strain energy release

rate Gequiv calculated via VCCT and a critical equivalent strain energy release rate

GequivC, which is calculated based on the mixed-mode criterion defined and the bond

strength of the interface. So the crack propagation criterion is expressed as

Gequiv

GequivC
⩾ 1 (4.15)

For example, the BK law [119] is expressed as

Gequiv

GequivC
=

GI + GI I + GI I I

GIc + (GI Ic − GIc)(
GI I+GI I I

GI+GI I+GI I I
)η

⩾ 1 (4.16)

where η is an experimental fitting parameter which depends on the material and

the mixed-mode ratio. For further reading of the different mixed-mode criteria, the

reader is directed to the proper articles where they were presented [118–121] and

the Abaqus documentation for learning how Abaqus implements the criteria [273].

Abaqus standard 2019 provides three of these common mixed-mode formulae for

computing the VCCT crack propagation analysis, the BK law [119], the power law

[118], and the Reeder law [121] models.

As shown, the VCCT is a straightforward method for evaluating the opening and

development of delaminations. This thesis aims to provide insight into the use of

additive bindings for stopping and delaying delamination. Hence, the FE analysis

is used as a tool for designing the most appropriate additive binding for stopping

delamination. Hence, to model several different additive bindings and find the opti-

mum one, the VCCT offers a few advantages over other techniques, e.g., progressive

damage modelling using cohesive elements: (i) it is fast and numerically efficient,

(ii) it directly provides values of G, so makes comparing the efficiency of different

bindings straightforward.

The VCCT modelling uses what is called ”bonded nodes” in the Abaqus environ-

ment. These nodes indicate to the program where the defined pre-crack is. The
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contact definition of the different plies is made with surface-to-surface interactions,

in which the ”bonded nodes” need to be defined. Then, these bonded nodes extend

across all the interfaces of the plies, which are not part of the pre-crack. Thus, as

the simulations which have been carried out in this thesis do not model the propaga-

tion of delamination by defining very high values of fracture toughness, these nodes

bonding the interfaces will not separate despite the high interlaminar stresses arising

at the free edges.

Moreover, the prior definition of the crack tip, via Python scripting, eases the prepa-

ration of the FEA for developing post-processing subroutines, accelerating data ac-

quisition from the FE model. Therefore, even if more rough in some aspects, the

VCCT continues to attract the attention of researchers due to the simplicity of its

theory and its suitability for implementation in post-processing subroutines. This

post-processing subroutines are particularly useful when high volume of simulations

are to be run, as is the case in this thesis.

The validation of the effectiveness and design of the additive binding was based on

its ability to reduce the value of the energy release rate, so increasing the load for

delamination initiation. Hence, the VCCT was the method selected for simulating

delamination in all four research questions FE modelling, as the calculation of G is

straightforward. Particular explanations on how these FE models have been built are

given following. All of these FE models have been built via Python scripts, which

allow a rapid change in parameters while building the models, e.g., width, thickness

and length of the model, delamination-related parameters and mesh options. As a

result, coincident mesh nodes could be built accurately for smoother VCCT opera-

tion. Additionally, building the models with a Python script makes it easier to define

”interesting points” as the nodes of the crack tip, the displacements and forces appli-

cation points and other particular elements. Thus, the results data collection is accel-

erated, and it is possible to automatise it for several simulations changing different

parameters. The Python scripts used for each of the cases explained in the follow-

ing sections are available in a digital repository which is presented in Appendix A

Numerical simulations additional information. Additionally, all these Python scripts

are commented on for easy guidance on building the models and explanation of sec-

ondary decisions and assumptions taken for the proper working of the simulations.
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Figure 4.4: Virtual crack closure technique for four-noded plate/shell and eight-noded

solid elements. (a) 3D view (lower surface forces are omitted for clarity) and (b) top view

of the upper surface (lower surface terms omitted for clarity).
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4.2 Modelling of additive bindings for suppressing free-edge

delamination in composite laminates under tension

Composite laminates with large free edges under tension, e.g., tensile coupons, are

susceptible to free-edge delamination. The effectiveness of additive bindings for sup-

pressing free-edge delamination in composite laminates under tension was studied

using Abaqus 2019. The effectiveness of the solution is measured with the change

in the value of the energy release rate at a crack tip. The model built assumes the

presence of a delamination crack at the free edges of a tensile coupon, so the value of

G can be calculated at the crack tip using VCCT. A Python code1 was developed for

Abaqus 2019 for building simulations and acquiring the data for post-processing of

the simulation. The code was built for using the VCCT to calculate the energy release

rate values at the crack tip in a substrate laminate when subjected to axial strain.

Simulations were conducted for the different substrate laminate layups explored to

study the effect of the length and position (interface number) of the interlaminar

crack on the energy release rate. In each layup, the interfaces with the highest energy

release rate values are those assumed to fail before the others and are referred to

as critical interfaces. The energy release rates at the critical interfaces of the models

with and without bindings are compared to study the effect of the additive bindings

to suppress delamination. The values of the energy release rate were obtained for

each crack opening mode from the simulation. Finally, an equivalent or total energy

release rate was calculated as per the definition of Gequiv in equation 4.16, e.g.,

Gequiv = GI + GI I + GI I I (4.17)

The finite element model presented is applicable to any layup, independent of its

ply thickness, width, ply orientation, etc. In laminates under axial strain, the stress

field does not vary along the length of the specimen at a point distant from the end-

tabs. This is also applicable for the FE modelling case, and therefore, the use of a

generalised plane strain condition is applicable, as explained by Pipes and Pagano in

[13]. Using a generalised plane strain condition gives accurate stress and strain field

at points in the middle of the sample while significantly reducing the computational

cost. A slice model, as proposed by Jiang [274], based on the generalised plane strain

condition, was used instead of a full tensile sample model, as shown schematically

in figure 4.5a. The generalised plane strain aims to mimic the displacement field

far away from the end-tabs, where the displacement field is constant in the x-axis

1All Python codes for running the simulations for all the cases mentioned in this thesis can be found

in Appendix A Numerical simulations additional information
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at different sections. Free-edge delamination is assumed to be perpendicular to y-z

plane but independent of the x-axis. Therefore, the y− z plane may warp under load,

giving rise to the use of generalised plane strain condition. It is worth mentioning

that variation of displacement across a section is expected away from the tabs, and the

slice in figure 4.5b is correctly seen to be slightly deformed out of the plane. However,

this displacement field stays the same for different slices far from the end-tabs.

A – A’

A – A’

Axial loading

Full 3D laminate model

Slice model used 

for simulations
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Augmented view of slice model edge
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Figure 4.5: Slice model based on generalised plane strain condition with an additive

binding. (a) A figure of the slice model used for the simulation, taken from the centre

of a full 3D model representation (not used in the simulations), (b) details of a free-edge

delamination model with an additive binding.

The finite element model of the composite substrate was built using individual layers

meshed with 3D-8noded brick elements (C3D8I). Each layer of the substrate and

additive binding had a mesh size of 0.05 mm in the width (y) direction (see figure 4.5).

Also, two elements per ply thickness were used for both the substrate and the binding

and two elements in the length (x) direction. Only one crack on one side of the layup

was modelled, making the slice model asymmetrical. This is because the interlaminar

cracks on both edges are independent of each other, and the lack of delamination on

one side does not change the G values on the other side. Figure 4.5b shows the slice

finite element model with the additive binding applied. The substrate laminate slice

represented in figure 4.5b is 20 mm wide, 0.07 mm long, and 2.08 mm thick and

shows a 4.5 mm long edge-delamination. The binding shown in figure 4.5b is 0.12

mm thick and has an overlap length of 5 mm (see figure 3.1b for reference on overlap

length).

The generalised plane strain condition is achieved by applying equation-type restric-

tions to node pairs with equal y and z coordinates on either side of the slice. All

nodes on one face of the slice are constrained to have the same displacements, in the

transverse (v) and thickness (w) directions, as that of their equivalent nodes on the
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opposite face. For example, points M and M′, opposite nodes on the front and back

faces, as shown in figure 4.5b, are constrained as below

vM − vM′ = 0 (4.18)

wM − wM′ = 0 (4.19)

Another constraint should be applied to guarantee uniform longitudinal strain on the

loading direction. This is achieved by fixing the distance between the corresponding

nodes, e.g., M and M′, proportional to the applied extension, ϵ=1%, and the slice

length L in the loading direction as shown below

uM − uM′ = ϵL (4.20)

Where u represents the movement of each node in the loading direction, as shown in

figure 4.5b. A minimum of two elements in the loading direction is required to avoid

any interference of the constraining equations or reaction forces on the back and front

faces with the nodal forces used in VCCT. This will allow the node at the midplane of

the slice model not to be directly constrained by equations (4.18) to (4.20) and be used

to calculate the energy release rate values at the crack tip. The layers of the substrate

laminate were constrained together using the tie function in Abaqus. The layers

adjacent to the pre-crack were constrained together with a surface-to-surface contact

interaction with a small sliding formulation and surface-to-surface discretisation1.

Arbitrary high fracture toughness values equal to 9 · 1034 N/mm were applied to

avoid crack growth simulation. Delamination growth is not aimed to be modelled,

as this study focuses on comparing the impact of the additive binding on the energy

release rate at different interfaces and crack lengths.

The free edges of the substrate laminate were not tied to the internal surface of the

binding laminates, as seen in figure 4.5b. This is to consider the possibility of un-

bonded additive binding layers to the free edges of the substrate and obtain conser-

vative upper limit energy release rates for the cases with additive binding. Further-

more, to study the possibility of a crack occurring between the top/bottom surface of

the binding and the substrate, models with initial cracks were simulated2. The value

1The formulation definition for surface-to-surface contact interaction in Abaqus is referred to as

discretisation or enforcement indistinctively in this thesis. The choice between node-to-surface and

surface-to-surface depends on the type of analysis done and the experimental trial for the best fit to the

type of simulation. The discretisation definitions chosen in this thesis are for optimising and speeding

the simulations for each model.
2The Python code for this model can be found with the rest in Appendix A Numerical simulations

additional information.
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of G at the crack between the binding and the substrate laminate was found to be

insignificant, less than 2.5% of the maximum value of G at the critical interface of the

same substrate. Therefore, no delamination is expected between the binding and the

substrate, and the additive bindings were tie-constrained to the substrate’s top and

bottom surfaces and tie-constrained among themselves. In this way, no cracks were

considered between the top and bottom surfaces of the substrate laminate and the

additive binding.

Different crack lengths at different interfaces between layers with different fibre ori-

entations were modelled, as will be explained in section 6.1. Due to the symmetry

of the laminates, only half of the interfaces needed to be modelled. The run time

for each simulation was approximately 5 minutes for each delamination length. This

short simulation time along with the applied fine element size were possible as the

slice modelling technique was used.

4.3 Modelling delamination extent in composite laminates un-

der edge impact

The damage morphology and interaction in composite laminates under edge impact

is complex and challenging, as explained in section 2.3. Due to the dynamic nature

of impacts, most of the FE frameworks proposed for simulating edge-on impacts use

explicit formulation, CZM modelling and user-defined subroutines for defining the

damage mechanisms. As a result, these kinds of simulations tend to be computa-

tionally costly. In this thesis, the simulation of the whole failure process in an edge

impact scenario was out of scope, and only delamination was modelled, as G was

the parameter used for determining the effectiveness of the additive binding. Hence,

similar to the case of free-edge delamination, the VCCT was used to calculate G.

The VCCT was not designed for dynamic simulations in which parts deform exces-

sively, and elements are deleted in the development of the simulation (as by common

practice in explicit impact simulations) when they become debris to the simulation

and are not in contact with any other part of the model anymore. As mentioned in

section 2.3, it has been demonstrated that the damage scenario of the edge impact test

shows similarities with a crushing damage scenario [167]. In this way, the FE mod-

elling carried out in this thesis consisted of a quasi-static crushing of a stiff impactor

on the edge of a composite laminate, as shown in figure 4.6. Since only delamination

was being modelled in a crushing damage scenario, the definition of contact inter-

actions, element sizes and boundary conditions were adapted accordingly to avoid

excessive element distortion or rotation in the model.
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Simulations were conducted for the substrate laminate layup studied to analyse the

effect of the additive binding. The model built assumes the presence of delamination

cracks, using VCCT, at each of the interfaces of the laminate. Equally long cracks were

simulated in all of the interfaces. As mentioned in the case of free-edge delamination,

the presence of cracks in one interface does not impede the development of cracks

in other interfaces. In the case of the free-edge delamination modelling, only one

crack was simulated for simplicity and to speed up the simulation. However, in the

case of edge impact/crushing, it was clear, after several simulations, that modelling

the presence of a crack in all interfaces generated a faster convergence than only

simulating one crack. This faster convergence is due to the happening of excessive

distortions when only one crack is simulated using VCCT. Both simulations with

single cracks at different interfaces and cracks at all interfaces were carried out for

comparison. The value of G at each interface when only modelling one crack were

found to be equal to the value of G at each interface when cracks were modelled

at all interfaces. In this way it was concluded that the value of G is not affected

if modelling more than one crack for the simulations carried out. The values of the

energy release rate of the models with and without bindings were compared to study

the effect of the additive bindings to suppress delamination. The values of the energy

release rate were obtained for each crack opening mode from the simulation. Finally,

an equivalent or total energy release rate was calculated as per equation 4.17.
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Figure 4.6: FE setup of a [452/02/ − 452/04/902]s composite laminate under edge crush-

ing. (a) 3D view of the model, (b) front view of the model.

The FE model presented is applicable to any layup, independent of its ply thickness,

width, ply orientation, etc. The finite element model of the composite substrate was
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built using individual layers with 3D-8noded brick elements (C3D8). When there is

more than one ply of the same fibre orientation stacked together, they are modelled

as a thicker ply, e.g., a laminate of [902/02]s stacking sequence would be modelled

with three plies and two interfaces. The thickness of the eight laid-up plies when

manufacturing is accounted within the three plies modelled. As visible in figure 4.6,

the meshing strategy of the substrate laminate involved creating a finer element mesh

around the area of crushing so the elements which are in direct contact with the

impactor, or in the vicinity, do not deform excessively. This area extends 5 mm to

each side from the centre of the impactor in the x direction and 5 mm down from the

impact point in the y direction (see figure 4.6 for axis reference). Figure 4.7 shows

a schematic of the dimensions used for building the model and a detail of the fine

mesh area. Each layer of the substrate laminate had two elements per ply thickness.

The mesh size in the fine mesh region was 0.25 mm in the x and y directions. In

the side areas, the mesh was 1 mm long in the x direction and had a single biased

element size in the y direction, from an element size of 0.5 mm at the contact point

with the fine mesh region to an element size of 2.5 mm at the bottom of the laminate.

The lower part of the laminate was fixed with displacement constraints to simulate it

being fixed in the rig used for the experimental testing. Hence, u = v = w = 0, and

the rotations γxy, γxz, γyz were not set.
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Figure 4.7: Close view of dimensions and meshing of edge impact FE models. (a) Whole

front view of the laminate, (b) close-up view of the fine mesh region of the model.

All the layers of the substrate laminate were constrained between them with a surface-

to-surface contact interaction with node-to-surface enforcement/discretisation and a

small sliding formulation. In the case of free-edge delamination, surface-to-surface

discretisation was used. It is worth mentioning that both node-to-surface and surface-

to-surface discretisation methods work equally suitable for the models built in this

thesis, as the meshes built are coincident. This means that the nodes of each sub-

strate and additive binding layer are coincident, and both discretisation methods

work. In addition, arbitrary high fracture toughness values equal to 9x1034 N/mm
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were applied to avoid crack propagation. Similar to the free-edge delamination case,

delamination growth is not aimed to be modelled, as the focus of this study is to

compare the impact of the additive binding on the energy release rate at different

interfaces and crack lengths.

Similar to the FE models of unnotched specimens under tension, as shown in the

detail of figure 4.5b, the free edges of the substrate laminate were not tied to the

internal surface of the binding laminates. This is due to the fact that at the moment

of impact, the material is generally damaged. Additionally, it accounts for the pos-

sibility of an imperfect bonding between the binding and the substrate during the

manufacturing process. Based on the results obtained for the free-edge delamination

simulations, no cracks were modelled between the additive binding and the substrate

laminate top and bottom layers. Hence, the additive bindings were tie-constrained to

the substrate’s top and bottom surfaces and tie-constrained among themselves.

A steel cylindrical-shaped impactor was modelled similarly to the one used in the

experiments. A vertical displacement of 0.5 mm was applied to the impactor, and the

energy release rates at the different interfaces were compared. For the simulations

without binding, the run time was approximately 1 hour for small delamination

lengths (0.25-0.5 mm). However, the behaviour observed was that as the pre-crack

length increased, so did the simulation time, and the run time for a delamination

length of 2.0 mm took about 2 hours and 30 minutes to complete. This increment

in the simulation time is explained in section A.4 of the Appendix A Numerical

simulations additional information. For the cases with binding, the run time was

about 1 hour and 40 minutes for the smaller delamination lengths modelled and

up to 2 hours and 30 minutes for the larger delamination lengths analysed. The

mesh size can be changed easily within the python script for more accurate energy

release rate values. However, finer sizes of mesh incremented the simulation time

significantly. This is due to the fact of the increment of degrees of freedom with the

increment of the number of elements and the convergence difficulties that arise due

to the contact interaction.

The main points of the model have been presented in this section. Nevertheless,

the reader is encouraged to read the Python scripts used and run them in Abaqus

for building up the models for a better explanation and understanding of secondary

decisions taken for the proper working of the model. Additionally, a section with

lessons learned on the simulation of these models is included in the FE analysis

Appendix A Numerical simulations additional information.
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4.4 Modelling additive bindings in the delamination extent

of composite laminates with open holes

Similar to the case of edge impact modelling, composite laminates with open holes

are generally found to be modelled with CZM models and user subroutines for char-

acterising the composite damage. However, as in the previous two cases, the simula-

tions performed in this thesis were carried out with the VCCT. The VCCT was chosen

as CZM is much more computationally expensive and takes more time to run. Addi-

tionally, the aim of the simulations was not to model the damage progressively but to

run several simulations for different delamination lengths. Furthermore, due to the

presence of free edges along the composite laminate, free-edge delamination could

arise when the focus of the analysis is on the hole edges and not on the exterior long

free edges. Thus, some modelling techniques that use the CZM need to incorporate

a ”fictional” supplemental part along the free edges to which the free edges are tied

to avoid free-edge delamination while modelling the delamination arising from the

edge of the open-hole [132]. However, this free-edge delamination is easier to model

when using the VCCT.

The modelling strategy followed for the FE analysis in the case of composite lami-

nates with open holes is similar to that one in the case of free-edge delamination. The

model assumes the presence of a delamination crack at one interface initiating from

the edge of the open hole, so the delamination had a circular shape. Hence one de-

lamination length at one interface was modelled at a time. The open hole is modelled

in the centre of the laminate. The energy release rate values were calculated as per

equation 4.17 and then compared for each interface and crack length. Contrary to

the case of unnotched laminates under tension (research question one), a generalised

plane strain and slice model technique did not apply to the model for speeding up

the simulation time. For this reason, each simulation for the cases without binding

took around 45 minutes, and all in all, no simulation without binding took longer

than one hour to complete. For the simulations of the laminates with binding ap-

plied, each simulation took an average of about one hour to complete, whereas no

simulation took more than one hour and a half1.

Unlike the cases of unnotched laminates under tension and edge impact (research

questions one and two), the binding design is different from a continuous additive

binding, as the additive binding needed to be applied to the edge of the hole. As will

be explained in section 5.4, the additive binding was built out of thin-ply prepreg

stripes, so being a discontinuous stripe-like additive binding, and hence the simu-

1See Appendix A Numerical simulations additional information for information on the computer

specifications on which simulations were run.
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lations were adapted to such manufacturing technique. Figure 4.8 presents the FE

models used for both the cases without and with binding. The simulations per-

formed for the cases without binding were automatised for the building, analysis

and acquisition of data, as for the free-edge delamination and edge impact cases. As

shown in figure 4.8b the additive binding stripes had their shape adapted to fit with

the curvature of the hole. This geometry of the binding stripes was more challenging

to build than the continuous laminate additive binding shape used for the free-edge

delamination and edge impact cases. For this reason, the automatisation for building,

analysing and acquiring the data was divided into different steps.

The substrate laminates of the simulations with binding were built with the same

Python code as for the cases without binding (figure 4.8a). The additive binding

stripes were modelled independently in the CAE environment of Abaqus, saved as

”Step files” (.stp or .step files), and then imported to the model with the substrate

laminates, which already had all the interactions, boundary conditions and node-sets

defined. The additive binding parts were included in the assembly of the model,

and interactions were applied between the additive bindings and substrate laminate.

Following the definition of the interactions, the simulation was set to perform the

analysis, and once finished, the results were asked from the ODB file with another

Python script. This last Python script is uniquely used for acquiring the data of the

simulations of laminates with open holes and additive binding applied. The code is

similar that can be found in the Python script for the case without binding.
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Figure 4.8: FE setup of a [452/02/ − 452/902]s composite laminate with an open hole

under tensile load (a) 3D view of the model without binding, (b) 3D view of the model

with binding and a detail view of the approximated binding around the open hole.

It is to be noted that the additive binding shown in figure 4.8b is an approximation

of the actual additive bindings manufactured as will be explained in section 5.4. The

binding is intended to have a [±θ]s layup made out of thin stripes. This is achieved

by this discontinuous thin stripe-like binding part used as an approximate binding in

97



4. FINITE ELEMENT MODELLING

the simulations. A more realistic additive binding as shown in section 4.5, similar to

the one manufactured was also modelled. It is to be noted that additional simulations

with a more realistic shape approximation of the additive binding (see figure 4.10b

showing the binding modelled in the pin load simulations) were also carried out in

for the open-hole case. The numerical results for using both bindings are presented

in section 8.2.1.

The FE open hole model presented is applicable to any layup, independent of its

ply thickness, width, ply orientation, hole size, etc. The only constraint is that if

the thickness of the substrate laminate or the size of the hole change, the additive

binding parts would need to be sized accordingly. This is a straightforward action, as

the parts are provided as ”.step” files which can be escalated in any CAD program,

e.g., SolidWorks.

The FE open hole model of the composite substrate was built using individual layers

with 3D-8noded brick elements (C3D8). Each layer of the substrate laminate was

modelled with two elements in the thickness (z axis as in figure 4.8a). As shown in

figure 4.8, the area around the hole has a mesh with a fine element size which is

organised in a radial form. Around the open hole, there is an external circumference

which acts as a boundary to the fine mesh area. Between the open hole edge and

the fine mesh circumference boundary, an element size of 0.125 mm is modelled. As

distance increases from the fine mesh boundary circumference, a biased element size

is modelled from a size of 0.125 mm to 0.5 mm. The biased meshing area extends

along the width of the substrate in the y direction and an equal width distance, half

in each side of the hole, in the x direction. Outside the central area of the substrate

laminate, a mesh size of 0.5 mm is set. The Additive bindings were meshed with two

elements per ply thickness and a seed mesh size of 0.12 mm. Figure 4.9 shows a close

detail of the modelled mesh dimensions.
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Figure 4.9: FE open hole model mesh details (a) 3D view of the model with binding,

(b) front view of the substrate laminate with fine mesh area dimensions and meshed

additive binding.
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Only one crack was modelled at a time, making the model asymmetrical. This is be-

cause, as explained in previous subsections 4.2, the interlaminar cracks on different

interfaces are independent of each other, and the lack of delamination in one interface

does not change the G values on the other interfaces. There is the possibility of build-

ing a symmetric model from the through-the-thickness mid-plane of the substrate

laminate, modelling two cracks by symmetry boundary conditions. This analysis

would be only valid for the modelling cases without additive binding, as no symme-

try condition can be applied to the additive bindings. Furthermore, analysing a half

model with symmetry boundary conditions would give slightly different energy re-

lease rate values at the crack tip (although in the same scale and order of magnitude)

due to simulation adjustments. As explained in the case of unnotched laminates un-

der tension, when modelling with symmetry, two cracks are being simulated but no

significant change in G is observed as the development of a delamination does not

influence the other. Thus, it was decided to perform simulations of the whole sub-

strate laminate for the case without binding, albeit with an increase in computational

cost.

The layers adjacent to the pre-crack were constrained together with a surface-to-

surface contact interaction with a small sliding formulation and node-to-surface dis-

cretisation. Arbitrary high fracture toughness values equal to 9x1034 N/mm were se-

lected for the crack interface to avoid crack growth simulation. Delamination growth

is not aimed to be modelled, as this study focuses on comparing the impact of the ad-

ditive binding on the energy release rate at different interfaces and crack lengths. All

the layers which were not adjacent to the crack were tie-constrained between them

with a surface-to-surface enforcement. The internal surfaces of the discontinuous

stripe-like additive bindings were tie constrained to the top and bottom surfaces of

the substrate laminate. However, the open hole free edges of the substrate laminate

plies were not tied to the internal through-the-thickness surface of the ”V-shaped”

bindings. This is for achieving conservative results, which account for the possibility

that the additive binding is not well-bonded to the through-the-thickness open-hole

edge.

The load was applied as displacement control. A strain of 1% was used for all simu-

lations and was applied through a ”dummy node” to which one end of the substrate

laminate was coupled with equation constraints. In this way, the displacements ap-

plied to the ”dummy node” are applied homogeneously to the coupled-constrained

end of the substrate laminate, and no load gradients are generated. The other end

of the laminate was fixed with encastre boundary conditions. It is worth mentioning

that for tensile simulations, such as the ones performed for free-edge delamination,

open-hole and pin load, it is a better practice to apply displacements and forces with

equations, rigid body, tie and coupling interactions rather than directly to one only
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node, edge or surface of the model. This is due to the fact of possible involuntary

deformations of the mesh, which increments the load in one node or edge, expe-

riencing numerical errors or imprecisions. Additionally, defining one ”dummy” or

”extra” node to which displacement and load will be applied simplifies the acquisi-

tion of data related to the loading displacements and forces. Hence, postprocessing

is easier and faster.

4.5 Modelling additive bindings in the delamination extent

of pin-loaded composite laminates

The FE modelling of delamination in pin-loaded composite laminates had similari-

ties to both the edge impact and open-hole simulations. Similar to the edge impact

models, the pin load models presumed the presence of delaminations in all the in-

terfaces of the substrate laminate. This is due to convergence speed issues related

to the contact interaction between the pin and the substrate laminate hole edge. In

similarity with the open hole simulations, the pin load models presented a fine mesh

definition around the hole edge, which is similar to the one used in the open hole

simulations. The values of energy release rate at the crack tip were calculated for

each crack opening mode, and then the Gequiv was calculated as per equation 4.17

and compared for each crack length.

The design of the additive binding is the same as in the case of the laminates with

open holes under tension. The additive binding was applied in the form of thin

stripes of thin-ply composite prepreg, which was placed around the edge of the hole.

Figure 4.10 presents the FE pin-loaded models used for both the cases without and

with binding. Similarly, as in the case of the open hole simulations, the simulations

performed for the cases without binding were totally automatised for the building,

analysis and acquisition of the data of the model. Figure 4.10b shows the additive

binding stripes modelled and how their shape was adapted to fit the curvature of the

hole. Additionally, the stripes shown in figure 4.10b are a more realistic approxima-

tion of the stripes placed in the manufactured specimens1. Unlike the binding shown

in figure 4.8b, the realistic additive binding is modelled with two parts for achieving

the correct curvature of the stripes around the hole edge and better represents the

manufactured pin-loaded specimens with binding. The geometry of the bindings

modelled made it very challenging to automate the building of the model. Hence,

the building, analysing and acquisition of the data were divided into different steps.

The substrate laminates of the simulations with binding were built with the same

1It is to be noted that the open hole model was analysed with both types of stripes, the simplified

ones (figure 4.8b) and the more realistic ones (figure 4.10b).
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Python code as for the cases without binding (figure 4.10a). The additive binding

stripes were modelled independently in the CAE environment of Abaqus, saved as

”Step files” (.stp or .step files), and then imported to the model with the substrate

laminates, which already had all the interactions, boundary conditions and node-

sets defined. The additive binding parts were included in the assembly model, and

interactions were applied between the additive bindings and the substrate laminate.

Following the definition of the interactions, the simulation was set to perform the

analysis, and once finished, the results were asked from the ODB file with another

Python script. This last Python script is uniquely used for acquiring the data of the

simulations of laminates with open holes and additive binding applied. The code is

the same that can be found in the postprocessing part of the Python script for the

case without binding.

The pin used for loading the model was defined as a discrete rigid shell. A tensile

axial displacement which was equivalent to a 1% extension was applied. The dis-

placement was applied through a ”dummy node” at the opposite end of the substrate

laminate from where the pin is located. For fixing the model, the pin displacements

and rotations were set to zero. The final dimensions of the models are explained in

section 9.1. The distance of the hole from the nearest edge is defined by the letter ”e”

and is known as the ”hole edge distance”, as shown in figure 4.11a.

Detail of the mesh 
around the hole

Substrate laminate

Load

Fixed pin

x, u, X

z, w, Z

y, v, Y

Global 

coordinate 

system

(a)

Realistic additive 
binding stripes

Substrate 
laminate

Detail of the 
additive binding 
around the hole

(b)

Figure 4.10: FE setup of a [452/02/ − 452/902]s pin-loaded composite laminate (a) 3D

view of the model without binding, (b) 3D view of the model with binding and a detail

view of the approximated binding around the open hole.

It is worth mentioning that the additive binding shown in figure 4.10b is a realistic

approximation of the actual manufactured additive binding as explained in 5.5. The

binding is intended to have a [±θ]s layup made out of thin stripes. This is achieved

in the model by the 3D ”Z”-shaped folded UD stripes of the binding, as shown in

figure 4.10b. Both positive and negative contributions (±θ) of the additive binding

are represented with two different additive binding stripe parts. Additionally, it is
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worth mentioning that substrate laminates shown in figure 4.10 are longer than the

ones simulated for obtaining results. The models simulated were 60 mm long, and

additional simulations for few pre-crack lengths were performed to verify that this

specimen’s modelled length would give the same values of G as a length of 200 mm.

The representation shown in figure 4.10 is done to better understand the model.

The FE pin-loaded model presented is applicable to any layup, independent of its ply

thickness, width, ply orientation, etc. As in the case of the open hole simulations, the

only constraint is that if the thickness of the substrate laminate or the size of the hole

change, the additive binding parts would need to be sized accordingly. This task can

be done with any CAD program, e.g., SolidWorks, scaling the ”Step” file provided in

Appendix A Numerical simulations additional information.

The FE pin-loaded model of the composite substrate was built using individual layers

with 3D-8noded brick elements (C3D8). Each layer of the substrate laminate was

modelled with two elements per ply thickness (z axis as in figure 4.10a). As shown

in figure 4.11, the area around the hole has a mesh with a fine element mesh area.

Between the open hole and the fine mesh boundary circumference, an element size

of 0.125 mm is modelled. As the distance increases from the fine mesh boundary

circumference, a biased element size is modelled from a size of 0.125 mm to 0.75

mm. The biased meshing area extends along the width (y axis) of the substrate and

distance of double the hole edge distance (e) from the end of the substrate laminate

in the length direction (x axis) of the substrate laminate, as shown in figure 4.11b.

Outside the hole area of the substrate laminate, a mesh size of 1.5 mm long per

0.75 mm wide is set. The additive bindings were meshed with two elements per ply

thickness. A free meshing technique with an element size of 0.12 mm was applied to

the bindings, as it was not possible to use a structured mesh due to its curved shape.
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Figure 4.11: FE pin load model mesh details (a) 3D view of the model with binding,

(b) front view of the substrate laminate with fine mesh area dimensions and meshed

additive binding.
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As in the edge impact case, all the layers of the substrate laminate were constrained

with a surface-to-surface contact interaction with node-to-surface discretisation and

a small sliding formulation. Arbitrary high fracture toughness values equal to 9x1034

N/mm were selected for the crack interfaces to avoid crack growth simulation. De-

lamination growth is not aimed to be modelled, as this study aims to compare the

impact of the additive binding on the energy release rate for different delamination

lengths. The internal surfaces of the additive bindings were tie-constrained to the top

and bottom surfaces of the substrate laminate. However, the internal through-the-

thickness surfaces of the additive bindings were not constrained to the hole edges of

the substrate laminate plies. This was for achieving conservative results, assuming

the possibility that the additive binding and the substrate laminate are not correctly

bonded at the edge of the through-the-thickness hole edge.

Contrary to the case of the open hole models, the pin load specimens without binding

were modelled with symmetry boundary conditions applied, through-the-thickness,

at the middle layer of the substrate laminate. In this manner, only half of the model

from the middle of the thickness was modelled. This decision was made to make

the simulations computationally lighter, as the simulations with the whole model (no

symmetry) took more than 6 hours to complete. It was verified that the energy release

rate values were not noticeably affected by this decision and were still comparable

to the case with binding. The models with binding were modelled whole (without

symmetry from the middle layer of the substrate laminate)

4.6 Summary

The simulations carried out in this thesis have the objective of determining the ef-

fectiveness of the additive binding on reducing the value of energy release rate at

a crack tip of different composite substrate laminates. Also, the numerical models

are used to determine the best design for the additive binding. All the simulations

are based on the VCCT and hence are maintained simple but robust, reliable and

computationally economical.

The four different models created for analysing the effect of the additive binding on

the energy release rate at the crack tips of composite laminates in the four different

loading scenarios have been presented. Additionally, to these base models, further

variations of the models have been used for estimating the effect of single parameters

on the energy release rate, e.g., the influence of the through-the-thickness transverse

shear modulus on G, as explained in section A.3.

All the models were built with a Python script written for each of the loading scenar-

ios to simulate. These Python scripts plus the ”.step” files for the additive bindings,
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in the case of the open hole and pin load simulations, are provided in the Appendix

A Numerical simulations additional information.
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Chapter 5

Specimens manufacture and

experimental testing

This chapter explains in detail the manufacturing process of each specimen ex-

perimentally tested. All substrate laminates had a similar manufacturing process

based on a typical vacuum bag autoclaved setup, and then they were tailored to

their particular testing environment. The definition of the testing procedure fol-

lowed for each loading scenario is also given.
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5.1 Materials

The material used for the substrate laminate manufacturing was Hexply IM7/913

prepreg, provided by Hexcel, with a fibre areal weight of 130 g/m2. This composite

system is an intermediate tensile modulus carbon fibre [275], with a versatile epoxy

resin which presents great environmental resistance [276]. This material is mostly

used in aerospace for primary aircraft structures and helicopter blades. For the bind-

ing, thin-ply prepreg manufactured by SK Chemicals with the commercial name of

Skyflex USN020 [277] was used. ”U”, ”S”, ”N”, and ”020” denote unidirectional (UD)

prepreg type, no scrim and the fibre areal weight (FAW) in [g/m2], respectively. This

composite comprises Tairyfil TC33 high strength, standard modulus carbon fibres

manufactured by Formosa Plastics [278]. The resin system used is a standard grade

epoxy named Skyflex K51 [279], manufactured by SK Chemicals. Both resin systems

(Hexcel 913 and Skyflex K51) were cured at 125 °C according to their curing cycle

provided by the manufacturers. The material properties for the applied prepregs are

shown in table 5.1.

Table 5.1: UD prepreg properties for IM7/913 and TC33/K51.

Ply property IM7/913 TC33/K51

E11 (GPa) 159.87a 95.3c

E22 = E33 (GPa) 11.38b 6.1c

ν12 = ν13 0.32b 0.3c

ν23 0.45b 0.45c

G12 = G13 (GPa) 5.2b 2.47c

G23 (GPa) 3.9b 3.9d

Strain to failure ϵ11∗ (%) 1.6a 1.5c

v f (%) 57.4a 39c

a Data by the manufacturer. E11 calculated using the rule of mixtures.
b Assumed to be equal to that of IM7/913 found in [280].
c From [281].
d Assumed to be equal to that of IM7/913. See section A.3 of chapter A, for an explanation

on the effect of G23 on G.
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5.2 Manufacture of unnotched tensile specimens and place-

ment of additive binding

The specimens manufactured and tested were parallel-edge end-tabbed tensile spec-

imens.

The manufacture of the substrate laminates was similar to the conventional process

for curing standard prepregs. First, 300 mm by 300 mm IM7/913 composite plates

were cured in an autoclave at the recommended temperature and pressure cycle for

the Hexcel 913 epoxy resin, 60 min at 125 °C and 7 bars. Figure 5.1 shows the prepreg

curing cycle diagram for Hexcel 913 epoxy resin, as per manufacturer’s indications.

After the plates were cured, the specimens were cut from the plates using a water-

jet bench tool. Next, end-tabs were bonded to the substrate laminate using a two-

component Araldite 2014-2 glue and were let to cure at room temperature for at least

24 hours. The substrate laminate dimensions were 200 mm long with 120 mm free

length from end-tabs, 20 mm wide, and an average measured cured ply thickness of

0.13 mm, equal to the nominal thickness reported by the manufacturer.

Pressure 
(bar)

Temperature (ºC)

60 mins

2-8 ºC/min

2-8 ºC/min

Room 
Temperature

6 bar

-1 bar, 
vacuum

Time (min)

125ºC

Figure 5.1: Pressure and temperature cycle recommended by the manufacturer for the

Hexcel IM7/913 carbon/epoxy prepreg material

After the tensile samples were end-tabbed, additive bindings were applied to the

edge of the substrates and then cured following the K51 epoxy resin curing cycle,

30 minutes dwell at 80 °C and 90 minutes at 125 °C with a pressure of 6 bars. Fig-

ure 5.2 shows the prepreg diagram cure cycle for Skyflex K51 epoxy resin, as per the

manufacturer’s indications.
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Pressure 
(bar)

Temperature (ºC)

90 mins

30 mins

1-3 ºC/min

1-3 ºC/min

1-3 ºC/min

Room 
Temperature

5 bar

-1 bar, 
vacuum

Time (min)

125ºC

80ºC

Figure 5.2: Pressure and temperature cycle recommended by the manufacturer for the

Skyflex TC33/K51 carbon/epoxy prepreg material

The binding plies were cut from a flat, uncured prepreg roll and stacked up to build a

120 mm long and 12 mm wide laminate. The nominal ply thickness for this material

is 0.03 mm [281]. The 12 mm width was selected so that the overlap-length on both

top and bottom surfaces is 5 mm, considering approximately 2 mm for the substrate

laminate thickness (see 6.1 for layup selected for total substrate laminate thickness).

The manufacture, placement and vacuum bagging of the bindings are schematically

shown in figure 5.3 and explained following. Additionally, figure 5.4 shows the

experimental arrangement for manufacturing the specimens.

i Additive plies were laid upon a flat plate to build the stacking sequences depend-

ing on the applied binding layup (see section 6.2.1 for the layups manufactured

and tested).

ii The middle of each binding was placed along the substrate mid-plane at the free

edges and then folded carefully over the substrate’s top and bottom surfaces, as

illustrated in figure 5.3a.

iii A plastic release film was wrapped around the free length of the substrate lami-

nate, as shown in figure 5.3b.

iv Batches of 7 or 8 specimens were placed in a fully sealed vacuum bag. A breather

cloth was used between the vacuum bag and the samples to ensure the vacuum

applied an evenly distributed pressure to the free length of all substrates. Fig-

108



5. SPECIMENS MANUFACTURE AND EXPERIMENTAL TESTING

ure 5.3c shows schematically the specimens prepared for the second autoclave

curing stage.

v The vacuum bag containing the batch of specimens was put in an autoclave and

the bindings were cured according to the binding prepreg curing cycle.

a)

c)

b)

Vacuum bag

Sealing tape

Release film

Additive binding

Substrate 

laminate

End tab

Breather cloth

Figure 5.3: Binding manufacture and application to the substrate’s laminate free edges,

(a) folding the binding laminate over the free edge of the substrate, (b) wrapping the re-

lease film around the binding and substrate laminates, (c) the substrate with the binding

inside the vacuum bag.

The curing temperature of the substrate laminate and the binding were the same

(125 °C). Hence, it is not expected that a second curing cycle on the substrate lami-

nates with bindings would have a significant impact on the samples substrate1.

As it will be explained in the discussion of the experimental results, section 6.5, the

manufacturing method used for samples with binding, indicates that placing the ad-

ditive binding after end-tabbing the specimens could propitiate stress concentration

at the end-tabs. Therefore, alternative manufacturing steps are given in section 6.5

for possibly avoiding these stress concentration points.

Additional information relating to the lessons learned while manufacturing of the

coupons is recollected in Appendix B Specimens manufacture and testing additional

information

1This applies to all cases later explained. Hence, in none of the specimens manufactured for all four

different loading scenarios, the second curing cycle is expected to impact significantly the samples
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(a)

Vacuum pipe

(b)

Figure 5.4: Substrate laminates with the binding inside the vacuum bag. (a) specimens

before curing, (b) specimens after curing.

5.3 Manufacture of edge impact specimens and placement of

additive binding

The specimens manufactured and tested were rectangular-shaped laminates. The

manufacturing procedure for the substrate laminate is similar to the one explained

in section 5.2, only varying the dimensions of the laminate. The substrate laminate

dimensions were 130 mm long (length) by 60 mm wide (height), and an average

measured cured ply thickness of 0.13 mm. After the samples were cut, additive

bindings were applied to one of the edges of the substrate laminate, where the impact

would occur.

The binding plies were cut from a flat, uncured prepreg roll and stacked up to build a

130 mm long and 13 mm wide laminate. The nominal ply thickness for this material

is 0.03 mm [281]. The 13 mm width was selected so that the overlap-length on both

top and bottom surfaces is 5 mm, considering approximately 3 mm for the substrate

laminate thickness (see 6.1 for layup selected for total substrate laminate thickness).

The manufacture, placement and vacuum bagging of the bindings are schematically

shown in figure 5.5 and explained following. Figure 5.6 shows the experimental

arrangement and steps for manufacturing the specimens.

i Additive binding plies were laid upon a flat plate to build the stacking sequences

depending on the applied binding layup (see section 7.1.1 for the layups manu-

factured and tested).

110



5. SPECIMENS MANUFACTURE AND EXPERIMENTAL TESTING

ii The middle of the binding was placed along the substrate mid-plane at the free

edge and then folded carefully over the substrate’s top and bottom surfaces, as

illustrated in figure 5.5a.

iii A plastic release film was wrapped around half of the substrate laminate, covering

the free edge with the additive binding, as shown in figure 5.5b. The release film

was fixed in place with thermal tape.

iv All the specimens were packed together to cure all of them simultaneously. First,

the specimens were stacked together, so the free edges, which had the additive

binding wrapped in release film, were next to each other. Figure 5.5c shows how

the specimens were all stacked together.

v The specimens were placed in a fully sealed vacuum bag. A breather cloth was

used between the vacuum bag and the samples to ensure the vacuum was ap-

plied evenly over the top and bottom specimens of the stack. The breather cloth

was wrapped around the specimen’s block but not covering the area where the

binding was applied. In this way, the vacuum bag was in direct contact with

the release film touching the binding. Figure 5.5d shows schematically the spec-

imens prepared for the second autoclave curing stage. A support part made of

aluminium was placed at the bottom edge of the specimens (opposite to the edge

with the binding) to create a support for when the vacuum bag would compress

the edges with the binding, hence obtaining a flat-ended surface of the binding

at the edge. Figure 5.6a shows the experimental equivalent setup depicted in the

schematic of figure 5.5d. Figure 5.6d shows some details of the specimens with

binding.

vi The vacuum bag containing the batch of specimens was put in an autoclave and

the bindings were cured according to the binding prepreg curing cycle.

It is worth mentioning that using an auxiliary or support part inside the vacuum bag,

as shown in figure 5.5d, was crucial for obtaining a good finishing of the binding at

the edge of the specimen. The support acts as a stopping point for the specimens to

not move and not misalign at the additive binding edge, so the vacuum bag applied

pressure over all the edges. If the support part was not to be used, some specimens

might slide over each other while applying the vacuum, and no proper pressure

would be applied over the edge with the binding by the vacuum bag. Thus, a ”belly”

or gap could potentially appear between the additive binding and the through-the-

thickness part of the edge of the substrate laminate.

It is to be noted that the release film applied over the edge of the specimens should

be long enough to ensure that the excess flowed K51 resin does not bond the different
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Additive 
binding

Substrate 
laminate

(a)

Tape for fixing 
release film

Release film

(b)

(c)

Sealing 
tape

Vacuum 
bag

Breather cloth
Support part

(d)

Figure 5.5: Binding manufacture and application to the substrate laminate’s free edges,

(a) folding the binding laminate over the free edge of the substrate, (b) wrapping the

release film around the binding and substrate laminates, (c) stacking of the substrate

laminates with the additive bindings in place, (d) the substrate with the binding inside

the vacuum bag.

specimens during the second curing. Figure 5.6c shows how the release film at least

covers half of the width of the samples and how excess resin ridges under the release

film.
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Specimens

stack

Vacuum bag 
connector

Sealing tape Breather cloth Vacuum bag

Support part

(a)

Edges with 
binding

With
vacuum bag

Without 
vacuum bag

Release film

(b)

Tape for fixing 
release film

Flowed K51 
resin excess

(c)

Flowed K51 
resin excess

Additive 
binding

(d)

Figure 5.6: Binding manufacture and application to the substrate laminate’s free edges,

(a) Stack of specimens after curing, just taken out of autoclave. The support part is

covered with the breather cloth, (b) finishing of the edge with the additive binding,

pictures with and without vacuum bag, both with release film, (c) picture showing the

flow of excess K51 resin after the curing.

5.4 Manufacture of open hole specimens and placement of

additive binding

The specimens manufactured and tested were parallel-edge end-tabbed tensile spec-

imens with open holes in the centre of the laminate. IM7/913 prepreg was used to

manufacture the substrate laminate, and TC33/K51 prepreg was used to confect the

additive bindings. The manufacturing procedure for the substrate laminate of the

open hole specimens is equal to the one explained in sections 5.2 and 5.3, until the

drilling of the hole and placement of the additive bindings.

The substrate laminate dimensions were based on the ASTM D5766/D5766M-11

[215], as shown in figure 5.7. The hole was 6 mm in diameter, so the dimensions

of the substrate laminates manufactured were 200 mm long with 120 mm free length

from end-tabs, 30 mm wide, and an average measured cured ply thickness of 0.13

mm. Also, additional specimens with the same geometry previously given but dif-
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ferent hole diameters were manufactured and tested, as will be explained in 8.3.

Figure 5.7: Open hole specimen geometry. - Reproduced from [216].

Once the tensile samples were cut into 200 mm x 30 mm specimens, the hole was

drilled. For drilling the holes, a sacrificial part was used on the bottom surface

of the substrate laminate. The sample was compressed over the sacrificial wooden

part, so pressure was applied over the bottom surface. In this way, the delamination

originating from the exit of the drill bit was reduced. In addition, two different drill

diameters were used to reduce the delamination that originated from the entry of the

drill. One drill bit of 3 mm was used for the first drilling, and a drill bit with the final

desired diameter was used for the second drilling. Figure 5.8 schematically shows

how the holes were drilled.

High rotation 
speed

Low 
advancing 
speed

Specimen

Sacrifical
plate

Work bench
Clamp/grip

Drill bit

Figure 5.8: Schematic of the setup for drilling the holes in the substrate laminate.

After the samples were drilled, they were end-tabbed using a two-component Araldite

2014-2 glue and were let to cure at room temperature for at least 24 hours. Then, ad-

ditive bindings were applied to the edge of the open hole in the form of thin stripes.

The specimens were then cured following the K51 epoxy resin curing cycle, 30 min-

utes dwell at 80°C and 90 minutes at 125°C with a pressure of 6 bars, as displayed in
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figure 5.2.

The binding plies were cut from a flat, uncured prepreg roll and stacked up with

a [0]4 layup from which cutting the thin additive binding stripes. In this way, the

stripes are made of very narrow unidirectional laminates, which are bent over the

edge of the hole of the substrate laminate. The binding stripes’ dimensions were

approximately 60 mm long by 2 mm wide, and a cured ply thickness of 0.03 mm.

The manufacture, placement and vacuum bagging of the bindings are schematically

shown in figure 5.9 and explained following. It is to be noted that the dimensions

of the drawings are schematic and that the proportions have been exaggerated for

a clearer demonstration of the drawing. Additionally, figure 5.10 shows the experi-

mental arrangement for manufacturing the specimens. Manufacturing the open-hole

specimens was very challenging, and as advice for trying to replicate the work, it

would have been recommended that the diameter of the hole would be bigger for

ease of manufacturing.

i Additive binding plies were laid upon a flat plate in a [0]4 layup and cut into

narrow stripes. These stripes were threaded through the hole of the substrate

laminate and folded over the top and bottom surfaces of the substrate laminate.

Figure 5.9a shows a schematic of one stripe being folded over the top surface of

the substrate laminate after the bottom flap had already been laid down.

ii Once all the binding stripes had been threaded in place, a thermal silicon button

was introduced in the hole for generating pressure over the additive binding. In

this way, the binding would bond better with the through-the-thickness part of

the hole edge. The silicon buttons were punched out of a thermal silicon sheet and

submerged in a release agent, so they did not get bonded to the additive bindings.

Figure 5.9b shows a schematic of a silicon button being pushed through the hole

and a cut view of the substrate laminate with the silicon button in place.

iii The specimens are then wrapped around the centre with a release film and placed

over an aluminium support part. The bottom support part, as indicated in fig-

ure 5.9c is needed, so the free length between end-tabs is not unsupported. A sec-

ond top aluminium support part is then placed over the specimens for applying

pressure over the additive binding, which lays on the top part of the specimens.

iv The specimens are then covered with a breather clot for applying homogeneous

pressure, and the vacuum bag is put in place and sealed with sealing tape (tacky

tape). Figure 5.9c shows a schematic of the profile of the specimens prior to being

introduced in the autoclave.

v The vacuum bag containing the batch of specimens was put in an autoclave and

the bindings were cured according to the binding prepreg curing cycle.
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It is worth mentioning that if the bottom support part is not put in place, the free

length between end-tabs would be unsupported. For this reason, when the specimens

were inside the autoclave, the pressure and the vacuum would provoke a bending of

the free length, obtaining a final curved specimen after the second curing. In this way,

the bottom part shall be taken so its thickness plus the additive binding and release

film thickness are equal to the thickness of the end-tab, as shown in figure 5.9.

Bend flap 
over 
substrate 
surface

(a)

Thermal 
silicon button

(b)

Vacuum bag

Sealing tape

Release film

Additive binding

Substrate 
laminate

End tab

Breather cloth

Caul plateSupport part

Thermal silicon button

(c)

Figure 5.9: Binding manufacture and application to the substrate laminate’s hole edge,

(a) Additive binding stripe being threaded and folded. (b) A thermal silicon button is

pushed through the hole to apply pressure on the additive binding at the interior of the

hole. (c) Profile of a specimen before introducing it in the autoclave, it is to be noted the

need for support parts to apply pressure over the bottom and top surfaces of the free

length between end-tabs of the substrate laminate.

It is important to note that the placement of the binding around the edge of the open

hole slightly reduces the total diameter of the hole. The possible effects of that slight

reduction in the experimental results are explained in chapter 8.
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Specimens ready to be 
vacuum-bagged. A thermal 
silicon sheet was used as 
support part instead of 
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Figure 5.10: Binding manufacture and application to the substrate laminate’s hole edge,

(a) Additive binding stripes being threaded and folded. (b) Thermal silicon button

punching. (c) A batch of specimens with the silicon buttons in the hole wrapped in

release film and placed over the caul plate. (d) Specimens are ready to be introduced in

the autoclave for curing.

5.5 Manufacture of pin load specimens and placement of ad-

ditive binding

The manufacture of pin load specimens was carried out at the same time as the open

hole specimens due to the similarity of the process. The specimens manufactured

and tested were parallel-edge specimens, end-tabbed only in one of their ends and

with a hole on the other. The manufacturing procedure of the substrate laminate of

the pin load specimens is equal to the one explained in sections 5.2 and 5.3, until the

drilling of the hole and the placement of the additive binding, which was similar to

the procedure explained in section 5.4.

The substrate laminate dimensions were based on the ASTM D 5961/D 5961M–01

[244] double-shear specimen, as shown in figure 5.11. The hole diameter was 6 mm,

and the dimensions of the substrate laminates manufactured were 200 mm long with

160 mm free length from the end-tab to the extreme, 30 mm wide, and an average

measured cured ply thickness of 0.13 mm. The distance from the specimen’s end to

the centre of the hole was 18 mm. Additionally, as will be explained in 9.3, additional
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specimens with the same geometry previously given but different hole diameters

were manufactured and tested.

Figure 5.11: Double-shear specimen geometrical definition. - Reproduced from [244]

After the double-shear specimens were cut into 200 mm x 30 mm samples, the hole

was drilled. The procedure for drilling the hole was equal to the one for the open

hole specimens, as explained in section 5.4 and schematically shown in figure 5.8.

After the holes were drilled, the specimens were end-tabbed using a two-component

Araldite 2014-2 glue and were let to cure at room temperature for at least 24 hours.

Afterwards, additive bindings were applied to the edge of the open hole in the form

of stripes, as shown in figure 5.9a. The specimens were then cured following the K51

epoxy resin curing cycle, 30 minutes dwell at 80°C and 90 minutes at 125°C with a

pressure of 6 bars, as shown in figure 5.2.

The narrow binding plies stripes were cut from a flat, uncured prepreg roll and

stacked with a [0]4 layup. This means that the additive binding stripes are very nar-

row unidirectional laminates which are bent over the edge of the hole of the substrate

laminate. The additive binding stripes’ dimensions were approximately 60 mm long

by 2 mm wide, and a cured ply thickness of 0.03 mm. The manufacture, placement,

and vacuum bagging of the pin load specimens were the same as the one described

for the open-hole specimens. Figure 5.9 showing the schematics for the manufac-

ture of open hole specimens with additive binding is valid for the manufacture of

the pin load specimens with binding. It is to be noted that the dimensions of the

drawings are schematic, and the geometrical proportions have been exaggerated for

a better understanding of the drawing. Figure 5.12 shows the pin load specimens

with additive binding before being placed in the autoclave for curing.
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place vacuum bag
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Figure 5.12: Pin load specimens with binding ready to be cured in the autoclave. (a)

Additive binding stripes had been threaded in the hole of the pin load specimens, silicon

buttons were in place inside the hole, and the substrate laminates were wrapped in

release film. (b) Specimens are ready to be introduced in the autoclave for curing.

5.6 Quasi-static tensile testing

5.6.1 Tensile test of unnotched laminates

The testing of the tensile specimens for the first research question was conducted

based on the ASTM D3039/D3039M testing standard [282]. The mechanical testing

was conducted under quasi-static displacement-control tensile loading at a 1 mm per

minute (mm/min) rate. A computer-controlled Instron Electromechanical 5969 50

kN universal testing machine with mechanical wedge grips was used to apply the

load. Figure 5.13 shows the Instron Electromechanical 5969 test machine. The axial

extension of the specimens was measured by means of an Instron 2663-821 video

extensometer system. Guide points were marked on the surface of the specimens for

the video extensometer to follow. Only axial extension was measured.

At least five repetition samples per layup configuration were tested until failure to

ensure the reproducibility and repeatability of the results.

Measurements of force, displacement and axial extension were recorded for later data

processing.
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Figure 5.13: Instron 5969 machine and Instron 2663-821 video extensometer system used

for tensile experiments of the free-edge delamination specimens. - Reproduced from

[283]

5.6.2 Tensile test of laminates with open holes

The testing of the tensile specimens for the third research question was conducted

based on the ASTM D7615/D7615M testing standard [215]. The mechanical testing

was performed under quasi-static displacement-control tensile loading at a 1 mm per

minute (mm/min) rate. A computer-controlled Instron Servo-hydraulic 8801 ±100

kN universal testing machine with hydraulic wedge grips was used to apply the

load. Figure 5.14 shows the Instron Servo-hydraulic 8801 test machine. As will be

explained in chapter 8, the open-hole specimens tested were thicker than the free-

edge delamination specimens, so the failure load was higher than 50 kN, and a tester

with a higher load range was needed.

The axial extension was measured with the axial cross-head displacement of the

grips. The possible uncertainties from the machine in the measurement that could be

in place for using the axial displacement of the grips for calculating the cross-head

displacement are present in both sets of experiments, without and with binding, and

hence the results are comparable. Figure 5.15 shows a specimen with open hole un-

der tensile loading in the Instron Servo-hydraulic 8801, and free-edge delamination

is appreciable.

At least five repetition samples per layup configuration were tested until failure to

ensure the reproducibility and repeatability of the results.
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Figure 5.14: Instron 8801 machine used for tensile and fatigue tension-tension experi-

ments of open hole and pin-loaded specimens. - Reproduced from [284]

(a) (b)

Figure 5.15: Open hole specimen under tension in an Instron Servo-hydraulic 8801 tester.

a) Side view, b) front/top view.
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5.7 Edge impact testing

The aim of an experimental impact machine is to produce representative damage of

what actually originates during the service life of the composite parts. Experimental

impact tests were conducted at a low speed with the help of a drop-weight impact

machine. As of the moment of writing this thesis, and as per the author’s knowledge,

no particular experimental setup and standard exist for composite edge-on impacts,

and hence a tailored setup similar to the one used in [166] was built.

Cylindrical

impactor

Figure 5.16: Cylindrical-shaped impactor manufactured for the testing.

Mechanical testing of the specimens was carried out in a Rosand Instrumented Falling

Weight Impact Tester type 5. The tests were carried out with an in-house manufac-

tured cylindrical-shaped tup, striker, or impactor. Better repeatability of the damage

morphology could be achieved using a cylindrical impactor shape than when using a

hemispherical tup [142]. Figure 5.16 shows the schematic of the cylindrical impactor

which was used for testing1. All tests were performed with the same cylindrical-

shaped impactor. The impactor used was 5.76 kg of weight and had a diameter of

12 mm and 30 mm in length. In this manner, the impactor clearly impacted at the

edge of the specimen, albeit with small misalignments that could have been in place

between the vertical movement of the impactor line and the height of the specimen.

Figure 5.17 shows the free drop weight tester used.

Results of force, time and displacement were extracted from the experiments for later

processing. First, the striking mass was moved up and down to achieve the desired

impact energy. Next, the force was taken from the load cell. An optical light gate was

used for measuring the velocity of the impactor just before the impact. The optical

light gate needed to be calibrated prior to the development of the experiments. Then,

the displacement was automatically calculated via energy conservation equations.

The specimens were clamped in a specifically designed edge impact rig, as shown

1Further drawings and details of the cylindrical impactor are presented in Appendix B Specimens

manufacture and testing additional information
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(a) (b)

Figure 5.17: Fully instrumented Rosand IFW5 falling weight machine - Reproduced from

[285].

in figure 5.18. The rig dimensions were particularised for the specimens tested, so

half of the specimen’s width was locked, and the other half was free, as shown in

figure 5.18b. The edge impact rig was composed of a steel support and a shim for

holding the specimen constrained under uniform pressure. As explained in [166],

this rig type does not allow for out-of-plane bending, which is generally observed in

a wing-box stiffener. However, the out-of-plane bending restriction happens for both

specimens without and with binding, and hence the results obtained are compara-

ble. Figure 5.19 shows an edge impact specimen prior to and after impact with the

cylindrical impactor. It is visible that despite the slight misalignment of the impactor

vertical falling line with the edge of the specimen, the tup impacted correctly and did

not miss the edge of the specimen.
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(a)

Laminate

Shim

Rig

(b)

Figure 5.18: Edge impact test rig manufactured for conducting the experimental testing.

(a) rig drawings with measurements reproduced from [286]. (b) Edge impact specimen

in the testing rig.

(a) (b)

Figure 5.19: Edge impact specimen in the testing rig and inside the impact chamber. (a)

prior to impact, and (b) impacted.

5.8 Quasi-static bearing test of pin-loaded composite lami-

nates

The pin-load specimens manufactured were tested according to the ASTM D5961/D5961M-

01 standard [244]. Mechanical testing of the pin load specimens was performed under

quasi-static displacement-controlled tensile loading at a 1 mm per minute (mm/min)

rate. The same computer-controlled Instron Servo-hydraulic 8801 testing machine

used for the open-hole specimens was used for the pin load specimens. Hydraulic

wedge grips were used to fix the specimens and apply the load. Figure 5.14 shows

the Instron Servo-hydraulic 8801 test machine.

The axial extension was measured with the axial cross-head displacement of the
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grips, as in the open hole specimens case. The load was applied as shown in fig-

ure 5.20. One of the tensile tester grips was closed around a steel rig manufactured

for the pin load tests carried out. The rig was connected to the specimens through a

pin which, being doubly supported, threaded the specimen. This way, the pin would

pull from the hole of the specimen.

(a) (b)

Figure 5.20: Pin load test setup. (a) schematic of the test with the rig for holding the pin

and the specimen. (b) Image of the rig, pin and laminate assembly in a test.

5.9 Fatigue testing

5.9.1 Fatigue test of laminates with open holes

Fatigue tension-tension (T-T) testing was carried out for tensile specimens with open-

hole. The testing was conducted under the guidance of the ASTMD7615 standard

[287]. The procedure is modified from the previously quasi-static tensile test to in-

clude repetitive constant amplitude force cycles at a specified frequency. Although

all efforts were made to keep the test as standard as possible, deviations from the

standard occurred. These deviations are reported in section 8.3.

Fatigue tests of composite laminates with open holes report the stiffness and strength

reduction of the specimen for a determined number of cycles (load and unload) and

loading rate. The change in stiffness due to fatigue damage could be obtained cyclicly

125



5. SPECIMENS MANUFACTURE AND EXPERIMENTAL TESTING

for all the loading and unloading cycles. Additionally, the new stiffness could be

obtained by interrupting the cyclic loading after a certain number of fatigue cycles, N,

and performing a quasi-static tensile test using the static test method [215]. However,

caution must be observed when using this latter method for measuring the strength,

as a higher loading force than the one being used for the fatigue test could trigger

the failure of the laminate.

The results of the fatigue tests are susceptible to the loading ratio (R-ratio) and the

value of the maximum force to which the specimens are loaded. The R-ratio or

loading ratio is the relation between the minimum and maximum load applied in

the loading cycle. The tests were run with a 65% severity, this meaning that the

maximum force used for the fatigue testing was 65% of the failure load of the quasi-

static specimens without binding. All the open-hole fatigue testings were conducted

in the same Instron 8801 tensile tester as the quasi-static specimens. In this way, the

axial extension was measured with the axial cross-head displacement of the grips.

Each test was run in load control using a constant amplitude and an R-ratio of 0.1,

meaning that if the maximum force was 40 kN, the minimum force would be 4 kN.

The testing frequency was set to 5 repetitions per second (5 Hz), as per standard

practice [287, 288] for not incurring in a risk of increasing the temperature of the

sample. Each test was left to run to 105 cycles unless failure, defined as a 15% loss

of stiffness, occurred before reaching that limit. 105 number of cycles is commonly

used in the aerospace industry and is appropriate for the number of load cycles

experienced during the useful life of an aircraft [288].

5.9.2 Fatigue bearing test of pin-loaded composite laminates

Fatigue tension-tension (T-T) testing was carried out for pin load specimens. The test-

ing was carried out under the indications of the ASM D6873-03 standard [289]. This

procedure is modified from the previously described static bearing test method [244]

to include repetitive constant amplitude force (stress) cycles at a specified frequency.

The results obtained from a fatigue bearing test are the elongation of the hole and the

loss of bearing strength. The elongation of the hole can be measured with the change

in displacement amplitude of the grips of the tester. The loss of bearing strength due

to fatigue damage could be obtained from each loading cycle for all the loading and

unloading cycles. Additionally, the bearing strength can be obtained by discontinu-

ing the cyclic loading after a certain number of fatigue cycles, N, and performing a

static bearing test using the static test method [244], similar as in the fatigue tests of

laminates with open holes.

The selection of R-ratio affects the bearing fatigue response of the mechanically fas-

tened composite joints. Each test was run under load control using a constant am-
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plitude and an R-ratio of 0.1, as in the open-hole fatigue tests. However, it is worth

mentioning that the most critical force ratio in pin-loaded composites, is the reversed

load ratio (R = -1) because specimens that are loaded under reversed load ratio ex-

hibit bearing damage on both sides of the bolt-hole [290]. The test procedure does

not specify other factors that influence the fatigue response, such as fastener selection,

fastener preload/torque, fastener bolt-hole clearance, and environmental conditions.

Specimen geometry, support fixtures and test configuration are similar to those used

for the quasi-static specimens. As it will be explained in chapter 9, different pin sizes

and materials were used for the fatigue testing of the specimens.

All fatigue bearing tests were conducted in the same Instron 8801 tensile tester as the

quasi-static bearing tests, and same methods as for the fatigue tests of laminates with

open holes were used.

5.10 Summary

The manufacture and testing of the specimens experimentally analysed in this thesis

have been presented. Although the manufacturing of the different samples kept

similarities between them, the time and effort of the manufacture was considerably

different. The edge impact specimens were the fastest to make, and the pin-load ones

were the slowest, as the threading of the thin discontinuous stripes through the holes

of the specimens was laborious and time consuming to ensure repeatability on the

testing. quite difficult.
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Chapter 6

Results on suppressing

delamination in composite

laminates under tension

This chapter presents the numerical and experimental results for the first research

question. A great number of simulations have been performed to choose the

adequate additive binding layup. Then, experimental testing as described in

section 5.6 was carried out to study the effectiveness of the solution. The use

of additive bindings for suppressing delamination in composite laminates under

tension is exposed, discussed, and finally, conclusions are drawn.
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6.1 Substrate laminate selection

A layup susceptible to free-edge delamination, when subjected to axial loading, was

sought to study the effectiveness of the additive binding solution. The substrate lam-

inate was chosen to be balanced and symmetric to avoid coupling effects. Different

stacking sequences of [±θ]s, with θ between 0 to 90 degrees were studied. Equation

6.1 presented in Appendix I of O’Brien’s paper [83] was used to find the energy re-

lease rate at the free edges for different laminates. As explained in section 2.2.1, it

is worth mentioning that O’Brien provides another version of this equation (equa-

tion 2.2) in the same paper, with 2 in the denominator instead of 4 and justifies that

for laminates with matrix cracking in central 90-degree layers and a zig-zag shape

of the delamination. As there is no 90° layer in the assumed [±θ]s laminates to link

the delaminations at different interfaces equation 6.1 is deemed to be more accurate,

and as will be shown in section 6.2 and explained in section 6.5.1, this version of the

equation gives relatively close results to the Finite Element (FE) predictions.

G =
ϵ2t
4
(Elam − E∗) (6.1)

Where G is the strain energy release rate, ϵ is the nominal applied strain, t is the total

thickness of the laminate, Elam is the axial stiffness of the laminate, and E∗ is the axial

stiffness of the laminate completely delaminated along one or more interfaces. Fig-

ure 6.1 displays the variation of the energy release rate for the [±θ]s layups versus θ

using equation 6.1. The material properties used for the laminate are those presented

in table 5.1 for IM7/913 carbon/epoxy composite. The nominal ply thickness used

was 0.13 mm, and the applied strain was ϵ = 1%.

As per the values of mechanical properties used, the value of G is maximum for

values of θ around 16°. For this thesis, θ was selected to be equal to 20°. This angle-

ply layup still gives a high G value, and its susceptibility to free-edge delamination

has been studied and reported by Xu and Wisnom in [291]. Additionally, we know

that the energy release rate is proportional to the ply block thickness. Therefore, the

stacking sequence [(202/ − 202)2]s was selected as a substrate laminate susceptible

to free-edge delamination. A quasi-isotropic laminate with the stacking sequence of

[452/02/ − 452/902]s was also selected to study the effect of the additive binding on

laminates not so sensitive to free-edge delamination. This layup is similar to the one

studied by O’Brien in [292], so it is expected to indicate matrix cracking in the off-axis

layers followed by local free edge delamination before the final failure due to failure

of the 0° layers.
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Figure 6.1: Variation of energy release rate G for free edge delamination in [±θ]s angle-

ply layups versus θ using equation 6.1

6.2 FE results

Different crack lengths at three interfaces between layer blocks with different fibre

orientations were modelled due to the symmetry of the laminates. Figure 6.2 shows

the total energy release rate (G) variation for different pre-crack lengths for the AP

and QI laminates obtained from the slice FE model. For the AP laminate, the critical

interface is interface 1, as defined in figure 6.2. In the QI laminate case, the critical

interface is interface 3. Therefore, these interfaces are most likely to delaminate at the

free edges.

Figure 6.2 also shows the G values calculated using equation 6.1 for the critical in-

terfaces. The material properties used are those in table 5.1. E∗ were calculated

assuming AP laminates totally delaminate at interfaces 1 and its symmetric equiv-

alent. Similarly, QI laminates were assumed to be totally delaminated at interface

three and its symmetric equivalent when calculating E∗ (see figure 6.2 for interface

numbers reference). Equation 6.1, proposed by O’Brien, seems to have a relatively

acceptable agreement with the asymptote of the FE results, given its simplicity and

ease of application.

As shown in figure 6.2, the longest crack length simulated is 5.5 mm, which is a

relatively big crack size for a total laminate width of 20 mm. As the crack length

increases, the stiffness of the substrate and, consequently, the G value can reduce (see
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Figure 6.2: Energy release rate for interlaminar cracks at different crack lengths and

interfaces for an applied strain of 1%. (a) AP laminate, (b) QI laminate

equation 6.1). The change in the stiffness is only 2.5% from a 0.1 mm crack length to

a 5.5 mm crack length in the AP laminate. Therefore, applying a constant strain (dis-

placement control) rather than constant stress (load control) is not expected to affect

the results shown above. Additionally, similar stiffness reduction occurs in the model

with the binding, so both models with and without binding under displacement con-

trol are directly comparable, and the stiffness reduction due to increased crack length

does not compromise such comparison. The FE model is linear-elastic, and for ease

of analysis and comparison, all simulations are performed with 1% applied strain.

The energy release rate at different strains is quadratically proportional and can be

calculated straight away.

6.2.1 Binding design

When the uncured flat binding laminate made out of thin-ply unidirectional prepreg

is bent over the substrate laminate edges (see section 5.2 for the specimen’s manufac-

ture method), its fibre orientation in the top part (see figure 6.3b for reference) inverts

in the binding bottom part. In other words, each layer orientation of the binding in

the top part is mirrored in the bottom part. Figure 6.3 shows a schematic representa-

tion of the binding’s layup and its stacking sequence on the top and bottom parts. It

was decided to have a symmetrical and balanced additive binding layup to minimise

any coupling effects between the in-plane tension and other deformation modes.

While the whole binding is not perfectly symmetric versus the substrate mid-plane,

131



6. RESULTS ON SUPPRESSING DELAMINATION IN COMPOSITE LAMINATES
UNDER TENSION

it is relatively close to being symmetric. Hence, given its small dimensions compared

to the main substrate, the bending-tension coupling is expected to be negligible.

45°

-45°

z

x
y

0°
90°

Edge binding 

laminate

One ply of the 

edge binding 

laminate

z

x

y

(a)

Top and bottom parts with mirrored orientation

45°

-45°

45°

-45°

-45°

45°

45°

-45°

Binding top part.

Binding bottom part.

Binding edge part.

(b)

Figure 6.3: Change of the fibre orientation in the binding. (a) Fibre direction in a multi-

layer edge binding and in one of the edge binding plies, (b) top and bottom parts of the

binding with mirrored orientation.

A large number of simulations were performed to find the best binding layup. Differ-

ent additive binding layups were tried for minimising the energy release rate at the

critical interfaces using numerical analysis explained in section 4.1. Both AP and QI

laminates are symmetric and therefore have two critical interfaces symmetric against

the mid-plane. For the AP laminate, the critical interfaces are interface number 1 and

7, indicated by // in the layup [202// − 202/202/ − 202/ − 202/202/ − 202//202]. In

the case of the QI laminate, interfaces 3 and 5 are the critical interfaces in the layup

[452/02/ − 452//902/902// − 452/02/452]. As shown in figure 6.2, in both AP and

QI cases, after delamination lengths of about 4 mm, the energy release rate values

follow a constant asymptotic value. Therefore, a pre-crack of 4.5 mm was modelled

at the critical interface of the AP and QI substrate laminates. Different additive bind-

ings with stacking sequence of [±θ]s, [θ]4 and [θ/ϕ]s were numerically analysed, with

ϕ changing from 0 to 90 degrees with 15 degrees intervals, and θ changing from -90

to 90 degrees with 15 degrees intervals for each ϕ angle. The total energy release

rate (G) results of these simulations are presented in figure 6.4. For each layup, the

presence of the 4.5 mm pre-crack at either of the critical interfaces of the AP and QI

laminates was studied, and the higher value is reported in figure 6.4, so the effect of

the binding asymmetry is considered in the results.

According to the results shown in figure 6.4, the [±45]s layup is the optimum binding
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layup that gives the minimum energy release rate for the AP substrate. This binding

layup reduces the energy release rate value by around 70%, from 0.94 to 0.28 N/mm.

Different binding layups for the QI substrate laminate have a minor impact on re-

ducing the total energy release rate value. For comparison with the AP substrate

laminate, a [±45]s binding layup was chosen for the QI laminate experiments. This

layup reduces the energy release rate by 19%, from 0.78 to 0.63 N/mm. Different

binding layups give similar G values. The [0]4 and [90]4 binding layups only have

one fibre orientation, making them easier to manufacture. The [0]4 gives the G value

of 0.63 N/mm for the QI laminate case, which reduces 22% compared with the sub-

strate without binding, and it is lower than the value of G given by [90]4 binding

layup. Hence, the [0]4 binding layup was also selected for additional testing on the

effectiveness of the additive bindings. The comparison of the energy release rate val-

ues for different delamination lengths at the critical interfaces with a [±45]s binding

against laminates without binding is shown in figure 6.5a and figure 6.5b for the AP

and QI substrates, respectively.

The AP laminate with a [±45]s additive binding still presents high G values for small

edge delaminations, as shown in figure 6.5a. However, as the delamination grows,

the value of G reduces rapidly, indicating that the crack propagation would be sup-

pressed by the binding. For the QI laminate with a [±45]s binding, shown in fig-

ure 6.5b, the value of G is less reduced and stays just under the G values for QI

laminate without binding for different delamination lengths.

Separate simulations were carried out to determine the effect of the binding overlap-

length over the substrate laminate width (see figure 4.5b for the definition of overlap

length). Figure 6.6 indicates the variation of energy release rate versus the bind-

ing overlap-length for a [±45]s additive binding layup, with different delamination

lengths at interface 1 of the AP laminate. Numerically, small binding overlap-length

have a similar effect to those bindings with longer overlap-length. This is because

the binding overlapping part does not significantly contribute to load transfer and

the constraining of the delamination. Therefore, for the experiments, the binding

overlap-length was decided to be 5 mm, allowing repeatability in the manual man-

ufacture process of the laminate with binding (see section 5.2 for the procedure of

samples manufacturing and placement of the additive binding).
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(a)

(b)

Figure 6.4: Highest energy release rate values of the AP and QI substrates treated with

different binding layups of [±θ]s, [θ]4 and [θ/ϕ]s at their critical interfaces compared

against the energy release rate of the substrates with no binding. (a) AP substrate with

a pre-crack of 4.5 mm at interface 1 or 7. (b) QI substrate with a pre-crack of 4.5 mm at

interface 3 or 5.
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(a) (b)

Figure 6.5: Energy release rate versus crack length for laminates with and without ad-

ditive binding. (a) AP laminate with delamination at interface 1, (b) QI laminate with

delamination at interface 3.

Figure 6.6: Energy release rate versus the overlap-length of a [±45]s additive binding

applied to the AP substrate laminate with 0.5, 2.5 and 4.5 mm delamination lengths at

the critical interface.
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6.3 Thermal analysis

Residual thermal stresses could have a negative impact on the distribution and con-

centration of stresses in composite laminates. For that reason, a FE analysis was

carried out to determine the magnitude of possible residual thermal stresses in the

laminates once the additive binding has been placed and cured in the specimens. It

will be shown that, although there are residual stresses from the curing of the addi-

tive binding, these residual stresses induced by the binding will not have a negative

impact on the free-edges stresses state in both layups. Additionally, the bindings will

introduce a small compressive through-thickness direction residual stresses to the

substrate laminate, which can have a small positive impact on suppressing delami-

nation.

Coefficients of thermal expansion used for IM7/913 are α1 = −9x10−7 K−1 and

α2 = α3 = 2.88x10−5 K−1 taken from [293]. For TC33/K51, the estimated thermal

expansion coefficients from [281], are α1 = −110−6 K−1 and α2 = α3 = 410−5 K−1. A

room temperature of 20 °C was considered, giving a 105 °C temperature drop from

the 125 °C curing and glass transition temperature.

A FE analysis similar to the one explained in section 4.1 was used to calculate the

residual thermal stresses at the free edge of the substrate laminate when no binding is

applied and when a [±45]s binding is applied. Figure 9 shows the numerical results

obtained for the through-thickness stresses S33 and S13 in global coordinates (x, y, z)

at the free edge of the substrate laminate.

As shown in figure 6.7, the application of the [±45]s additive binding is not affect-

ing the S13 stress in either AP or QI laminate. However, the binding applies some

compressive stress in the z-direction, reaching about -22 MPa at the top and bottom

surfaces of the free edges.

This indicates that the binding layers are not only constraining the relative movement

of the layers by introducing through-thickness constraints but also providing small

compressive stress, which may further suppress any potential free-edge delamina-

tion.
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(a) (b)

Figure 6.7: Thermal stresses S33 and S13 in global coordinates at the free edges of the

substrate laminates without and then with a [±45]s binding applied. (a) AP laminate,

(b) QI laminate

6.4 Experimental results

The mechanical testing was conducted as explained in section 5.6.1. For calculating

the average applied stress to the specimens without binding, the force measured by

the load cell was divided by the cross-section area of each specimen. The width of all

specimens was measured separately at 3 points along the length and then averaged.

The nominal ply thickness of 0.13 mm was used for calculating the total thickness of

the substrate laminates.

Two cross-sectional areas were used to calculate the stress in the samples with bind-

ing, and two stress values were calculated: (1) substrate cross-sectional area, as ex-

plained above, plus binding’s nominal cross-sectional area, and (2) substrate cross-

sectional only. It is believed that both stress definitions provide useful information.

This is because a different binding overlap length does not affect the value of G
and, consequently, would not change the failure load as shown in figure 6.6, i.e. a

binding with 2 mm overlap-length would have the same failure force with a smaller

binding cross-section area. Hence, it is valuable to show the stresses only based on

the substrates’ cross-sectional area. Furthermore, the cross-section of the binding is

less than 7% of the substrate’s cross-sectional area and would not change the graphs

significantly.

The stress-extension results for samples with and without binding are shown in fig-

ures 6.8, 6.9, and 6.10 for the AP laminates and the QI laminates with [±45]s and
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[0]4 bindings, respectively. To make the comparison clearer, the cases with binding

and including the binding cross-sectional area for calculating the stress are plotted

with an offset of 0.5% strain. The cases with binding and calculated only with the

cross-sectional area of the substrate are plotted with an offset of 1% strain. Table 6.1

presents the load direction engineering modulus, maximum force, stress-based only

on substrate cross-section area, and strain at failure of the AP and QI laminates with

and without binding.

Figure 6.8: Stress-extension experimental results for the AP substrates without any bind-

ing and with [±45]s binding

The strain and force at failure are taken as the points where the first significant drop

of the load is seen, defining the point when the laminate cannot withhold the load

anymore. For the case without binding, the AP laminates show an average value

of 0.8%, 733.21 MPa and 30.78 kN for strain, stress, and load at the failure point,

respectively. The QI laminates show similar average values of 721.59 MPa and 30.36

kN for stress and load at failure, but due to lower axial stiffness, the failure strain is

1.49%, almost double that of the AP laminates.

The AP laminates with [±45]s additive bindings show a significant increase in their

strain, stress, and force at failure. The average strain at failure was 1.19%, indicating

a significant 49% increase compared to the 0.80% failure strain of the AP laminates

without binding. A similar 47% increase is observed in the average maximum force,

from 30.78 to 45.21 kN. On the contrary, the QI laminates show a slight reduction
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Figure 6.9: Stress-extension experimental results for the QI substrates without any bind-

ing and with [±45]s binding.

of about 4% in the average values of failure stress and force and a small increase in

the stiffness of the laminate when [±45]s bindings are applied, reducing the strain

at failure 22% from 1.49% strain to 1.16% strain. The [0]4 bindings applied to the

QI substrate seem to cause more noticeable reductions in the failure stress and force,

although it increased the stiffness of the laminates too, reducing the strain at fail-

ure 29% from 1.49% strain to 1.05% strain. The obtained experimental results are

discussed in the next section.

For calculating the engineering modulus of the laminates, the slope of a straight line

between two points on the stress-extension graphs at 0.2% and 0.4% extension were

used for each specimen and then averaged for each group.
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Figure 6.10: Stress-extension experimental results for the QI substrates without any bind-

ing and with [0]4 binding.

Table 6.1: Maximum force, stress and strain at failure for AP and QI laminates.

Specimen

Load direction

engineering

modulus [GPa]

(CV%)

Maximum

force [kN]

(CV%)

Failure stress

[MPa] (CV%)

Failure strain

[abs.%]

(CV%)

AP laminate

without binding
100.47 (8.23) 30.78 (3.39) 733.21 (3.25) 0.80 (9.76)

AP laminate with

[±45]s binding
95.6 (5.04) 45.21 (5.00) 1077.21 (4.95) 1.19 (6.85)

QI laminate

without binding
56.07 (6.61) 30.36 (9.72) 721.59 (9.85) 1.49 (6.04)

QI laminate with

[±45]s binding
57.82 (6.51) 29.03 (6.55) 690.37 (6.54) 1.16 (7.33)

QI laminate with

[0]4 binding
66.70 (3.30) 26.35 (6.00) 627.03 (5.77) 1.05 (15.75)

It is interesting to note that after inspection of all failed specimens, no debond be-
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tween the binding and the substrate was identified at points away from the main

failure points, e.g., figures 6.11, 6.12 and 6.13. Hence, it was concluded that the ad-

ditive binding does not tend to debond from the substrate laminate. This is aligned

with the very low energy release rate values calculated for assumed cracks between

the binding and the substrate, as explained in section 4.2. However, the binding did

break as a result of the laminate failure as shown in figures 6.11, 6.12 and 6.13.

(a)

(b)

Figure 6.11: Failed AP laminate with a [±45]s binding showing that the additive binding

is not debonding from the substrate laminate. (a) Whole laminate. (b) Close view of the

point of failure at the point where the additive binding and the end-tab meet.
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(a)

(b)

Figure 6.12: Failed QI laminate with a [±45]s binding showing that the additive binding

is not debonding from the substrate laminate. (a) Whole laminate. (b) Close view of the

point of failure at the point where the additive binding and the end-tab meet.

(a)

(b) (c)

Figure 6.13: Failed QI laminate with a [0]4 binding showing that the additive binding is

not debonding from the substrate laminate. (a) Whole laminate. (b), (c) Close view of

the point of failure at the point where the additive binding and the end-tab meet.
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6.5 Discussion

This section aims to explain how the binding suppressed the damage modes triggered

by the free-edges, e.g. free-edge delamination and matrix cracking, whereas other

failure modes are not significantly affected.

6.5.1 Failure analysis of the Angle-ply substrate

Xu and Wisnom showed that [(202/ − 202)2]s AP laminates under tension fail shortly

after initiation of the free-edge delamination [291]. Equation 6.1 and the FE slice

modelling results can be used to find the free-edge delamination onset strain of the

AP laminates. From the FE analysis, the mixed-mode ratio is found to be equal to

one, (GI I + GI I I)/(GI + GI I + GI I I) = 1, for the AP laminates. Therefore, the fracture

toughness, Gc, is assumed to be equal to pure mode II fracture toughness. No data

was found for the fracture toughness values of the IM7/913, so the value of fracture

toughness GIc and GI Ic, which are known to be mostly matrix dependant, were taken

as GIc=0.25 N/mm and GI Ic=1.08 N/mm, estimated from E-Glass/913 prepreg in

[267]. Additionally, GI I Ic was assumed equal to GI Ic as per the common practice [280].

Introducing this Gc value in equation 6.1, the free-edge delamination onset strain in

the AP laminates is calculated to be 0.98%. For calculating E∗ in equation 6.1, two

complete and symmetrical delaminations are assumed between the outer 202 layers

and the inner layers. The FE analysis provides a free-edge delamination onset strain

of 0.92%, calculated with a pre-crack length of 0.25 mm as the value of G is maximum

at this delamination length as shown in figure 6.5a.

The analytical and FE free-edge delamination onset strain predictions are higher than

the observed average failure strain of 0.8% for the AP laminates without binding.

This could be partially explained as AP laminates do not fail only by free-edge de-

lamination but due to an interaction between free-edge delamination and splitting of

the plies. When those splits and delaminations propagated, they joined through the

thickness, and the surface ply peeled off, as clearly shown in figure 6.14a and de-

scribed by Xu and Wisnom in [291]. Similarly, as described in section 6.1, O’Brien ob-

served that the experimental onset strain of free-edge delamination occurs at strains

lower than the strain values predicted in equation 6.1 and, therefore, proposed an

empirical modification to the same equation to include 2 in the denominator of the

equation rather than 4 [83]. He justified this change based on the presence of zig-zag

and asymmetric delamination in reality.

The possibility of failure modes other than free-edge delamination was studied using

Classical Laminate Theory. The fibre, transverse, and shear direction stresses in all
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±20 layers at 0.80% applied axial strain are calculated to be equal to 907.5, -75.0 and

±62.1 MPa, respectively. All these values are significantly lower than the material’s

estimated tensile strength in fibre direction (2723 MPa) [275], transverse compression

strength (286 MPa) [294], as well as shear strength (88.3 MPa), estimated from the

E-glass/913 shear strength in [295]. This indicates that the free-edge delamination

initiated the failure process of the AP laminates without binding. This is also con-

firmed by examining the failed specimens shown in figure 6.14, where a red circle

indicates extensive free-edge delamination and separation of the layers.

For the AP laminates with binding, the failure strain is increased by 49%, from 0.8%

for those without binding to 1.19%. As the laminate is treated with the binding,

O’Brien’s analytical technique is not applicable to calculate the free-edge delami-

nation onset strain. The FE results presented in figure 6.5a indicate a significant

reduction in the energy release rate for delamination growth, suggesting that the de-

lamination growth would be stable, unlike the AP laminates without binding. For

delamination lengths of about 4 mm, the energy release rate is estimated to be 0.42

N/mm at 1.19% strain, where the G approaches an asymptote. This value is sig-

nificantly lower than the mode II fracture toughness, and therefore, no catastrophic

free-edge delamination growth is expected.

The fibre, transverse and shear direction stress values in all ±20 layers at 1.19% axial

strain are calculated to be equal to 1350, -111.6 and ±92.4 MPa, respectively. While

fibre and transverse direction stresses are far below the strength values, the shear

direction stress is above the shear strength value of 88.3 MPa. This suggests that ±20

layers are most likely to break due to shear at this axial strain. In the absence of other

layers in this substrate, e.g. 0° layers, failure of the ±20 layers leads to the whole

laminate final failure. Figure 6.14b indicates one of the AP samples after its failure

point. No edge delamination is detectable, and the failure is relatively localised

(highlighted with a red arrow) with cracks along the fibre, suggesting a shear failure

mode.

(a) (b)

Figure 6.14: AP laminates after failure. (a) without binding, (b) with binding.

It is to be noted that the selection of a [±45]s binding layup indicated by the FE

modelling did stop the free-edge delamination. This shows the capabilities of the FE

modelling approach for choosing an appropriate binding layup. Further experiments

on other binding layups can help to build a richer set of experimental results and are
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suggested by the authors as interesting future research.

6.5.2 Failure analysis of the Quasi-isotropic substrate

From the detailed experiments in [35], we know that the final failure of the QI lam-

inates occurs when the 0 layers fail due to fibre failure. Therefore, the final failure

process of the QI laminates without binding is not controlled by free-edge delami-

nation. Nonetheless, free-edge delamination and matrix cracking can cause stiffness

reduction.

From the FE analysis, the mixed-mode ratio for the free-edge delamination in the QI

laminates is found to be (GI I + GI I I)/(GI + GI I + GI I I) = 0.6. Using the BK-law [36]

with an exponent value 1, the fracture toughness, Gc, is estimated to be equal to 0.748

N/mm, using GIc=0.25 N/mm and GI Ic = GI I Ic=1.08 N/mm from [31].The free-edge

delamination onset strain is calculated to be 1.12% using Equation 1, whereas E∗ was

calculated assuming that QI laminates completely and symmetrically delaminate at

the two critical interfaces. The G values from FE analysis shown in Fig 7 b, for the case

without binding, are small for short delamination lengths and increase gradually to

an asymptotic value by which the free-edge delamination onset strain is calculated to

be 0.98%. Predictions from both Equation 1 and FE are significantly higher than 0.55%

extension around which the slope of the initial linear elastic stress-extension graphs

changes indicating stiffness reduction. This suggests the possibility of initiation of

other failure modes, e.g. matrix cracking in the off-axis 90 and ±45 layers as the first

mode of damage in the QI layup.

Based on Classical Laminate Theory, 90° layers transverse direction stress at a strain

of 0.63% is higher than their transverse strength (88.3 MPa). This is close to 0.55%

axial strain at which the stress-extension curves of the QI laminates without binding

start to deviate from the linear-elastic response. This indicates that matrix cracking is

likely to initiate first and induce free-edge delamination at higher strains. Figure 6.15

shows both QI samples without binding after failure. Transverse cracks in the off-axis

layers and delamination are evident. Introduction of the [±45]s bindings to the QI

laminates resulted in a slight 4% reduction in their final failure load and a 22% re-

duction in the final failure strain. The similarity in the failure load is mainly because

the final failure process of the QI laminates is not dominated by free-edge delamina-

tion, and introducing the bindings does not have a significant impact on the 0° layers

fibre failure load. The reduction in the failure strain is caused by a 23% increase

in the secant load direction modulus of the laminates between the origin and the

final failure point. The binding suppresses the in-plane transverse and interlaminar

damage arising from the free edges, and no change of slope is distinguishable in the

stress-extension graph. Comparing the stress-extension graphs in figure 6.9 indicates

145



6. RESULTS ON SUPPRESSING DELAMINATION IN COMPOSITE LAMINATES
UNDER TENSION

that the laminates with binding show an almost perfect linear elastic response up

to their final failure point. Those without binding show some non-linearity caused

by possible matrix cracking and free-edge delamination. The slight 4% reduction in

the final load failure is believed to be due to the stress concentration caused by the

bindings at the end-tabs, as shown in figure 6.15b with a red arrow. It is expected

that this reduction of failure load could be avoided if the binding was first applied

to the entire length of the QI substrates without end-tabs, and then end-tabs were

bonded to the binding. The results obtained from [0]4 bindings show a reduction of

12% in the load-bearing capacity of the laminate and a 30% reduction in the failure

strain. Similar to the [±45]s bindings, the reduction in the failure load is assumed to

be due to stress concentration caused by the binding at the end tab, as [0]4 laminate

has higher stiffness along the load direction. This has caused higher stress concen-

tration at the end tabs and resulted in a lower failure load. Also, the reduction in the

failure strain is due to a 17% increase in the secant engineering modulus of the sam-

ples between the origin and the final failure point. Additionally, the load-extension

graphs of the QI specimens with [0]4 bindings showed a clear sign of damage and

non-linearity around 0.6% to 0.8% extension, suggesting this binding laminate was

not successful in suppressing the damages initiating from the free edges

(a) (b)

Figure 6.15: QI laminates after failure. (a) without binding, (b) with binding.

90° plies-45° plies

0° plies

0° plies break point 
at the joint between 
binding and end-tab

90° plies 
matrix crack

Figure 6.16: QI laminate with [±45]s binding, totally delaminated between the 0//-45

(interface 2) and -45//90 (interface 3) interfaces. It is visible that 0° plies broke next to

the end-tabs, and the 90° plies broke at the centre of the specimen.

146



6. RESULTS ON SUPPRESSING DELAMINATION IN COMPOSITE LAMINATES
UNDER TENSION

6.6 Conclusion

The idea of using additive bindings as an effective technique to suppress free-edge

delamination is presented. Finally, the concluding points of this study are mentioned

below:

- Using additive bindings at the free edges on laminates susceptible to free-edge

delamination under axial loading can significantly enhance their failure load and

strain. For example, in the angle-ply laminate [(202/− 202)2]s studied in this paper,

the failure load and strain were increased by 47% and 49%, respectively.

- The use of this technique can suppress other modes of damage arising at the free

edges, e.g. matrix cracking. For example, in the quasi-isotropic layup studied in

this paper, the non-linearity of the stress-extension curve was eliminated with the

use of [±45]s additive bindings, indicating that the matrix cracking and free-edge

delamination in the off-axis layers were successfully suppressed.

- The [±45]s additive bindings do not affect other failure modes. This is deemed to

be because of their small quantity compared to the main substrate and relatively

low stiffness in the load direction. For instance, the final failure stress stayed almost

unchanged in the quasi-isotropic substrate, indicating that the final failure process

dominated by 0-degree layer fibre failure was not affected by the bindings. This is

particularly good news for testing and characterisation purposes, suggesting that

binding mainly eliminates the damages initiated by the free-edges, and other failure

modes are not affected.

- It is to be noted that the selection of a [±45]s binding layup indicated by the FE

modelling did stop the free-edge delamination. This shows the capabilities of the

FE modelling approach for choosing an appropriate binding layup. Further experi-

ments on other binding layups can help to build a richer set of experimental results

and are suggested by the authors as interesting future research. Additionally, the

FE modelling allows for a better informed choosing on the binding material. For

this thesis only one material was studied, but the effect of the Young modulus of

the fibre could have a great impact.

- Improvement of the binding manufacturing methods could be further explored to

avoid introducing stress concentration at the binding termination point. For exam-

ple, longer bindings covered by the end-tab could potentially resolve this issue.

- This technique could be used to suppress free-edge delamination in real structures

or composite laminate coupon samples for material characterisation testing.
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Chapter 7

Results on suppressing

delamination in composite

laminates under edge impact

This chapter presents the numerical and experimental results for the second re-

search question. Numerical results indicate that the constraint that the additive

binding places at the edge of the substrate laminate enhances the damage tol-

erance of the substrate laminate, reducing the delamination after crushing or

impact at the edge. Experimental testing as described in section 5.7 was car-

ried out to study the effectiveness of the solution. Some experimental specimens

were X-ray scanned (XCT), and clear damage profiles after impact were shown.

The use of additive bindings at the edge of substrate laminates under edge impact

helped to reduce the delamination. The results are exposed, discussed, and finally,

conclusions are drawn.
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7.1 Laminate selection

A stacking sequence which presents serious delamination damage after edge-on im-

pact was sought to study the effectiveness of the additive binding solution. Addi-

tionally, the layup of the substrate laminate was desired to comply with industry-

standard layups for aircraft stiffeners. In this way, a [452/02/ − 452/04/902]s layup

was selected. This layup is the same one corresponding to the stacking sequence

number 3, ”Stacking 3”, studied in [166]. It was shown by Ostre et al. [166] that

this layup presented similar maximum delamination crack lengths to other layups

studied, but the delaminated area grew more than other layups for the same energy

impact levels or permanent indentations. Figure 7.1 shows the experimental results

obtained in [166] for maximum delamination crack length versus impact energy and

delaminated area versus permanent dent for different stacking sequences studied.

The layup presents 50% of its plies oriented in 0° and limits the numbers of different

orientation interfaces when using 0°, ±45° and 90°. Additionally, positioning the 45°

layers at the top and bottom surfaces gives better resistance to buckling than other

layups of similar design [165].

(a) (b)

Figure 7.1: Crack extension comparison for different composite laminates under edge

impact. (a) Maximum crack length against different impact energies. (b) Delaminated

area for different permanent indentation markings - Reproduced from [166].

7.1.1 Binding design

Similarly to the case of the free-edge delamination specimens, the additive binding

placed over the edge of the impact specimens presented a [+θ/ − θ]s layup on one

surface of the substrate laminate and a [−θ/ + θ]s layup on the opposite surface of

the substrate laminate (see section 6.2.1 for further information).

Unlike the free-edge delamination specimens, the numerical simulations of the edge

impact specimens took a long time to complete. In this way, it was decided to run less
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simulations, and hence, based on the results obtained of the free-edge delamination

case, an additive binding of [±45]s was selected and numerically studied.

7.2 FE results

Different crack lengths at all interfaces between layer blocks with different fibre ori-

entations were modelled. As explained in section 4.3, a fine mesh was modelled

around the impact area, and hence the results of the energy release rate shown fol-

lowing are comprised of the nodes in this fine mesh area. The energy release rate

values obtained are plotted against the x crack coordinate of the node at the crack

tip. Figure 7.2 shows the general definition of the crack tip nodes and how the x

coordinate is measured. The substrate laminate modelled dimensions were 60 mm

long (x direction), 30 mm wide (y direction) and single cured ply thickness of 0.13

mm. The fine mesh area (0.25 mm element size) was modelled with a length of 10

mm as shown in figure 7.2.

Fine mesh crack tip nodes

0 mm 10 mm

90°

0°

y

x

x-coordinate of the crack tip represented for comparing G

Figure 7.2: Definition of the crack tip nodes between interfaces at the fine mesh area,

and x coordinate of the impact zone.

It is worth mentioning that values of G are obtained through all the interfaces of

the substrate laminate (60x30 mm), as the bonded nodes of the interface define the

crack tip. However, only the values of the energy release rate around the fine mesh

were represented, as shown in figures 7.3 and 7.5. This is because the value of G
outside the fine mesh area was very small compared to the values of G at the impact

area or were zero. Figure 7.3 displays the value of G for edge impacted laminates

without binding at different interfaces for different delamination lengths when a

vertical impactor displacement of 0.5 mm is applied. The values of G are normalised
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with the maximum value of energy release rate (Gmax), which occurs at interface 1 for

a crack length of 0.25 mm (see figure 7.3d for interface numbering).

(a) (b)

(c)
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(d)

Figure 7.3: Normalised energy release rate for interlaminar cracks at different crack

lengths and interfaces G, with the maximum energy release rate Gmax, for an applied

impactor vertical displacement of 0.5 mm. The Gmax occurs for a crack length of 0.25 mm

at interface 1 in laminates without binding. Case without binding results. (a) G/Gmax

for a crack length of 0.25 mm. (b) G/Gmax for a crack length of 0.5 mm. (c) G/Gmax for a

crack length of 1.0 mm. (d) G/Gmax for a crack length of 1.5 mm with leged for interface

numbering.

As shown in figure 7.3, the biggest delamination length simulated is 1.5 mm, as when

larger crack lengths were simulated, the simulation time increased, as explained in

section 7.2. Hence it was decided not to simulate larger delaminations. The highest

value of energy release rate is achieved for a delamination length of 0.25 mm at inter-
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face 1 and interface 8 ([452//02/ − 45/04/904/04/ − 452/02//452]), as the substrate

laminate is symmetrical. The values of energy release rate were normalised as the

values obtained from the FE analysis are not realistic values of energy release rate, as

the simulations are performed without crack development. For reference, the value

of the energy release rate at interface 1 for a crack of 0.25 mm calculated from the FE

analysis is 70.54 N/mm.

Figure 7.4 shows the maximum values of energy release rate at different interfaces

for different crack lengths when no binding is applied. The values are normalised

with the maximum value of energy release rate (70.54 N/mm).

Figure 7.4: Maximum energy release rate at each interface (Gmax,inter f ace), normalised

with the maximum value of energy release rate (Gmax) for different crack lengths. The

Gmax occurs for a crack length of 0.25 mm at interface 1 in laminates without binding.

Case without binding.

As in the case of samples under tension with free-edge delamination, the value of the

energy release rate also decreases in the edge impact specimens as the crack length

increases. The presence of the highest values of energy release rate at interface 1 is

in agreement with the experimentally observed results. As shown in the XCT scans

displayed in section 7.3, interfaces 1 and 8 present large delaminations that extend

lengthy along the length direction (x direction).

Figure 7.5 presents the values of G at the different interfaces for different crack lengths

when a [±45]s additive binding is applied to the substrate laminate. A vertical im-

pactor displacement of 0.5 mm is applied. The values of G are normalised with

the maximum value of energy release rate Gmax for the case without binding, which

occurs at interface 1 for a crack length of 0.25 mm (70.54 N/mm).
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Figure 7.5: Normalised energy release rate for interlaminar cracks at different crack

lengths and interfaces G, with the maximum energy release rate Gmax, for an applied

impactor vertical displacement of 0.5 mm. The Gmax occurs for a crack length of 0.25 mm

at interface 1 in laminates without binding. Case with binding results. (a) G/Gmax for

a crack length of 0.25 mm. (b) G/Gmax for a crack length of 0.5 mm. (c) G/Gmax for a

crack length of 1.0 mm. (d) G/Gmax for a crack length of 1.5 mm with leged for interface

numbering.

As shown in figure 7.5, the value of G reduces significantly when the [±45]s additive

binding is in place. The maximum value of G for the case with binding also occurs at

interface 1 for a delamination length of 0.25 mm. However, the value of G calculated is

less than 50% of the value of G for the case without binding, in particular, a reduction

of 53%. For reference, the value of G at interface 1 for a crack length of 0.25 mm when
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a [±45]s binding is applied is 33.34 N/mm.

Figure 7.6 shows the maximum values of energy release rate at different interfaces for

different crack lengths when a [±45]s binding is applied. The values are normalised

with the maximum value of energy release rate (70.54 N/mm). It is visible that when

the additive binding is applied, the values of G at interface 1 reduce to values near

values of G at interface 2. Moreover, for at delamination lengths of 1.5 mm, the value

of G of interfaces 2 and 3 is higher than at interface 1.

Figure 7.6: Maximum energy release rate at each interface Gmax,inter f ace, normalised with

the maximum value of energy release rate Gmax for different crack lengths. The Gmax

occurs for a crack length of 0.25 mm at interface 1 in laminates without binding. Case

with binding.

It is worth mentioning that despite the significant reduction of G for the simulated

cases with additive binding, delamination would still be occurring under the loading

conditions simulated, as the G values for the cases with additive binding are still

much larger than the fracture toughness values of the material. For example, the

value of G at interface 2 for a crack length of 0.5 mm is 21.26 N/mm, which is much

larger than the values of fracture toughness GIc=0.25 N/mm and GI Ic=GI I Ic=1.08

N/mm for IM7/913 prepreg (see section 6.5 for the source of fracture toughness val-

ues). Nevertheless, the use of an additive binding significantly reduced the values of

G for the loading condition simulated. This could indicate that for different loading

scenarios, e.g., smaller impactor vertical displacements, delamination still could oc-

cur in cases without binding, whereas in cases with binding, the delamination could

be stopped or reduced.

Figure 7.7 shows a comparison of the energy release rate values at interface 1 ([452//02/−
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452/04/902]s) for when no binding is applied and when the binding is applied. The

values of G are normalised with the maximum value of G (70.54 N/mm).

(a) (b)

Figure 7.7: Comparison of normalised energy release rate at interface 1 for a im-

pactor vertical displacement of 0.5 mm. (a) G/Gmax versus crack coordinate.(b)

Gmax,inter f ace/Gmax versus crack length.

A reduction of 53% in the maximum value of G at the crack tip is achieved from the

case without binding to the case with binding. The maximum value of G does not

occur under the precise point of contact between the edge of the substrate laminate

and the impactor but is a bit displaced due to the 45° orientation of the top layers.

This is because the 45° generates a high crack mode III. In particular, the maximum

value of G occurs at x coordinate 4.5 mm.

7.3 Experimental results

The mechanical testing was conducted in a Rosand Instrumented Falling Weight Im-

pact Tester type 5 as explained in section 5.7. Three different levels of energy impact

were tested, e.g., 5 J, 10 J and 15 J. At least three repetition samples per configuration

were tested. For setting up the impact energy, the weight drop height was modified

according to the mass of the impactor plus the mass of the cylindrical impactor, the

combination of the two masses was a total weight of 5.76 kg.
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7.3.1 Edge impact weight drop tester results

The results of the force-displacement, force-time and dissipated energy-time graph

were obtained from all the tests, and are presented in figures 7.9 to 7.11. The be-

haviour observed was similar for all the tests. First, the force climbed sharply, and a

maximum or peak force was reached, after which it fell rapidly into a middle region

and in which it stabilised around an average force value for all three impact ener-

gies tested. This average force value for the different specimens resembles a plateau

from which the force increases and decreases until the impact event finalises with

the ultimate dropping of force. It is deemed that during the plateau area, crushing,

delamination and fibre breakage occurred. However, after the load decreased com-

pletely, a permanent indentation remains at the impacted edge. Figure 7.8 shows the

permanent indentation at the edge of the specimens impacted with the three levels

of energy, e.g., 5 J, 10 J and 15 J. Figures 7.9 to 7.11 present the force-displacement,

force-time and energy-time graphs obtained from the experimental testing for the 5

J, 10 J and 15 J, respectively.

Without binding
With binding 

Top view of the impacted area

(a)
Without binding
With binding 

Top view of the impacted area

(b)
Without binding
With binding 

Top view of the impacted area

(c)

Figure 7.8: edge impacted specimens permanent indentation after impact. (a) 5 J energy

impact, (b) 10 J energy impact and (c) 15 J energy impact.
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Figure 7.9: Experimental results for 5 J energy edge impact tests. (a) Vertical axial impact

force versus vertical axial displacement. (b) Vertical axial impact force versus time. (c)

Dissipated energy versus impact time.
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Figure 7.10: Experimental results for 10 J energy edge impact tests. (a) Vertical axial

impact force versus vertical axial displacement. (b) Vertical axial impact force versus

time. (c) Dissipated energy versus impact time.
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Figure 7.11: Experimental results for 15 J energy edge impact tests. (a) Vertical axial

impact force versus vertical axial displacement. (b) Vertical axial impact force versus

time. (c) Dissipated energy versus impact time.
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For a clearer comparison of the experimental results reported, figure 7.12 displays

the comparison of force-displacement graphs for different impact energies when no

binding and binding is applied. Figure 7.12 displays the results from one typical

specimen for each impact energy and not an average value. Additionally, table 7.1

presents the average maximum force and average maximum displacement for the

three energy levels without and with binding.
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Figure 7.12: Comparison of experimental results of force-displacement graphs for differ-

ent impact energies. (a) Cases without binding, (b) cases with binding.

As shown in figure 7.9, the axial force experienced a first peak load followed by a

sharp decrease of load under the visible average plateau force. As damage occurred

in the laminate, the load climbed again sharply, reaching values equal to or higher

than the initial peak load. Soon after, the load started decreasing, indicating the

end of the impact event. It is noticeable that the specimens with binding experience

a higher peak load than those without binding. This higher load results from the

specimens with the binding being stronger at the edge due to the additive binding.

The specimens without binding presented a maximum average first peak load for

an energy impact of 5 J of about 2360 N, while the average first peak load of the

specimens with binding was increased by 24.6% to 2943 N.

The maximum vertical displacement of the impactor was smaller in the specimens

with binding, as displayed in figure 7.9a. The maximum average vertical displace-

ment without binding was about 2.7 mm, and the maximum average axial displace-

ment with binding was 2.4 mm, as shown in figure 7.9a. The average duration of

the impact was between 3.0 and 3.5 ms, and it was similar in all cases, without and

with binding. As visible in figure 7.9c, almost all the impact energy was dissipated.
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Table 7.1: Comparison of maximum average axial force and vertical displacement

for 5, 10 and 15 J energy impact specimens without and with binding.

Specimen
Average maximum force

[kN] (CV%)

Average maximum

displacement [mm] (CV%)

5 J specimen

without binding
2360.29 (4.59) 2.71 (2.71)

5 J specimen with

binding
2943.04 (2.79) 2.39 (3.46)

10 J specimen

without binding
2882.15 (15.62) 4.56 (2.73)

10 J specimen with

binding
3813.06 (11.97) 4.07 (4.31)

15 J specimen

without binding
2842.06 (13.23) 6.48 (10.15)

15 J specimen with

binding
3310.73 (9.70) 6.17 (3.12)

The slight differences in energy dissipated from the actual value of energy impact

were due to inaccuracies at the time of setting up the height of the weight, the cali-

bration of the optical light gate used for measuring the velocity of the impactor and

the elastic energy dissipated in the rebound of the striker. Additionally, the slope of

the dissipated energy for specimens with binding is steeper than the one for spec-

imens without binding for the cases of 5 and 10 J. In this manner, specimens with

binding dissipated the impact energy slightly faster than those without binding. This

faster energy dissipation is also visible in figure 7.9b, as the load drops faster in the

specimens with binding.

10 J energy impact specimens results are similar to the 5 J specimens but with a bigger

scatter of the graphs due to the greater energy to dissipate and the greater extent

of the damage. As shown in figure 7.10, the specimens with binding experience a

higher peak load than those without binding, as in the case of the 5 J energy impact

specimens. The first peak load of the specimens without binding for an energy impact

of 10 J is about 2882 N, while the average first peak load of the specimens with

binding was about 3813 N.

The maximum vertical displacement of the impactor was smaller in the specimens

with binding, as displayed in figure 7.10a. The maximum average vertical displace-

ment without binding was about 4.56 mm, and the maximum average axial displace-
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ment with binding was about 4.07 mm. The average duration of the impact was

between 3.5 and 4.0 ms, and it was similar in all cases, without and with binding.

As visible in figure 7.10c, almost all the impact energy was dissipated. Additionally,

similar to the 5 J energy impact specimens, the slope of the dissipated energy for

specimens with binding is slightly steeper than the one for specimens without bind-

ing. In this manner, specimens with binding dissipated the impact energy slightly

faster than those without binding. This faster energy dissipation is also visible in

figure 7.10b, as the load drops faster in the specimens with binding.

The 15 J energy impact specimens without binding showed a considerable scatter in

the value of force recorded, as displayed in figure 7.11. A total of four specimens were

tested, and 2 of them followed the trend observed in the 5 and 10 J energy impact

specimens, so the load followed the average force plateau. However, the other two

specimens deviated from the trend, and the load kept growing after the load drop

following the first peak. Moreover, these two deviated specimens present a closer

average maximum vertical displacement to the case with binding than to the other

two non-deviated specimens without binding.

The specimens with binding experience a higher peak load than those without bind-

ing, as shown in figure 7.11. The peak load of the specimens without binding was

about 2842 N, whereas the peak load of the specimens with binding was about 3310

N.

The maximum vertical displacement of the impactor was smaller in the specimens

with binding, as seen in figure 7.12. The maximum average vertical displacement

without binding was about 6.48 mm, and the maximum average axial displacement

with binding was about 6.17 mm. The average duration of the impact was about 5 ms,

and it was similar in all cases, without and with binding. As visible in figure 7.11c,

almost all the impact energy was dissipated. Additionally, similar to the 5 and 10

J energy impact specimens, the slope of the dissipated energy for specimens with

binding is slightly steeper than the one for specimens without binding, which did

not deviate from the trend seen for 5 J and 10 J impact energies. In this case, the

difference in dissipated the impact energy is smaller than in the 5 and 10 J cases.

7.3.2 Edge impact X-ray computer tomography scan results

Impacted specimens, which represented the trend of the damage of each energy im-

pact used, were scanned with an X-ray computer tomography scanner. Despite the

damage in specimens without and with damage presenting a similar maximum depth

of delamination (depth of the cracks), the extent of the cracks in the lengthwise di-

rection (side with 130 mm length) was smaller in the case of the specimens with
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binding.1. All the figures produced from the post-processing of the volumes of im-

ages scanned are presented below in the document. First, figures showing the extent

of damage in specimens without and with binding for the same level of energy im-

pact are shown. Then, a comparison of the cracks in the lengthwise direction in

specimens without and with binding is presented in an extensive series of images,

which display slices of the specimens at different vertical distances from the point of

impact.

Figure 7.13 displays the cross-section and top view at the impact point of a 5 J energy

impact specimen without binding. The initial thickness of the substrate laminate was

3.12 mm and after the impact, the final engrossment thickness is 4.31 mm, which is

a 38% thickness engrossment increase. Relatively small energy of 5 J produced 6.24

mm depth cracks, as shown in figure 7.14. As a general trend for all the levels of

energy tested, the longest delaminations in specimens without binding occurred at

the exterior 45° layers, as the ones visible in figure 7.13 and measured in figure 7.14b.

Figure 7.14a displays the projection of all the X-rayed slices in the x− y (length-width)

plane. The shadowed area in the frontal view of figure 7.14b indicates the 6.24 mm

deep delamination pointed out, showing the 45° orientation of the delamination.

Side view of impact point

Top view of impact point
2 mm

2 mm
4.31 mm

Shear 
fracture

Delamination

Wedge 
debris

Figure 7.13: Cross-section and top view at the impact point of an edge impact specimen

without binding impacted with 5 J energy. The final engrossed thickness after impact is

4.31 mm. The original substrate laminate thickness is 3.12 mm.

Figure 7.15 shows the cross-section and top view at the impact point of a 5 J energy

impact specimen with binding. The thickness engrossment at the impact area is

1The reconstructed 3D volumes of the scans are included in this thesis as additional material, which

can be found in section B.3
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(a)

6.24 mm 6.24 mm

(b)

Figure 7.14: Damage extent from a 5 J energy edge impact in a specimen without bind-

ing. (a) Front view projection of the summation of all slices through the thickness of the

specimen. (b) Deepest cracks side view and front view at the deepest crack slice (6.24

mm). The dark lines in 45° represent the delamination at interface 1.

39% from a cured substrate laminate thickness of 3.12 mm, approximating the same

engrossment as the case without binding. Relatively small energy of 5 J produced 6.17

mm depth cracks, as shown in figure 7.16. Unlike the specimen without binding, the

deepest crack occurred at the 0/90 interface, as seen in figure 7.16b. Figure 7.16a

displays the projection of all the X-rayed slices in the x − y (length-width) plane. The

shadowed area in the front view of figure 7.16b indicates the 6.17 mm delamination

depth pointed out, showing the 90° orientation of the delamination. Additionally, the

damage shown in the cross-section view of figure 7.15 displays the wedge damage

effects described in section 2.3.1.
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Figure 7.15: Cross-section and top view at the impact point of an edge impact specimen

with binding impacted with 5 J energy. The final engrossed thickness after impact is 4.37

mm. The original substrate laminate thickness is 3.12 mm.

Through-the-thickness projection
of impact damage

Excess K51 epoxy resin

(a)

6.17 mm 6.17 mm

(b)

Figure 7.16: Damage extent from a 5 J energy edge impact in a specimen with binding.

(a) Front view projection of the summation of all slices through the thickness of the

specimen. (b) Deepest cracks side view and front view at the deepest crack slice (6.17

mm). The dark lines in 90° represent the delamination at interface 4.

Figure 7.17 shows a comparison of the extent of the crack lengths in the x (length)

direction of specimens without and with binding impacted with a 5 J impact energy.

Different sliced cuts were made from the X-rayed scan to view the cracks at different

depths (heights) from the top of the specimen, where the impact occurred. The

extent of the cracks in the width of the specimens without binding and with binding

are similar. However, the addition of the binding reduced the maximum length of

the cracks. The different cracks are labelled in the comparison figure to be easier to

track across the whole figure.
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Cracks and damage extension at 1.5 mm from the top of the specimen

5 mm Crack X 6.33 mm

5J – With Binding

Crack Y 9.5 mm

Crack Z 5.58 mm

5 mm

5J – Without Binding

Crack A 15.37mm
Crack B 16.73mm

Crack C 14.65mm
Crack D 12.85mm

(a)

Cracks and damage extension at 2.5 mm from the top of the specimen

5 mm

5J – With Binding

Crack Y 8.13 mm

5 mm Crack A 16.07mm

Crack D 13.05mm

Crack B 16.7mm

Crack C 15.08mm5J – Without Binding

(b)

Cracks and damage extension at 4.0 mm from the top of the specimen

5 mm

5J – With Binding

Crack Y 7.63 mm

5 mm

5J – Without Binding

Crack A 11.11mm

Crack D 3.97mm
Crack C 9.69mm

(c)

Figure 7.17: Comparison of crack lengths in the x (lengthwise) direction of specimens

without and with binding for a 5 J impact energy. The images show the extent of the

cracks at different distances from the impact point.

Figure 7.18 shows the cross-section and top view at the impact point of a 10 J energy

impact specimen with binding. The thickness engrossment at the impact area is 2.33

times a cured laminate thickness of 3.12 mm. As in the case of the 5 J impact energy,

the deepest cracks occurred at the 45° interfaces. Figure 7.19a displays the projection

of all the X-rayed slices in the x − y (length-width) plane. The shadowed area in the

front view of figure 7.19b indicates the extent of the delamination of a crack in a 45/0

interface. The crack of 8.11 mm displayed in the cross-section view in figure 7.19b

corresponds to the same crack displayed in the front view. The cross-section/front

view displayed in figure 7.19b does not correspond to the exact deepest point of the

crack, which is 10.05 mm, but the cross-section view and is only for indicating the

location of the crack at interface 2.
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Shear 
fracture

Delamination

Wedge 
debris

Figure 7.18: Cross-section and top view at the impact point of an edge impact specimen

without binding impacted with 10 J energy. The final engrossed thickness after impact

is 7.26 mm. The original substrate laminate thickness is 3.12 mm.

(a)

8.11 mm

8.11 mm

10.05 mm

(b)

Figure 7.19: Damage extent from a 10 J energy edge impact in a specimen without

binding. (a) Front view projection of the summation of all slices through the thickness

of the specimen. (b) Deepest cracks lateral view and interface view at the deepest crack

slice.

Figure 7.20 shows the cross-section and top view at the impact point of a 10 J energy

impact specimen with binding. The thickness engrossment at the impact area is 87%

from a cured laminate thickness of 3.12 mm. Unlike in the 5 J impact energy case

for the specimen with binding, the largest crack occurs at the 45/0 interfaces, as in

the case of the specimens without binding. Figure 7.21a displays the projection of

all the X-rayed slices in the x − y (length-width) plane. The shadowed area in the

frontal view of figure 7.21b indicates the extent of the delamination of a crack in a

45/0 interface, showing clearly the 45° orientation of the delamination. The crack of
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7.14 mm displayed in the cross-section view in figure 7.21b corresponds to the same

crack displayed in the front view. The cross-section view displayed in figure 7.21b

does not correspond to the exact deepest point of the crack, which is 8.88 mm deep,

but is only for indicating the location of the crack at interface 2.

Side view of impact point

Top view of impact point
2 mm

2 mm5.85 mm

Shear 
fracture

Delamination

Wedge 
debris

Figure 7.20: Cross-section and top view at the impact point of an edge impact specimen

with binding impacted with 10J energy. The final engrossed thickness after impact is

5.85 mm. The original substrate laminate thickness is 3.12 mm.

(a)

8.11 mm7.14 mm

7.14 mm

8.88 mm

(b)

Figure 7.21: Damage extent from a 10 J energy edge impact in a specimen with binding.

(a) Front view projection of the summation of all slices through the thickness of the

specimen. (b) Deepest cracks lateral view and interface view at the deepest crack slice.

Figure 7.22 shows a comparison of the extent of the crack lengths in the x (length)

direction of specimens without and with binding impacted with a 10 J impact energy.

Different sliced cuts were made from the X-ray scan to view the cracks at different

depths from the top of the specimen, where the impact occurred. The extent of the

cracks in the width of the specimens without binding and with binding are similar.
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However, the addition of the binding reduced the maximum length of the cracks.

Different cracks are pointed and labelled in the comparison figures to be easier to

track across the whole figure.

10J – With Binding

10J – Without Binding

Cracks and damage extension at 0.5 mm from the top of the specimen

5 mm

Crack C 19.20mmCrack B   9.50mm

Crack A 16.43mm

Crack Y 16.3mm

Crack X 17.04mm
5 mm

(a)

10J – With Binding

10J – Without Binding

Cracks and damage extension at 1.5 mm from the top of the specimen

5 mm

Crack C 19.34mmCrack B 17.77mm
Crack A 16.70mm

Crack Y 15.9mm

Crack X 15.9mm
5 mm

(b)

10J – With Binding

10J – Without Binding

Cracks and damage extension at 2.5 mm from the top of the specimen

5 mm

Crack C 19.59mmCrack B 15.32mm
Crack A 16.48mm

Crack XY 18.06mm

5 mm

(c)
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10J – With Binding

10J – Without Binding

Cracks and damage extension at 3.5 mm from the top of the specimen

5 mm

Crack C 18.02mmCrack B 13.59mm
Crack A 15.75mm

Crack XY 11.47mm

5 mm
Crack Z

(d)

10J – With Binding

10J – Without Binding

Cracks and damage extension at 4.5 mm from the top of the specimen

5 mm

Crack C 17.09mmCrack B 12.56mm
Crack A 14.58mm

Crack XY 8.93mm

5 mm
Crack Z 10.40mm

(e)

10J – With Binding

10J – Without Binding

Cracks and damage extension at 5.5 mm from the top of the specimen

5 mm

Crack C 15.65mmCrack B 11.73mm
Crack A 14.00mm

Crack XY 8.40mm

5 mm
Crack Z 10.30mm

(f)

10J – With Binding

10J – Without Binding

Cracks and damage extension at 6.5 mm from the top of the specimen

5 mm

Crack C 14.12mm

Crack A 11.09mm

Crack XY 6.02mm5 mm
Crack Z 10.26mm

(g)
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10J – With Binding

10J – Without Binding

Cracks and damage extension at 7.5 mm from the top of the specimen

5 mm

Crack C 10.12mm

Crack A 4.04mm

5 mm
Crack Z 4.7mm

(h)

Figure 7.22: comparison of crack lengths in the x (lengthwise) direction of specimens

without and with binding for a 10 J impact energy. The images show the extent of the

cracks at different distances from the impact point.

Figure 7.23 shows the cross-section and top view at the impact point of a 15 J energy

impact specimen without binding. The thickness engrossment at the impact area is

2.55 times from a cured laminate thickness of 3.12 mm. As in the case of the 5 J impact

energy, the deepest cracks occurred at the 0/45° interfaces, and a great damage area

was left after the impact. Figure 7.24a displays the projection of all the X-rayed slices

in the x − y (length-width) plane, showing the depth extent of the permanent indent

at the impact point. The shadowed area in the frontal view of figure 7.24b indicates

the extent of the delamination of a crack in a 45/0 interface. Additionally, a significant

crack is visible at the block of 90° plies in the centre of the laminate. The crack of

11.46 mm displayed in the cross-section view in figure 7.24b corresponds to the same

crack displayed in the front view, albeit the cross-section view does not correspond to

the exact point of the crack, which is 12.36 mm and is only for indicating the location

of the crack.
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Side view of impact point

Top view of impact point
2 mm

2 mm
7.95 mm

Shear 
fracture
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Wedge 
debris

Figure 7.23: Cross-section and top view at the impact point of an edge impact specimen

without binding impacted with 15 J energy. The final engrossed thickness after impact

is 7.95 mm. The original substrate laminate thickness is 3.12 mm.

(a)

11.46 mm

10.3 mm

12.36 mm

(b)

Figure 7.24: Damage extent from a 15 J energy edge impact in a specimen without

binding. (a) Front view projection of the summation of all slices through the thickness

of the specimen. (b) Deepest cracks lateral view and interface view at the deepest crack

slice.

Figure 7.25 shows the cross-section and top view at the impact point of a 15 J energy

impact specimen with binding. The thickness engrossment at the impact area is 2.39

times from a cured laminate thickness of 3.12 mm. Unlike in the 5 J impact energy

case for the specimen with binding, the largest crack occurs at the 45/0 interfaces,

as in the case of the specimens without binding. Figure 7.26a displays the projection

of all the X-ray slices in the x − y (length-width) plane. The shadowed area in the

frontal view of figure 7.26b indicates the extent of the delamination of a crack in a

45/0 interface, showing clearly the 45° orientation of the delamination. The crack of
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10.13 mm displayed in the cross-section view in figure 7.26b corresponds to the same

crack displayed in the front view, albeit the cross-section view does not correspond

to the exact point of the crack, which is 13.17 mm deep and is only for indicating the

location of the crack.

Side view of impact point

Top view of impact point
2 mm

2 mm7.34 mm

Shear 
fracture

Delamination

Wedge 
debris

Figure 7.25: Cross-section and top view at the impact point of an edge impact specimen

with binding impacted with 15 J energy. The final engrossed thickness after impact is

7.45 mm. The original substrate laminate thickness is 3.12 mm.

(a)

13.17 mm

10.13 mm

(b)

Figure 7.26: Damage extent from a 15 J energy edge impact in a specimen with binding.

(a) Front view projection of the summation of all slices through the thickness of the

specimen. (b) Deepest cracks lateral view and interface view at the deepest crack slice.

Figure 7.27 shows a comparison of the extent of the crack lengths in the x (length)

direction of specimens without and with binding impacted with a 15 J impact energy.

Different sliced cuts were made from the X-ray scan to view the cracks at different

depths from the top of the specimen, where the impact occurred. The extent of the

cracks in the width of the specimens without binding and with binding are similar.
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As in the previous cases of 5 and 10 J impact energy, adding the additive binding

reduced the length of the cracks. The different cracks are pointed and labelled in the

comparison figure to be easier to track across the whole figure.

15J – With Binding

15J – Without Binding

Cracks and damage extension at 0.5 mm from the top of the specimen

5 mm

Crack B 26.71mmCrack A 22.83mm

Crack Z 20.08mm
Crack Y 22.79mm

5 mm
Crack X 13.89mm

Crack S 15.52mm

(a)

15J – With Binding

15J – Without Binding

Cracks and damage extension at 1.5 mm from the top of the specimen

5 mm

Crack C 19.50mmCrack A 26.83mm

Crack Z 20.89mm

Crack Y 19.10mm5 mm
Crack X 12.76mm

Crack B 20.09mm

Crack S 14.40mm

(b)

15J – With Binding

15J – Without Binding

Cracks and damage extension at 2.5 mm from the top of the specimen

5 mm

Crack C 21.71mmCrack A 23.86mm

Crack S 16.1mm Crack Z 20.82mm

5 mm

Crack B 26.44mm
Crack D 16.62mm

Crack Y 20.78mm

(c)
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15J – With Binding

15J – Without Binding

Cracks and damage extension at 3.5 mm from the top of the specimen

5 mm

Crack C 19.3mmCrack A 20.88mm

Crack S 13.9mm

Crack Y 20.55mm5 mm

Crack B 25.20mm
Crack D 16.90mm

(d)

15J – With Binding

15J – Without Binding

Cracks and damage extension at 4.5 mm from the top of the specimen

5 mm

Crack C 19.07mmCrack A 12.04mm

Crack Z 17.0mm

Crack Y 18.87mm5 mm

Crack B 24.34mm
Crack D 14.98mm

(e)

15J – With Binding

15J – Without Binding

Cracks and damage extension at 7.0 mm from the top of the specimen

5 mm

Crack C 18.80mm

Crack Z 13.15mm

Crack Y 5.50mm
5 mm

Crack B 21.92mm

Crack D 14.38mm

(f)
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15J – With Binding

15J – Without Binding

Cracks and damage extension at 9.0 mm from the top of the specimen

5 mm

Crack C 18.95mm

Crack S 4.51mm
5 mm

Crack B 17.48mm
Crack D 14.15mm

Crack R 13.60mm

(g)

15J – With Binding

15J – Without Binding

Cracks and damage extension at 12.0 mm from the top of the specimen

5 mm

Crack C 17.58mm

Crack R 4.96mm
5 mm

(h)

Figure 7.27: comparison of crack lengths in the x (lengthwise) direction of specimens

without and with binding for a 15 J impact energy. The images show the extent of the

cracks at different distances from the impact point.

Figure 7.28 shows a comparison of the dimensions of the longest cracks in the length-

wise direction (x) for the three levels of energy shown in figures 7.17, 7.22 and 7.27 as

a function of the distance to the impact point. It is interesting to note that the lengths

of the cracks for specimens with binding seem to be similar to the size of the cracks

from lower impact energy of specimens without binding.
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Figure 7.28: Comparison of maximum crack length in the x direction of edge impact

specimens after 5, 10 and 15 J impact energy without and with binding applied.

7.4 Discussion

The edge impact caused delamination in all interfaces. As reported in the FE results,

the value of G at all interfaces presented high enough values for the crack to develop.

The FE results indicated a significant reduction of G at the different interfaces when

the additive binding was added. However, the values of G were not small enough for

arresting delamination, not even for the longest pre-crack lengths.

As in the case of section 6.5, no data was found for the fracture toughness values of

the IM7/913, so the value of fracture toughness GIc and GI Ic, which are known to

be mostly matrix dependant, were taken as GIc=0.25 N/mm and GI Ic=1.08 N/mm,

estimated from E-Glass/913 prepreg in [267]. Additionally, GI I Ic was assumed equal

to GI Ic as per the common practice [280]. For a pre-crack length of 0.25 mm and an

applied impactor vertical displacement of 0.5 mm, the values of G at interfaces 1, 2

and 3 are much higher than any of the Gic (i = I, II, III). Moreover, it is for a pre-crack

of 1.5 mm that the value of G is high enough at interface 4 for it to delaminate.

The load-displacement curves presented are similar to those presented in [167]. First,
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a peak load was reached, after which a sudden drop in the load placed the axial force

in a plateau which extended for several ms and in which crushing of the laminate

occurred. Finally, a drop in load determined the maximum permanent indentation

created on the edge of the specimen. Interestingly, the peak force reached in the

specimens with binding is higher than the peak force in the cases without binding.

Thus, the plateau load value observed in the cases with binding is also higher than

the plateau load value in the cases without binding. This phenomenon could be

explained as the addition of the binding is providing extra support to the fibres so

they do not break under compression, strengthening the edge and the fibres finishing

at the edge. As the initial moments of the damage are ruled by the strength of the

fibres in the direction of the impact, the support given by the binding pushes the

fibre compression failure load higher, which conduces to a higher peak load.

As shown in the XCT scannings of figures 7.13, 7.15, 7.18, 7.20, 7.23 and 7.25, cracks

of 1.5 mm are easily originated from the crack impact in the form of kink bands and

wedge effects, and hence the interface 4 (0/90) also delaminate. In this manner, the

model predicted correctly that all interfaces would delaminate.

The specimens with additive binding presented shorter cracks in the length direction

after the impact. However, the additive bindings did not seem to have a significant

impact on the vertical extent of the damage for the different impact energy tested

(5, 10 and 15 J). For instance, only in the 10 J impact energy case, the extent of

the cracks in the width direction (y direction) was less in the case with binding.

Furthermore, the deepest cracks for the case of the 5 J specimens were almost of the

same dimensions for both cases, without and with binding, as seen in figures 7.14b

and 7.16b. On the other hand, in the case of the 10 J specimens, cracks were 11.6% less

deep in the specimen with binding, as shown in figures 7.19b and 7.21b. Furthermore,

for the 15 J specimen, the specimens with binding presented a very similar value of

crack depth to those of specimens without binding.

On the other side, as shown in figure 7.28, the additive bindings reduced the extent

of the delaminations occurring in the length direction. For example, at a depth of 3.5

mm from the impact point, the crack length extension was reduced by 31.3% for the

5 J specimens, 36.3% for the 10 J specimens and 18.5% for the 15 J specimens.

It is to be noted that the total thickness of the substrate laminate is thinner than those

laminates studied by Ostre et al. in [167], although the impact energies used in [167]

were higher than the ones used in this study.
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7.5 Conclusion

The use of additive bindings in the form of thin laminates bonded to the edge of

a composite laminate have been studied to enhance the damage tolerance of com-

posite laminates under edge impact. Furthermore, a FE numerical analysis has been

conducted to study the feasibility of such a solution in arresting or suppressing de-

lamination from the event of an edge-on impact. Additionally, experimental testing

was carried out to determine the enhancement achieved in the damage tolerance of

edge-impacted specimens when the additive binding was in place. Finally, the con-

cluding points of this study are mentioned below:

- The use of additive bindings reduced the extent of the crack lengths in the length-

wise direction by about 31%, 36% and 19% for the specimens impacted with 5 J, 10

J and 15 J, respectively.

- The presence of the additive bindings strengthened the edge of the laminate, and

a higher average peak load and plateau load were observed for specimens with

binding.

- Despite the presence of the additive binding, the edge-on impact produced delam-

ination in all the interfaces as predicted by the VCCT model and reported in the FE

results.

- Further investigations should be carried out with thicker substrate laminates for

studying if the additive bindings perform better in thicker substrate laminates, e.g.,

Ostre et al. [167] laminate thickness.
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Chapter 8

Results on suppressing

delamination in composite

laminates with open holes

This chapter presents the numerical and experimental results for the third re-

search question. FE analyses have been conducted to determine an appropriate

additive binding configuration for suppressing delamination from the edge of the

hole in the centre of the laminate. Then, experimental testing as described in

section 5.6 was carried out to study the effectiveness of the solution. Some ex-

perimental specimens were XCT scanned, and clear damage profiles after impact

were shown. The results are presented, discussed, and finally, conclusions are

drawn.
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8.1 Substrate laminate selection

An industry-used stacking sequence was selected for the composite laminates with

open holes. Based on the work carried in [21, 205, 211, 212, 216], a quasi-isotropic

laminate was selected with a stacking sequence of [45m/0m/ − 45m/90m]ns. A stack-

ing sequence with m = 4 and n = 1 was selected, as this configuration was specified to

fail by delamination, as shown in figure 2.28. As the purpose of the additive binding

is to stop delamination or enhance the response of composite laminates with open

holes to delamination, a layup highly susceptible to failure due to delamination was

selected.

A diameter of 6 mm was decided for the hole, and hence based on figure 5.7, the total

length of specimens was 200 mm, the free length between end-tabs was 120 mm, and

the width was 30 mm. The total laminate thickness was 4.16 mm.

8.2 FE results

Different crack lengths at three interfaces between layer blocks with different fibre

orientations were modelled due to the symmetry of the laminate from its through-

the-thickness mid-plane, as explained in section 4.4. The bonded nodes extended

across the laminate from the crack tip nodes, schematically shown in figure 8.1.

Bonded nodes Crack tip nodes

Figure 8.1: Definition of the crack tip nodes between interfaces at the fine mesh area.

The red arrows indicate the perpendicular direction to the delamination tip, needed for

the FE modelling and definition of the crack in Abaqus.

The crack tip bonded nodes were defined around the whole circumference of the
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hole, so the crack tip node has a circular shape. For this reason, a blended method

between the ones used in 6.2 and 7.2 for the display of G at the crack tip was used.

In this way, a bubble chart was used to represent the value of the energy release rate

around the crack tip. Figure 8.2 shows the normalised energy release rate G/Gmax

variation for different pre-crack lengths at different interfaces. The values of G/Gmax

are arranged around the deformed shape of the hole after loading (ellipsoidal shape)

and are represented by the diameter/radius of the bubble printed at the coordinates

of each crack tip node, as shown in figure 8.2. Hence, the larger the diameter of the

circle in figure 8.2, the larger the energy release rate at that node. The maximum

value Gmax occurs for a delamination length of 0.125 mm at interface 1. For reference,

Gmax = 3.664N/mm. The coordinates x and y are referenced from the centre of

the hole and refer to the position of the nodes in the deformed shape of the hole.

Additionally, for a clearer understanding of the variation of G/Gmax around the hole,

figure 8.3 displays the variation of G/Gmax around the crack tip with respect to the 0°

fibre orientation. The location of the crack tip is varied with angle increments of 2.5°

(α angle) from 0° to 360°.

The values of G/Gmax displayed in figure 8.2 show how the highest value of energy

release rate changes as the delamination size increases for the three interfaces when

an axial strain of 1% is applied. It is visible how interfaces 1 and 2 present higher

values of G than interface 3. In particular, the values of G at both interfaces 1 and

2 are very close, indicating that both interfaces could have the same probabilities of

delaminating. In reality it is known that all interfaces delaminate, as recollected in

[21, 205, 211, 212, 216], and visualised in the experimental results shown in section 8.3.
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Figure 8.2: Normalised energy release rate G/Gmax around the crack tip of the open hole

for different crack lengths. (a) Interface 1, (b) interface 2, (c) interface 3.
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Figure 8.3: Normalised energy release rate G/Gmax around the crack tip of the open hole

for different crack lengths with their location respect the 0° fibre orientation. (a) Interface

1, (b) interface 2, (c) interface 3.
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As shown in figures 8.2 and 8.3, the minimum and maximum delamination lengths

simulated were 0.125 and 2.5 mm. For a clearer visualisation of the magnitude of G at

each interface, figure 8.4 compares the value of G/Gmax between the three interfaces

at crack lengths of 0.125 and 2.5 mm. As logically expected, due to the ±45 layers,

interfaces 1 and 2 experience the highest values of G at symmetrically opposite points

from the centre of the hole. The FE model is linearly elastic, and for ease of analysis

and comparison, all simulations were performed with 1% applied strain.
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Figure 8.4: comparison of normalised energy release rate G/Gmax around the crack tip

of the open hole for the different interfaces modelled. (a), (c) Crack length of 0.125 mm,

(b)(d) crack length of 2.5 mm.

8.2.1 Binding design

Narrow and thin additive binding laminates were added to the substrate laminate

in the form of stripes. Although from the edge of the hole the binding layup is

[±θ]s, contrary to the case of the free-edge delamination specimens, the additive

binding stripes are unidirectional narrow composite laminates. were unidirectional.

For varying the angle of the additive binding, they were bent with an angle through

the hole of the substrate laminate, as shown in figure 5.9a.

Due to the more challenging design of the additive binding stripes than the additive

binding for the free-edge delamination and edge impact specimens, it was not possi-

ble to carry out automatised simulations. First, four different additive bindings with

the layup of [90]4, [±75]s, [±60]s and [±45]s were modelled and simulated. These

bindings were named ”simplified bindings” as they did not entirely represent how

the additive binding stripes bent over the edge of the hole. These simplified bind-

ings had a ”V” shaped geometry. As was explained in section 5.4, the bindings were

applied as unidirectional stripes, and hence, strictly speaking, focusing only on one
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stripe, this binding would be providing a layup of +θ4 on one surface of the substrate

laminate and a layup of −θ4 on the other opposite surface. For this reason, strictly

speaking, they were not [±θ]s additive bindings, with θ = 45, 60, 75, 90.

(a) (b) (c)

Figure 8.5: Simplified and realistic bindings placed over the edge of the hole. (a) 6

simplified bindings, (b) 8 simplified bindings and (c) 8 realistic bindings. All bindings

shown are [±75]s.

These simplified additive bindings were placed over six edge points, as shown in

figure 8.5a and simulated. Later, as shown in figure 8.5b the simplified bindings

were placed over eight points of the hole for comparison. As seen in figures 5.9a

and 8.5b, it would have been very difficult to place additive bindings in more than

eight points of the hole due to the reduced size of the hole. A second and more

realistic additive binding stripe than the ”simplified” shape was also modelled to

mimic the actual shape of the additive binding around the edge of the hole. These

second bindings were named ”realistic bindings”. The same [90]4, [±75]s, [±60]s and

[±45]s layups were modelled placing them in eight points of the edge of the hole, as

shown in figure 8.5c.

Figure 8.6 shows a comparison of the maximum value of energy release rate Gmax

at interface 1 for each different binding, normalised with the maximum value of

energy release rate Gmax,WithoutBinding at interface 1 when no binding is applied. In

addition, the three different bindings modelled, ”6 simplified bindings”, ”8 simplified

bindings” and ”8 realistic bindings”, were compared for crack lengths of 0.125 and

2.5 mm.
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Figure 8.6: Comparison of normalised energy release rate G/Gmax around the crack tip

of interface 1. (a) Crack length of 0.125 mm, (b) crack length of 2.5 mm.

As shown in figure 8.6a, for small crack lengths as 0.125 mm, the value of Gmax does

not decrease from the case without binding, and for some additive binding layups,

it did increase from the case without binding. However, as delamination length

grows, the Gmax does decrease with the addition of additive bindings. As shown

in figure 8.6b, the ”realistic” additive binding generally obtained lower values of

Gmax than the ”simplified” bindings, and the lowest value of Gmax is obtained with a

[±45]s ”realistic” binding, which reduced the Gmax by 27.6% from the case without

binding. Hence, [±45]s additive bindings were experimentally tested to study their

effect. Section 8.3 presents the experimental results obtained.
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8.3 Experimental results

Both quasi-static and fatigue testing were performed in open-hole specimens to study

the effect of the additive binding.

8.3.1 Quasi-static tensile results

The quasi-static tests were conducted as explained in section 5.6.2. As mentioned in

section 5.4, the placement of the additive binding over the hole reduced the actual

hole diameter compared with the case without binding. The reduction in diameter

was approximately 1 mm, so the specimens with binding presented average measur-

able diameters of 5 mm, while the specimens without binding presented diameters

of 6 mm. Although the additive binding should ideally only reduce the hole diame-

ter size by 0.48 mm, the manufacturing difficulties and the flow of K51 epoxy resin

made that the average measured diameter for the specimens with binding was 5 mm.

For this reason, additional specimens were manufactured and tested to evaluate the

effect of the change in diameter. Specimens without binding and with a hole diame-

ter of 5 mm were manufactured to see if the results obtained would be closer to the

specimens with the binding whose drilled hole was 6 mm diameter but whose final

diameter was 5 mm. Additionally, specimens with a drilled hole of 7 mm were also

manufactured for testing them with additive binding, so their final diameter would

be 6 mm. Table 8.1 shows the summary of the open-hole specimens manufactured

and quasi-statically tested. All open-hole specimens were manufactured with a width

of 30 mm and a free length between end-tabs of 120 mm. End-tabs of 40x30 mm were

water-jet cut from a glass-epoxy panel and glued on the specimens.

Table 8.1: Initial and final hole diameter for all open hole specimens tested without

and with additive binding.

Specimen

designation

Type of

Binding

Initial diameter,

Di [mm]

Final diameter,

D f [mm]

OHNB6 No binding 6 6

OHB6 [±45]s 6 5

OHNB5 No binding 5 5

OHB7 [±45]s 7 6

For calculating the average applied stress to the specimens, the force measured by the

load cell was divided by the cross-section area of each specimen’s substrate laminate,

defined as the thickness times the width of the specimen, as in [215]. The IM7/913
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nominal ply thickness of 0.13 mm was used for calculating the total thickness of the

substrate laminates.

All specimens were tested until final failure or until the testing machine detected a

load drop higher than 40%. In each specimen tested, failure was defined as when load

dropped by 5% or more in the load-displacement curve, even though the laminate

would still withhold load and would even support higher loads, as similar as in [205].
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Figure 8.7: Stress-strain experimental results for the open-hole specimens without any

binding and with a [±45]s binding. Specimens with drilled hole diameters of 5, 6 and 7

mm were tested.

The stress-strain results for the samples without and with binding are shown in fig-

ure 8.7. All four specimens configurations shown in table 8.1 are presented in fig-

ure 8.7. To make the comparsion clearer, each of the cases has been plotted displaced

an offset of 4% between different specimen configurations. Hence, the results of spec-

imens without binding and drilled diameter of 6 mm are plotted starting from 0%

strain, the specimens with binding and drilled diameter of 6 mm are plotted starting

from 4% strain, specimens without binding and drilled diameter of 5 mm are plotted

to start from 8% strain and specimens without binding and drilled diameter of 7 mm

are plotted to start from 12% strain.

Table 8.2 presents the load direction engineering modulus, maximum force, stress

and strain at failure for specimens without and with binding. The strain and force at

failure are taken as the points where the load dropped by 5% or more. For calculating
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the engineering modulus of the laminates, the slope of a straight line between two

points on the stress-strain graphs at 0.2% and 0.4% strain was used for each specimen

and then averaged for each group.

Table 8.2: Maximum force, stress and strain at failure for open-hole specimens

without and with binding.

Specimen

Property OHNB6 OHB6 OHNB5 OHB7

Load direction

engineering modulus

[GPa] (CV%)

26.03 (4.03) 25.85 (1.34) 29.76 (1.23) 28.50 (1.00)

Maximum force [kN]

(CV%)
64.48 (9.52) 64.23 (5.76) 65.07 (19.05) 63.07 (6.55)

Force at 5% load drop

[kN] (CV%)
63.71 (9.20) 64.23 (5.76) 60.32 (30.83) 63.07 (6.55)

Stress at 5% load drop

[MPa] (CV%)
507.81 (9.31) 512.47 (5.76) 483.31 (30.83) 505.37 (6.55)

strain at maximum

force [abs.%] (CV%)
2.94 (21.84) 2.78 (17.62) 3.01 (23.73) 2.5 (13.29)

strain at 5% load drop

[abs.%] (CV%)
2.83 (22.66) 2.78 (17.62) 2.51 (49.49) 2.5 (13.29)

As shown in figure 8.7, all specimens tested present similar stress-strain graphs. For

the specimens without binding, the OHNB6 specimens present an average value of

2.83%, 507.81 MPa and 63.71 kN for strain, stress and load at the failure point, re-

spectively. The OHNB5 specimens present an average value of 2.51%, 483.31 MPa

and 64.23 kN for strain, stress and load at the failure point, respectively. It is to be

noted that the engineering modulus of the OHNB5 specimens is slightly higher than

the one for the OHNB6 specimens due mainly to the difference in hole size.

The OHB6 specimens present an average value of 2.78%, 512.47 MPa and 64.23 kN

for strain, stress and load at the failure point, respectively. Moreover, the OHB7

specimens present an average value of 2.5%, 505.37 MPa and 63.07 kN for , stress and

load at the failure point, respectively.

It is noteworthy that the specimens without binding presented a higher coefficient

of variation than the specimen with binding. This is better seen for the stress value

at 5% load drop, where the specimens OHNB5 present a coefficient of variation of
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about 5 times the coefficient of variation of the specimens with binding. On the other

hand, the specimens OHNB6 present almost double the value of the coefficient of

variation than the OHB6 specimens.

Interrupted tests were taken for XCT scanning to study the strain of the damage in

both cases, without and with binding. The tests were interrupted after the first load

drop of 5% occurred, so the specimens had technically failed but could have withheld

higher loads. The XCT scan images are presented following.

Figure 8.8 displays an XCT scan projection of an open-hole specimen at the hole

area. This projection is the average of the sum of all the slices from the XCT scan

viewed from the top. The figure shows a specimen tested until the first load drop

of 5% was recorded (see table 8.2). Different damages are visible as the 0°, 90° and

±45° delaminations originating from the hole edge. Free-edge delamination damage

origination is also visible in the form of white parts at the free edges.

0º

90º

Damage at the 
edge of the hole

Figure 8.8: XCT scan projection of the average of the sum of all the scans showing

the damage through-the-thickness at the hole area from an open-hole specimen OHNB6

tested until first load drop of 5% (see table 8.2). The white area around the hole indicates

the damage area at the edge of the hole. Faint lines of different plies orientations are

visible.

Figure 8.9 shows different cross-sections of a OHNB6 specimen. As seen in figure 8.9a

free-edge delaminations spread across the whole width of the specimen from both

free edges between the -45/90 interface. In the cross-section view AA’ shown in

figure 8.9a it is visible how different interlaminar delaminations are joining through-

the-thickness, and in the cross-section view BB’ it is seen how these delaminations are
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starting from the edge of the hole. The cross-section view CC’ in figure 8.9b shows

how these interlaminar delaminations, which occur at all interfaces and join through-

the-thickness originate as well from the edge of the hole and spread along the whole

length of the specimen in the loading direction. These interlaminar delaminations

originating from the edge of the hole in cross-section view CC’ are the same as the

ones seen in the cross-section view AA’. The cross-section view DD’ shows the de-

lamination running between the -45/90 interfaces and joining through the 90° layers

block at the very free edge of the sample. These -45/90 interface delaminations are

visible in the transverse lines (90°) of the left-side image of figure 8.9b. Additionally,

the -45/90 delaminations do not completely join across the width of the laminate, as

seen in the left-side image of figure 8.9b, and hence they are not visible in the CC’

cross-section view.

(a)

(b)

Figure 8.9: XCT scans of the cross-sections of an open-hole specimen OHNB6 tested until

first load drop of 5% (see table 8.2). (a) Left figure is a top view of the specimen at the

hole area. Right views are cross-sectional views of the width of the specimen. (b) Left

view is a top view of the specimen between 0/90 interfaces, so the delamination running

between 0/90 layers is visible. Right views are cross-sectional views of the length of the

specimen.

Figure 8.10 displays an XCT scan projection of an open-hole specimen with a [±45]

binding at the hole area. The figure shows a specimen tested until the first load drop

of 5% was recorded (see table 8.2). The different ply orientations are visible as in

the case of figure 8.8, but the most prominent damage visible in figure 8.10 is the

delaminations occurring between the 0/-45 interfaces in the form of straight black
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lines in the 0° direction. These 0/-45 delaminations are clearly visible in figure 8.11b

and pointed out in figure 8.11c.

0º

90º

Figure 8.10: XCT scan projection the average of the sum of all the scans showing the

damage through-the-thickness at the hole area from an open-hole specimen OHB6 with

a [±45] binding tested until first load drop of 5% (see table 8.2). The visible black lines in

the 0° direction, which are tangent to the hole are the 45/0 layers delaminations visible

in the right view of figure 8.11a. Lines of different plies orientations are visible.

Figure 8.11 shows different cross-sections a OHB6 specimen. As seen in the cross-

section view AA’ of figure 8.11a free-edge delaminations spread across the whole

width of the specimen from both free edges and between the 45/0, 0/-45 and -45/90

interfaces. In the left image of figure 8.11a a top through-the-thickness view shows

the area of the hole, and the 0/-45 interface delamination is visible as the black

area running in the 0° direction. In the cross-section view BB’ it is seen how the

binding placed through the hole was debonded from the edge of the hole and how

the interlaminar delamination of the 45/0 interfaces reached the edge of the hole.

Figure 8.11b shows a close view of the cross-section view AA’.

The cross-section view CC’ in figure 8.11c shows how these interlaminar delamina-

tions, which occur at all interfaces, reach the edge of the hole completely delami-

nating the 45/0 and 0/-45 interfaces along the whole length of the specimen. These

interlaminar delaminations cross-section view CC’ are the same as the ones seen

in the cross-section view AA’. The cross-section view DD’ shows the delaminations

running between 45/0, 0/-45 and the -45/90 interfaces at the very free edge of the

sample. The -45/90 interface delamination is visible in the transverse lines (90°) of the

left-side image of figure 8.9b. As in the case without binding (figure 8.9b), the -45/90

delaminations do not join across the width of the laminate, as seen in the left-side

image of figure 8.11c, and hence they are not visible in the CC’ cross-section view.

The 45/0 and 0/-45 interfaces delaminations do join across the width of the specimen
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and hence are visible in both cross-section views CC’ and DD’ of figure 8.11c.

A

A’

B

B’

AA’

BB’

(a)

(b)

Black lines indicate delamination
running between the 0/ 90 layers

Redarrows indicate interface delamination originating from the hole in the loading direction

C C’

D D’

Delamination in the transversedirection running between 0/ 90 layersat the edge

90º

0º

0º90º

CC’

DD’

(c)

Figure 8.11: XCT scans of the cross-sections of an open-hole specimen OHB6 with a

[±45] binding tested until first load drop of 5% (see table 8.2). (a) Left figure is a top

view of the specimen at the hole area. Right wiews are cross-sectional views of the width

of the specimen. (b) Close view of cross-sectional cut AA’. (c) Left view is a top view of

the specimen between 0/90 interfaces, so the delamination running between 0/90 layers

is visible. Right views are cross-sectional views of the length of the specimen.

It is worth mentioning that in the post-morten inspection of the specimens without

binding, it was visible that they also delaminated in between the 45/0 and 0/-45

interfaces, as in the XCT images of the case of the specimen with binding showed.

Additionally, during the tensile testing, it was observed that the specimens with

binding failed more violently and abruptly than those without binding.
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8.3.2 Tension-tension fatigue results

The fatigue tests were conducted under load-control tension-tension loading at a 5

Hz frequency. A loading R-ratio of 0.1 and severity of 65%, from the defined failure

load in section 8.3.1, were used. As per equations (8.1) and (8.2) the maximum load

applied (Fmax) was 42 kN, which is 65% of the failure load of OHNB6 specimens (see

table 8.2), and the minimum load (Fmin) was of 4.2 kN. Hence the load amplitude (Fa)

was 18.9 kN, and the mean force (Fm) was 23.1 kN. All tests were conducted using

an Instron Servo-hydraulic 8801 testing machine with mechanical wedge grips. The

cross-head displacement was measured with the vertical displacement of the grips.

One specimen without additive binding was tested, and four specimens with additive

binding were tested.

Fa =
Fmax − Fmin

2
(8.1)

Fm =
Fmax + Fmin

2
(8.2)

Figure 8.12 shows the normalised effective engineering modulus against the number

of cycles elapsed. The normalised effective modulus was calculated as defined in

[287], and it was reported every 10 cycles between 10 and 100 cycles, every 100 cycles

between 100 and 1000 cycles, every 103 cycles between 103 and 104 cycles, and every

104 between 104 and 105 cycles. As visible in figure 8.12, specimens with binding

performed worse than those without binding. This behaviour will be explained in

more detail in section 8.4.

All tests were run until 105 cycles (run-out) or until failure of the specimen, but for

one specimen without binding which was stopped at 60x103 cycles due to testing

facility restrictions. If the specimen had been left, it is thought that it would have

run-out.
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Figure 8.12: Normalised effective modulus of open-hole fatigue specimens versus the

number of cycles.

8.4 Discussion

8.4.1 Quasi-static tensile specimens discussion

For the open-hole specimens, the values of G were higher for smaller delamination

lengths than for larger delamination lengths. A reduction of G of 27.6% was achieved

for a crack length of 2.5 mm with a [±45]s additive binding. However, the FE results

indicated that the use of [±45]s additive bindings would give a higher value of G for

small crack lengths (0.125 mm) than when no binding was used, as shown in fig-

ure 8.6a. This could indicate that the additive binding could potentially promote the

development of small cracks but arresting them when growing after a certain length.

It could be that the experimentally viewed phenomenon of higher concentration of

damage in specimens with binding than in specimens without binding is directly re-

lated to this ”crack promoting behaviour” shown in the FE results for small pre-crack

lengths when additive bindings are applied figure 8.6.

It has been experimentally shown that these thin additive binding stripes did not

perform any visible improvement in the suppression of delamination. However, the

addition of the additive bindings did not harm the performance of the specimens

with binding compared with the specimens without binding. On the basis of the

results shown in section 8.3.1, it was concluded that the selection of the substrate

laminate layup or testing and design process was not appropriate for studying the
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effect of the additive binding for suppressing delamination in composite laminates

with open holes. The substrate laminate layup was selected based on the results

reported in [216]. A 6 mm hole diameter was the minimum feasible size for the

hole for manufacturing the specimens with binding, and a layup of [45m/0m/ −
45m/90m]ns with m = 4 and n = 1 fails due to delamination. Thus, a [454/04/ −
454/904]s layup was selected. However, free-edge delamination was not taken into

account to occur at the time of substrate laminate selection.

The purpose of the additive binding was to stop delamination originating from the

edge of the hole; hence, the free-edge delamination originating from both sides of

the width of the substrate was not considered. However, this free-edge delamination

was observed when conducting the experimental testing, as shown in figure 8.13.

In this way, the results obtained for the solution tested indicate that the additive

bindings studied do not help the improvement of the delamination resistance for

composite laminates with open holes. However, it is believed that if other layups

not so-susceptible to delamination had been used for the substrate laminate, the re-

sults obtained could have indicated that the additive bindings do help for stopping

delamination originating from the edge of the hole. For instance, a laminate with sub-

laminate scaling ([(45/0/ − 45/90)4]s) rather than ply scaling ([454/04/ − 454/904]s)

could have been used. Moreover, this [454/04/ − 454/904]s layup could have been

tested with the use of additive bindings for suppressing free-edge edge delamination

in chapter 6. In this manner, delamination originating from all edges of the substrate

laminate would have been suppressed.

Nevertheless, the results obtained still do present promising results. As shown in

table 8.2, the use of additive bindings reduced the coefficient of variation for all the

results reported. Both specimens OHNB6 and OHB6 presented similar force at a 5%

load drop. For the case of the specimens without binding, they reported slightly

higher maximum force, as they could still withhold load after having failed tech-

nically. However, for the specimens OHB6, the failure load corresponded with the

maximum load, meaning that the specimens with binding failed more catastrophi-

cally than those without binding. This higher coefficient of variation is believed to be

due to the presence of manufacturing defects in the samples when drilling the holes.

The presence of the additive binding reduced the influence of those manufacturing

damages.

As shown in figures 8.9 and 8.11, the specimens with binding were more severely

damage than the specimens without binding, as they present bigger delaminations.

As mentioned before, the specimens with binding failed more abruptly and explo-

sively than specimens without binding. Figure 8.13 shows the free-edge delamination

damage progress for an OHB7 specimen at different strain rates (ϵ was used to rep-
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resent strain in figure 8.13). Free-edge delamination between the 0/90 interfaces is

visible at an strain of 0.84%, and for an strain of 2.29%, the free-edge delamination

has wholly separated the 0/90 interfaces. For about an strain of 2.6%, the laminate

splinters and fails but still could withhold more displacement. Finally, for an strain

of 3%, the laminate cannot withhold any more load.

ε=0.84%ε=0.0% ε=2.29% ε=2.6% ε=3.0%

Figure 8.13: OHB7 specimens tensile loading failure process. Great free edge delamina-

tion occurred between the 0/90 interfaces

8.4.2 Tension-tension fatigue specimens discussion

Due to testing restrictions, achieving a complete set of testing results for fatigue

testing of open-hole specimens was impossible. For instance, the only open-hole

specimen without binding had to be stopped at 60x104 cycles. Additionally, only four

specimens with binding were tested. As shown in figure 8.12 two of the specimens

with binding suffered a considerable drop in stiffness within the first 10 cycles. This

drop in stiffness was due to the preloading of the specimens to characterise the initial

stiffness of the specimens. However, the pretension was not calibrated appropriately,

and a relatively high load was applied, incurring premature damage to these two

specimens. One of these preloaded specimens reached the 105 run-out number of

cycles as the other two specimens with binding. The other preloaded specimen failed

around 15200 cycles. After these two preloaded specimens’ early stiffness loss, two

other specimens with binding were tested without preloading.

The specimens without binding and with binding (which had not been preloaded)

presented very similar behaviour. However, the specimens with binding suffered a

stiffness loss at around 6000 cycles, which was 4000 cycles before the specimens with-
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out binding. The use of additive bindings for suppressing free edge delamination,

as the one shown in figure 8.13 could have prevented the earlier drop of stiffness of

the specimens with binding (6000 cycles) compared to the specimen without binding

(104 cycles).

It is to be noted that the fatigue tests were started different than the procedure ex-

plained in [287]. The specimens were loaded slowly to the mean load value (Fm),

then loaded rapidly to the maximum load and then the fatigue cycles started. It is

thought that this first rapid loading of the specimens from Fa to Fmax was too abrupt

to the specimens, and potential damage occurred.

Due to the small set of results, the fatigue tests are not conclusive to indicate the posi-

tive or negative effect of the binding on the damage tolerance of composite laminates

with open holes under tension-tension fatigue loads.

8.5 Conclusions

The use of thin additive binding stripes, which are bonded to the edge of the hole of

composite laminates with open holes, has been studied for suppressing the damage

originating from the edge of the hole. In particular, it was intended that these additive

bindings would suppress delamination arising from the damage occurring at the

edge of the hole. A FE numerical analysis has been conducted to study the feasibility

of such a solution and determine the effect of different additive binding layups on the

value of G for different crack lengths. Moreover, experimental testing was conducted

to determine the enhancement achieved when the additive binding was in place. The

concluding points of this study are recollected below:

- The FE results indicated that the use of additive bindings around the hole only

produced significant improvements in the value of G for large pre-crack lengths,

i.e., for a delamination length of 2.5 mm, a reduction of 27.6% was achieved at

interface 1 with a [±45]s binding layup.

- The layup utilised for the substrate laminate was not adequate for studying the

effect of additive bindings around the edge of the hole of composite laminates

with open holes. Therefore, a layup not so susceptible to free-edge delamination

is recommended for future works. Additionally, the use of additive bindings for

suppressing free-edge delamination is recommended in both specimens without

and with binding around the edge of the hole. In this way, the effect of the binding

over the edge of the hole is not affected by free-edge delamination.

- The use of additive bindings around the open hole did not affect the maximum
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load or strain before failure of the selected substrate layup. However, the pres-

ence of the additive binding significantly reduced the coefficient of variance of the

experimental results.

- The fatigue test results were not conclusive, and further work is needed to de-

termine the effect of the additive bindings. Additionally, no preloading of the

specimens is recommended for fatigue testing unless it is a low loading.
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Chapter 9

Results on enhancing the bearing

response of pin-loaded composite

laminates

This chapter presents the numerical and experimental results for the fourth re-

search question. Numerical results indicate that the constraint that the additive

binding places at the edge of the substrate laminate enhance the damage tolerance

of the substrate laminate for small cracks at the edge of the hole. Experimental

testing as described in section 5.8 was carried out to study the effectiveness of

the solution. Some experimental specimens were XCT scanned, and clear dam-

age profiles after loading were shown. The use of additive bindings at the edge of

the hole of pin load laminates improved the offset bearing strength of laminates

with binding by about 37.5%. The results are exposed, discussed, and finally,

conclusions are drawn.
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9.1 Substrate laminate selection

A quasi-isotropic laminate, like the one used for the open-hole specimens, was se-

lected for the pin load specimens. The layup had a stacking sequence of [45m/0m/ −
45m/90m]ns, with m = 4 and n = 1.

Similar to the open hole case, a diameter of 6 mm was decided for the hole and hence

based on figure 5.11, the total length of specimens was 200 mm, the distance between

the edge and the centre of the hole was 18 mm, and the width was 30 mm. The total

laminate thickness was 4.16 mm.

9.2 FE results

Different delamination lengths at all interfaces between layer blocks with different

fibre orientations were modelled, as explained in section 4.5. The bonded nodes

extended across the laminate from the crack tip nodes, similar to the case of the open

hole specimens FE. Figure 8.1 schematically shows the location of the bonded nodes

of the FE model. It is important to remember that differently from the open hole FE

model, cracks were modelled in all interfaces of the substrate laminate at the same

time as this helped to reduce the simulation time.

The pin size used for simulations was 6 mm diameter for the cases without binding

and 5.76 mm for the case with binding, as the nominal ply thickness of the addi-

tive binding is 0.03 mm and the additive binding stripes overlap over the hole, as

explained in section 4.5.

The crack tip bonded nodes were defined around the whole circumference of the

hole, so the crack tip node has a circular shape. For this reason, for the display of G
at the crack tip, a similar method as in section 8.2 was used. In this way, a bubble

chart was used to represent the value of the energy release rate around the crack tip.

Figure 9.1 shows the normalised energy release rate G/Gmax variation for different

pre-crack lengths at different interfaces. The values of G/Gmax are arranged around

the deformed shape of the hole after loading (ellipsoidal shape) and are represented

by the size of the bubble printed at the coordinates of each crack tip node, as shown

in figure 9.1. The larger the diameter of the circle in figure 9.1, the larger the energy

release rate at that node is. The maximum value Gmax occurs for a delamination

length of 0.125 mm at interface 1. The coordinates x and y are referenced from the

centre of the hole and refer to the position of the nodes in the deformed shape of the

hole. Additionally, for a clearer understanding of the variation of G/Gmax around the

hole, figure 9.2 displays the variation of G/Gmax around the crack tip with respect to
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the 0° fibre orientation. The location of the crack tip is varied with angle increments

of 2.5° (α angle) from 0° to 360°.

The values of G/Gmax displayed in figure 9.1 show how the highest value of energy

release rate changes as the delamination size increases for the three interfaces when

an axial strain of 1% is applied1. It is visible how interfaces 1 and 2 present higher

values of G than interface 3. In particular, the values of G at both interfaces 1 and

2 are very close, indicating that both interfaces could have the same probabilities of

delaminating.
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1Do not mistake with bearing strain. A displacement of 1% of its length (200 mm) was imposed on

the laminate.
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Figure 9.1: Normalised energy release rate G/Gmax around the crack tip of the hole

of pin-loaded specimens for different crack lengths. (a) Interface 1, (b) interface 2, (c)

interface 3.
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Figure 9.2: Normalised energy release rate G/Gmax around the crack tip of the open hole

for different crack lengths with their location respect the 0° fibre orientation. (a) Interface

1, (b) interface 2, (c) interface 3.

As shown in figure 9.1 the minimum and maximum delamination lengths simulated

were 0.125 and 2.5 mm. For a clearer visualisation of the magnitude of G at each

interface, figure 9.3 compares the value of G/Gmax between the three interfaces at

crack lengths of 0.125 and 2.5 mm. As logically expected, due to the ±45 layers,

interfaces 1 and 2 experience the highest values of G at symmetrically opposite points

from the centre of the hole. The FE model is linear elastic, and for ease of analysis

and comparison, all simulations were performed with 1% applied strain.
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Figure 9.3: comparison of normalised energy release rate G/Gmax around the crack tip

of the open hole for the different interfaces modelled. (a), (c) Crack length of 0.125 mm,

(b)(d) crack length of 2.5 mm.
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9.2.1 Binding design

Narrow and thin additive binding laminates were added to the substrate laminate

in the form of stripes. Although from the edge of the hole the binding layup is

[±θ]s, contrary to the case of the free-edge delamination specimens, the additive

binding stripes are unidirectional narrow composite laminates. were unidirectional.

For varying the angle of the additive binding, they were bent with an angle through

the hole of the substrate laminate, as shown in figure 5.9a.

As in the case of the open-hole specimens, due to the more challenging design of the

additive binding stripes than the additive binding for the free-edge delamination and

edge impact specimens, it was not possible to carry out automatised simulations. For

the case of the pin-loaded FE models, only realistic bindings (see figure 4.10) were

used. Moreover, based on the results obtained for the open-hole specimens and due

to computational time (see section 4.5), only two different ”realistic bindings” addi-

tive binding layups were simulated. Figure 8.5 shows the different additive binding

placements and types, i.e., simplified and realistic. Additive bindings with [90]4 and

[±45]s layups were modelled and simulated. Again, as in the case of the open hole

simulations and as explained in section 5.4, the bindings were applied as unidirec-

tional stripes. In this way, strictly speaking, focusing only on one stripe, this binding

would be providing a layup of +θ4 on one surface of the substrate laminate, and a

layup of −θ4 on the other opposite surface. For this reason, strictly speaking, they

were not [±θ]s additive bindings, with θ = 45 and 90.

These ”realistic bindings” were compared for three different crack lengths: 0.125

mm, 1.0 mm and 2.5 mm. The bindings were modelled by placing them in eight

points on the edge of the hole, as in the open hole case and shown in figure 8.5c.

Figure 9.4 shows a comparison of the normalised maximum value of energy release

rate Gmax at interface 1 and the three crack lengths for each different binding. The

values of figure 9.4 are normalised with the maximum value of energy release rate

Gmax,WithoutBinding, which occurs for a pre-crack of 0.125 mm at interface 1 when no

binding is applied. For reference, Gmax,WithoutBinding = 95.42 N/mm.
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at interface 1.

As shown in figure 9.4, the [±45]s binding reduced Gmax more than the [90]4 binding.

The lowest value of Gmax for both [±45]s and [90]4 bindings was obtained for a crack

length of 0.125 mm and reported a reduction of Gmax of 14.6% and 6.7% from the case

without binding, respectively. Hence, [±45]s additive bindings were experimentally

tested for studying their effect, and section 9.3 presents the experimental results ob-

tained. It is also visible that the value of Gmax was reduced the most for very small

pre-crack lengths, but it was not reduced so much for bigger delamination lengths,

i.e., 2.5 mm cracks. It is also interesting to note that the value of Gmax was reported

bigger for a pre-crack of 1 mm than for a 2.5 mm.

9.3 Experimental results

Pin load specimens were tested under quasi-static tensile and fatigue loading to study

the effect of the additive binding.

9.3.1 Quasi-static tensile results

The quasi-static tests were conducted under displacement-control tensile loading at

1 mm/min rate.

As mentioned in section 5.5, the placement of the additive binding over the hole re-

duced the actual hole diameter compared with the case without binding. The reduc-

tion in diameter was approximately 1 mm, so the specimens with binding presented

average measurable diameters of 5 mm, while the specimens without binding pre-
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sented diameters of 6 mm. Although the additive binding should ideally only reduce

the hole diameter size by 0.48 mm, the manufacturing difficulties and the flow of K51

epoxy resin caused the average measured diameter for the specimens with binding to

be about 5 mm. For this reason, additional specimens were manufactured and tested

to evaluate the effect of the change in diameter. Specimens without binding and with

a hole diameter of 5 mm were manufactured to see if the results obtained would be

closer to the specimens with the binding which drilled hole was 6 mm diameter but

which final diameter was about 5 mm. Table 9.1 shows the resume of the open-hole

specimens manufactured and quasi-statically tested. It is to be noted that the pin di-

ameter for specimens with binding and drilled hole of 6 mm, the pin diameter used

was 4.76 mm. This was because some of the PLB6 specimens had slightly smaller di-

ameter, so it was decided to reduce the diameter of the pin to 4.76 mm, which fitted

all PLB6 specimens. In this way, all PLB6 specimens were tested with the same pin

size, but this meant that some samples had less tight fitting.

End-tabs of 40x30 mm were water-jet cut from a glass-epoxy panel and glued to one

end of the specimens. All specimens were tested until final failure or until the testing

machine detected a load drop higher than 40%.

The bearing stress at i-th data point (σbr
i ) was calculated as per equation 9.1, as de-

fined in ASTM D5961 [244]. The force measured by the load at i-th data point (Pi)

was divided by the product of the diameter (D), the nominal thickness of the sample

(h) and a load constant per hole factor (k), where k = 2 for a single-fastener or pin

test. The nominal ply thickness of 0.13 mm was used for all calculations.

σbr
i =

Pi

k · D · h
(9.1)

Table 9.1: Initial and final hole diameter for all open hole specimens tested without

and with additive binding.

Specimen

designation

Type of

Binding

Initial diameter,

Di [mm]

Final diameter,

D f [mm]

Pin diameter,

dp [mm]

PLNB6 No binding 6 6 6

PLB6 [±45]s 6 5 4.76

PLNB5 No binding 5 5 5

The ultimate bearing strength (σbru) was calculated as per equation 9.2, where Pmax

is the maximum load,

σbru =
Pmax

k · D · h
(9.2)
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And the bearing strain at the i-th data point (ϵbr
i ) was calculated as per equation 9.3,

where δ1i and δ2i are the displacements of each grip, K is a load constant equal to 1

for double-shear tests, and D is the diameter of the specimen.

ϵbr
i =

δ1i+δ2i
2

K · D
(9.3)

It is worth mentioning that when recording the displacements of each grip, the stiff-

ness of the machine would cause inaccuracies from the real displacement value. How-

ever, all samples were measured in the same way, and the measurement uncertainty

would be the same for all of them.

Figure 9.5: Example of bearing stress-strain curve - Reproduced from [244].

In order to calculate the offset strength (σbro), a bearing chord stiffness line offset

along the strain axis by 2% was intersected with the stress-strain curve. The use of

2% as offset is indicated in the ASTM procedure in [244], as shown in figure 9.5. For

calculating the bearing chord stiffness, the slope of a straight line between two points

on the stress-extension graphs at 2% and 4% extension was used for each specimen

and then averaged for each group.

The stress-extension results for samples without and with binding are shown in fig-

ure 9.6. All three specimens configurations shown in table 9.1 are presented in fig-

ure 9.6. Table 9.2 presents the bearing chord stiffness modulus, maximum load, ulti-

mate bearing strength, ultimate bearing strain and offset bearing strength for speci-

mens without and with binding.
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Figure 9.6: Stress-Strain experimental results for the pin load specimens without any

binding and with a [±45]s binding. Specimens with drilled hole diameters of 5 and 6

mm were tested. All specimens shown were tested until final failure or until the testing

machine detected a load drop higher than 40%.

Table 9.2: Bearing chord stiffness, maximum force, ultimate stress and strain, and

offset strength for pin load specimens without and with binding.

Specimen

Property PLNB6 PLB6 PLNB5

Bearing chord stiffness

[GPa] (CV%)
61.6 (4.3) 49.07 (9.64) 44.58 (7.78)

Maximum load [kN]

(CV%)
9.4 (5.78) 7.64 (8.58) 6.34 (7.09)

Ultimate bearing

strength [kN] (CV%)
376.62 (5.78) 306.14 (8.58) 254.03 (7.09)

Ultimate bearing strain

[abs.%] (CV%)
20.47 (4.83) 12.13 (49.76) 12.96 (24.16)

Offset bearing strength

[MPa] (CV%)
207.25 (7.13) 285 (7.75) 223.33 (4.93)
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For the specimens without binding, the PLNB6 specimens present an average value

of 20.47%, 376.62 MPa and 9.4 kN for ultimate bearing strain and bearing stress,

and maximum load, respectively; and the offset bearing strength is 207.25 MPa. The

PLNB5 specimens present an average value of 12.96%, 254.03 MPa and 6.34 kN for

ultimate bearing strain and bearing stress, and maximum load, respectively, and their

offset bearing strength is 233.33 MPa. It is to be noted that the bearing chord stiffness

of PLNB6 specimens is higher than the one for the PLB6 and PLNB5 specimens, as

will be discussed in section 9.4.

The PLB6 specimens present an average value of 12.13%, 306.14 MPa and 7.64 kN

for ultimate bearing strain, bearing stress, and maximum load, respectively. The

specimens with binding have an offset bearing strength of 285 MPa. It is interesting

to note that the offset bearing strength of PLB6 specimens is much higher than for

PLNB6 and PLNB5 specimens.

Notably, the specimens without binding presented a smaller coefficient of variation

than those with binding in all properties but the offset strength. This is contrary

to what has been reported for the free-edge delamination and open-hole specimens,

where the addition of the additive bindings reduced the coefficient of variation. This

phenomenon is further discussed in section 9.4.

Failed specimens were taken for XCT scanning to study the extension of the damage

in both cases, without and with binding. The XCT scan images are presented below.

Figure 9.7 displays an XCT scan projection of the average sum of a PLNB6 specimen

tested until failure at the hole area. Different damages are visible across the 0°, 90°

and ±45° layers, as shown in the top projection of figure 9.7a. The most prominent

damage visible is the transverse intralaminar matrix cracking at the 90° layers, as

pointed out with red arrows. The pushing of the pin made the 90° layers separate,

promoting delamination between the 0/-45 and -45/90 interfaces and pushing out

the 90° plies block out of the laminate at the end of the specimen, as shown in

figure 9.7 and as will be discussed in section 9.4. Additionally, a peel off of some

fibres of the 45° layers are also visible in figure 9.7b and should not be interpreted

as 45° delamination. This peel off is also shown in pictures of the failed specimens,

as figure 9.14a.
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(a)

(b)

Figure 9.7: XCT scan projections of the damage at the hole area from a pin load specimen

without binding tested until failure. Transverse intralaminar matrix cracking between

the 90° plies is visible. Lines of different plies orientations are also visible. (a) Top view

projection. (b) Side view projection.

Figure 9.8 shows different XCT image cross-sections of a PLNB6 specimen tested

until failure at the hole area. Both left images of figures 9.8a and 9.8b show a top

cross-section view of the 90° layers where transverse intralaminar matrix cracking of

the 90° layers is clearly visible. Figure 9.8a displays three different cross-section views

along the width of the specimen, e.g., AA’, BB’ and CC’, which show how damage

propagates from the centre of the hole (AA’) towards the edge of the hole in contact

with the pin (BB’) and towards the extreme of the sample (CC’). The top left parts

visible at cross-section AA’ are the parts of the top +45 layers which peeled off as a

result of the extension of the specimen from damage originating at the hole edge. On

the right side of cross-section AA’ it is visible how the matrix and fibres of the −45

layers broke at the vicinity of the edge of the hole. This fibre breakage is extended to

all layers at the contact point of the edge of the hole and the pin, as shown in cross-

section BB’. At cross-sections BB’ and CC’, it is visible how the 90° block of layers

has delaminated. Figure 9.8b displays three different cross-section views along the
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length of the specimen, e.g., DD’, EE’ and FF’, which show how damage propagates

from the right side of the laminate (DD’), towards the centre of the laminate (EE’)

and the left side of the laminate (FF’). It is visible between views DD’ and FF’ how

the cracks separating the 90° layers migrated to the 0/-45 interface. At cross-section

EE’ great damage at the hole edge is visible, plus delaminations across all interfaces.

(a)

(b)

Figure 9.8: XCT scans of a pin load specimen cross-sections without binding tested until

failure. (a) Cross-sectional view of the width of the specimen. (b) Cross-sectional view

of the length of the specimen.

Figure 9.9 displays an XCT scan projection of a PLB6 specimen tested until failure

at the hole area. Different damages are visible across the 0°, 90° and ±45° layers, as

shown in the top projection of figure 9.9a. As in the case of the PLNB6 specimen, the

most apparent damage visible is the transverse intralaminar matrix cracking occur-
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ring at the 90° layers. The pushing of the pin made the 90° layers separate, promoting

delamination between the 0/-45 and -45/90 interfaces and pushing out the 90° plies

block out of the laminate at the extreme of the specimen, as shown in figure 9.10 and

as will be discussed in section 9.4. Additionally, as in the PLNB6 specimen, a peel off

of some fibres of the 45° layers is also visible, as shown in figure 9.9b.

As shown in figure 9.9a, the deformed shape of the hole is more in the form of a

pear, whereas, in the case of the PLNB6 specimens, the deformed shape of the hole

is more ellipsoidal. Nevertheless, as shown in figure 9.6, the total hole deformation

was similar in both cases.

(a)

(b)

Figure 9.9: XCT scan projections of the damage at the hole area from a pin load speci-

men with a [±45]s binding tested until failure. Transverse intralaminar matrix cracking

between the 90° plies is visible. Lines of different plies orientations are also visible. (a)

Top view projection. (b) Side view projection.

Figure 9.10 shows different XCT image cross-sections of a PLB6 specimen tested until

failure at the hole area. Both left images of figures 9.10a and 9.10b show a top cross-

section view of the 90° layers where transverse intralaminar matrix cracking of the

90° layers is clearly visible. Three different cross-section views, e.g., AA’, BB’ and

CC’, show how damage propagates from the centre of the hole (AA’) towards the

edge of the hole in contact with the pin (BB’) and towards the extreme of the sample

(CC’).
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(a)

(b)

Figure 9.10: XCT scans of the cross-sections of a pin load specimen with a [±45]s binding

tested until failure. (a) Cross-sectional view of the width of the specimen. (b) Cross-

sectional view of the length of the specimen.

Similar damage is visible in the case of the PLB6 specimens, which is seen in the

PLNB6 specimens at the top left point of cross-section AA’. Parts of the top +45

layers, which peeled off as a result of the extension of the specimen, are visible.

Additionally, a peeled-off binding stripe due to the peeling off of the +45 layers is

also visible. However, less damage at the -45° layers is observed on the right side of

cross-section AA’, compared to that one seen in cross-section AA’ of in figure 9.8a.

Nevertheless, similar damage as that one shown in cross-sections BB’ and CC’ of

figure 9.8a is view in cross-sections BB’ and CC’ of figure 9.10a.
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Moreover, the damage visible in cross-sections DD’, EE’ and FF’ of figure 9.10b is

similar to that one of the same cross-sections of figure 9.8b. It is visible how delam-

ination cut through the -45° layers from the -45/90 interfaces to the 0/-45 interfaces,

from the DD’ cross-section view to the FF’ cross-section view.

9.3.2 Tension-tension fatigue results

The fatigue tests were conducted under load-control tension-tension loading at a 5

Hz frequency. A loading R-ratio of 0.1 and severity between 60 to 65%, from the de-

fined failure load in section 9.3.1, were used. Hence, as per equations (8.1) and (8.2)

the maximum load applied (Fmax) was 6 kN (63% of the failure load without bind-

ing), and the minimum load (Fmin) was of 0.6 kN. Hence the load amplitude (Fa) was

2.7 kN, and the mean force (Fm) was 3.3 kN. All tests were conducted in an Instron

Servo-hydraulic 8801 testing machine with mechanical wedge grips. The cross-head

displacement was measured with the vertical displacement of the grips. Two speci-

mens without additive binding were tested, and five specimens with additive binding

were tested.

Figure 9.11 shows the normalised joint stiffness of pin load fatigue specimens against

the number of cycles. The normalised joint stiffness was calculated as defined in

[289], and it was reported every 10 cycles between 10 and 100 cycles, every 100 cycles

between 100 and 1000 cycles, every 103 cycles between 103 and 104 cycles, and every

104 between 104 and 105 cycles.

Figure 9.12 shows the hole elongation against the number of cycles. Figures 9.12b

shows the detail of the hole elongation for 20x103 cycles and 103, respectively.

All tests were run until 105 cycles (run-out) or until failure of the specimen. It is to be

noted that all the pins used for the specimens with binding broke due to shear during

the development of the tests. The pins broke in a way that the shear-broken faces got

locked inside the hole, making the pin as two joined/tied smaller pins at the centre of

the pin. In this way, the fatigue tests could keep on until run out without the machine

detecting the pin breakage. This phenomenon will be analysed in section 9.4.
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Figure 9.12: Hole elongation of pin load fatigue specimens versus the number of cycles.

(a) Full testing, (b) detail before 50x104 cycles.
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9.4 Discussion

9.4.1 Quasi-static tensile specimens discussion

The reduction in the diameter of the PLB6 specimens to diameters of about 5 mm or

less made it challenging to make a direct comparison of the results. A steel pin of 6

mm was reduced to a diameter of 4.76 mm, which fit all the holes of the specimens

with binding in a tight or close fit. It was decided that all tests would be done with

a tight fit between the pin and the hole; hence, the specimens PLNB6 were tested

with a 6 mm diameter pin. The PLNB5 specimens were tested with a 5 mm pin. As

mentioned before, all the PLB6 specimens did not have all the same diameter, and

hence they were tested with a pin of 4.76 mm diameter. Hence, some PLB6 specimens

had a sligth less tight fit than others. Both PLNB6 and PLNB5 specimens had tight

pin-hole fit with their corresponding 6 and 5 mm diameter pins.

This difference in tightness and the presence of K51 excess resin around the hole is

visible in the start of the stress-strain graphs (figure 9.6), where the PLB6 specimens

had a slower start of taking the load before the 5% bearing strain approximately.

This slower start is due to the clearance between the 4.76 mm pin and the hole of

the specimen and the pin crushing the resin residue until it settled properly over the

binding. This behaviour is more clearly visible in figure 9.13, as the PLNB6 specimen

tested with a 4.76 mm pin had a even larger delay to start taking the load than the

PLB6 specimen.

Additional PLNB6 specimens were also tested with a 4.76 mm diameter and, as ex-

pected [237, 241], the offset strength and ultimate damage values are much smaller

than the ones for the PLNB6 specimens tested with a 6 mm diameter pin. Clearance

between the pin and the hole changes the location and direction of the maximum ten-

sile stresses, obtaining smaller strengths for higher clearances [237, 241]. Figure 9.13

compares a representative PLNB6 specimen tested with a 4.76 mm pin, a PLNB6

specimen tested with a 6 mm diameter pin and a PLB6 specimen tested with a 4.76

mm diameter pin. Based on these results, it was concluded then that a tight fit was

needed for all tests, and it was a good decision to test the samples with different pin

diameters.

As shown in figure 9.13 and recollected in table 9.2, the PLB6 specimens present

a 37.5% higher offset strength than the PLNB6 specimens. As explained in [296],

the stiffness of the joint is governed by the in-plane compressive modulus and the

through-the-thickness tensile modulus in the vicinity of the hole. Hence, the bindings

increase the through-the-thickness strength and allow for better resistance to outward

displacement or bulging of the laminate. Additionally, the addition of the bindings
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Figure 9.13: Stress-strain curves for a representative PLNB6 specimen tested with a 4.76

mm diameter pin and a representative PLB6 specimen.

reinforces and enhances the in-plane compressive stiffness and allows the joint to

resist the compression of the material ahead of the hole for higher strains.

The higher values of offset strength in specimens with binding could also be deduced

from the FE results. For small delaminations (0.125 mm), or when the damage is ini-

tiated, the effect of the binding in strengthening the hole is visible in figure 9.4, as the

value of G is reduced by 14.6% from the case without binding. As the delamination

length grows, approximately after the bearing strain for which the offset strength is

measured, the effect of the binding is nullified by the extent of the damage at the

hole.

The PLNB6 specimens present a higher average maximum stress than the PLB6 spec-

imens. This is due to increased stress concentration for using a smaller pin in the

PLB6 specimens, as explained in [237, 241]. When using a smaller pin diameter, the

pin-hole clearance affects the location and direction of the peak stresses as well as the

magnitude [237]. Using a 4.76 mm diameter pin for the PLB6 specimens permitted

a tight fit at the beginning of the testing. However, once the pin was accommodated

over the binding and the initial crushing of the matrix of the pin had been finalised,

the use of a smaller pin generated a higher stress concentration factor than a 6 mm

pin. As a result, the maximum compressive stress between the pin and the hole edge

was higher in the PLB6 specimens. Kelly and Hallstrom [232] found that the hole

deformation was found to be slightly larger for clearance fit laminates in comparison

to neat fit laminates for a given load level. This larger hole deformation and smaller

contact area between the pin and the hole showed a decrease in the stiffness of the
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joint. In this way, it is justified that the PLB6 specimens presented smaller chord

stiffnes than the PLNB6 specimens.

(a) (b)

(c) (d)

Figure 9.14: Top and side views of failed specimens where the extent of damage at the

hole area (hole deformation) and the separation of the 90° are visible.

From the XCT scan images, it is visible that after the nucleation of damage process at

the hole edge (matrix cracking, fibre breakage, wedge effect as seen in cross-sections

EE’ of figures 9.8b and 9.10b), the 90° layers separated via transverse intralaminar

matrix cracking. Figure 9.14 displays the top and side views of PLNB6 and PLB6

specimens, where it is viewed how the 90° layers separated and were being pulled

out of the specimen. Additionally, it is visible how the top and bottom +45 layers

suffered peeling from the fibres that touched the pin tangentially.

Further research is needed to determine the best approach for solving the mismatch

in pin diameter between the specimens without and with binding. The use of smaller

diameters for the cases without binding undermines their performance significantly

and would not give a realistic representation of the joint behaviour. However, the

necessity of a smaller diameter for specimens with binding for an initial tight fit
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infers the same problem. Figure 9.15 shows the deformed hole of a PLNB5 specimen,

which resembles the pear-like shape of the deformed holes of PLB6 specimens. In this

way, it is deduced that the PLB6 presented lower maximum stress than the PLNB6

specimens due to the smaller pin diameter.

Figure 9.15: Top view of a failed PLNB5 specimen. The deformed shape of the hole

presents a pear-like shape similar to that of the PLB6 specimens.

A possible solution to this obstacle could be preloading the specimens slightly with

binding so the appropriate crushing of the binding matrix is done. Then, once the

stiff part of the graph starts, stop the loading, unload the test, remove the pin and fit

a new pin closer to the one used in the case without binding. For example, applied

to the testing done in this research, the PLB6 specimens would have been preloaded

between a 3% and a 5% bearing strain with a 4.76 mm diameter pin, unloaded,

and tested with a pin diameter which would have given a tight fit for the slightly

deformed hole, e.g., a pin diameter of 5.5 mm.

Moreover, regarding solutions to the geometry of the specimen, a possible solution

for this problem would be the manufacture of specimens with bigger hole diameters.

In this way, the aspect ratio between the pin used of the specimens without and with

binding would be smaller, reducing the influence of the stress concentration at the

hole edge due to different pin diameters.

The comparison of PLB6 and PLNB5 specimens present similar problems as the PLB6

and PLNB6 specimens comparison. The use of a 4.76 mm pin for the PLB6 produces

a high pin-hole clearance, which is not directly comparable to the tight fit of the

PLNB5 specimens with their 5 mm pins. In this way, it is interesting to note that

PLNB5 specimens have a 18.13% smaller offset bearing strength than the PLB6, but

have a 6.8% higher ultimate bearing strength (see table 9.2).
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9.4.2 Tension-tension fatigue specimens discussion

All fatigue tests of pin load specimens with binding were inconclusive, as the pin

broke due to bending stress. As in the case of the quasi-static loading, a smaller pin

was used for the specimens with binding. Although the pin did not break in the

quasi-static tests, the bending stress value was very high and close to the bending

strength of the pin material used. This situation was not contemplated when starting

the fatigue experiments, and should have been taken into account.

As in the research conducted by Sola et al. [297], the residual stiffness did not change

significantly with increasing cycle count and was determined not to be a good dam-

age metric for fatigue bearing life. Moreover, in the case of the specimens with

binding, as the initial stiffness is smaller than the real one due to the settlement and

crushing period of the pin over on the binding, the value of residual stiffness is higher

than the initial one throughout the testing. Furthermore, the breakage of the pins for

the specimens with binding reduces the stiffness of the pin compared to the laminate.

A pin diameter of 5 mm was used for specimens with binding, and a pin diameter

of 6 mm was used for the specimens without binding. As a result, the bending stress

at the surface of the specimen is proportional to the cube of the radius, as defined in

equation 9.4. In this manner, the difference in maximum bending stress value from a

6 mm pin to a 5 mm pin is almost 73%.

σB =
PB · L
π · r3 (9.4)

Different materials combined with appropriate thermal treatments were used for the

5 mm diameter pins. Annealed silver steel [298] was used originally for the pins,

but as they broke during the testing, a stronger material was sought. A heat-treated

high modulus H13 tool steel [299] was also used for manufacturing one of the 5 mm

diameter pins, which strength was between 1.2 and 1.5 GPa1 (High modulus pin

referenced in figure 9.12). However, all 5 mm diameter pins broke during the fatigue

testing. The failure of the pins did not stop the fatigue testing, as the pins broke

brittlely at the centre of the specimen, deflected slightly and were kept ”locked”

throughout all the testing. As shown in figure 9.12a, approximately after 20x103

cycles, all specimens with binding had presented a deflection of the hole elongation

value, which is deemed to be related to the point where the 5 mm pins broke. Thus, a

closer look out is shown in figures 9.12b, where it is visible how the specimens with

binding did present smaller hole elongations than the specimens without binding

until 104 cycles.

1Average according to different manufacturers when following heat treatment specifications, which

indeed were followed.
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As in the case of the quasi-static loading, it is thought that if the hole diameter had

been larger, these hole effects of high bending stresses and stress concentration points

would have had a secondary role compared with the benefits of the additive binding.

Further research is needed where better material and dimensions of the pin are used

in the experimental testing. Furthermore, if specimens with a diameter of 6 mm are

mandatory, thinner laminates would reduce the maximum load, and hence, maybe,

a 5 mm diameter pin would withstand the fatigue testing without breaking.

9.5 Conclusion

The use of thin-ply additive binding stripes, which are bonded to the edge of the

hole of pin-loaded composite laminates, has been studied for suppressing the dam-

age originating from the edge of the hole. In particular, it was intended that these

additive bindings would enhance the damage tolerance of the pin-loaded laminates

and potentially suppress delamination extent when the damage was already present.

A FE numerical analysis has been conducted to study the feasibility of such a solution

and determine the effect of different additive binding layups on the value of G for

different crack lengths. Moreover, experimental testing was conducted to determine

the damage tolerance enhancement achieved when the additive binding was in place.

The concluding points of this study are recollected below:

- The FE results indicated that the use of additive bindings around the hole only

produced significant improvements in the value of G for small pre-crack lengths,

increasing the through-the-thickness and in-plane strength around the hole area.

For a delamination length of 0.125 mm, a reduction of G of 14.6% was achieved

at interface 1 with a [±45]s binding layup. As the value of delamination length

increases, the value of G does not significantly reduce compared to a laminate

without binding.

- The use of additive bindings around the hole improved the offset bearing strength

of the pin-loaded laminates with binding by about 37.5% from the specimens with-

out binding.

- Different approaches can be taken for better designs of the quasi-static experiment.

It is suggested the design of laminates with larger hole diameters as a viable so-

lution for avoiding the effect of stress concentrators when using different diameter

pins for specimens without and with binding. Additionally, carrying out the quasi-

static tests in 2 steps is also suggested for fitting a larger diameter pin once the

binding has been crushed.
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- The presence of the additive binding increased the coefficient of variance of the

experimental results.

- The use of normalised hole elongation versus the number of cycles is defined as

a much more representative damage parameter than the loss in stiffness for the

pin-loaded laminates tested in this study.

- The fatigue test results were not conclusive as the pins used broke during testing.

In this way, further work is needed to determine the effect of the additive bindings.

However, until 104 cycles, the specimens with binding presented smaller hole elon-

gations than those without binding. Hence it is suspected that having the pins not

failed for the specimens with binding, smaller hole elongations would have been

achieved after the fatigue testing.
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Chapter 10

Conclusions and future works

This final chapter presents the recollection of conclusions obtained from the use

of additive binding layers for suppressing delamination and enhancing damage

tolerance of composite laminates in the four loading scenarios studied in this

thesis. It also introduces future works which have been outlined in the previous

chapters. This chapter is also intended as a reflection of what could have been

done differently and justifies the decisions taken throughout the development of

this work.
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The use of additive binding layers has been explored for suppressing or stopping

delamination originating from the edges of composite laminates in four different

loading scenarios. Additionally, the possibility of using the additive binding for en-

hancing the damage tolerance of composite laminates was studied. First, the applica-

tion of the additive bindings was tailored for each loading scenario with the help of

FE modelling and simulation, and then experimental work was carried out to verify

the effect of the additive bindings.

The use of the VCCT as the tool for developing the FE simulations kept the simula-

tions simple and computationally light1, while achieving satisfactory results for the

simulations. It is to be noted that the FE modelling was used as a design tool for

verifying the effectiveness of the additive binding to stop delamination originating

from the edges of composite laminates. These simulations computed the value of

energy release rate G at the tip of modelled cracks. The comparison of the values

of G between the cases without and with additive binding showed to be an effective

method for determining the influence of the binding on the substrate laminate.

The results obtained differ for each loading scenario. The most important benefit is

that the used of additive binding managed to enhance the strength of the samples in

which cases delamination was a key damage mode, as in research question 1. Ad-

ditionally, a generally observed benefit from using the additive bindings in three of

the four loading scenarios is the reduction in the coefficient of variance in the exper-

imental results. Although common conclusions could be withdrawn from the four

loading scenarios, each presented characteristics unique to it. Therefore, different

conclusions gathered from each loading scenario are presented below.

The use of additive binding in composite laminates under tension satisfactorily stopped

delamination in layups susceptible to free-edge delamination without affecting other

failure modes. As a result, the load and strain at failure were significantly increased.

However, further work is needed to explore new design ideas that could help re-

move the stress concentration at the joining point between the end-tabs and the ad-

ditive bindings. The main conclusions obtained from the use of additive bindings for

suppressing delamination in unnotched samples under tension and possible future

works are presented following:

- Using additive bindings at the free edges on laminates susceptible to free-edge

delamination under axial loading can significantly enhance their failure load and

strain. For example, in the angle-ply laminate [(202/− 202)2]s studied in this paper,

the failure load and strain were increased by 47% and 49%, respectively.

- The use of this technique can suppress other modes of damage arising at the free

1Lighter than if compared to cohesive elements.
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edges, e.g. matrix cracking. For example, in the quasi-isotropic layup studied in

this paper, the nonlinearity of the stress-extension curve was eliminated, indicating

that the matrix cracking and free-edge delamination in the off-axis layers were

successfully suppressed.

- The [±45]s additive bindings do not affect other failure modes as shear or tensile

strength of the composite. This is deemed to be because of their small quantity

compared to the main substrate and relatively low stiffness in the load direction.

For instance, the final failure stress stayed almost unchanged in the quasi-isotropic

substrate, indicating that the final failure process dominated by 0-degree layer fibre

failure was not affected by the bindings. This is excellent news for testing and

characterisation purposes, suggesting that binding mainly eliminates the damages

initiated by the free-edges, and other failure modes are not affected.

- The suppression of free-edge delamination could lead to the testing and use of

different laminate layups in the industry, which as of now are not viable, as when

testing coupons of those layups, they fail due to free-edge delamination.

- Improvement of the binding manufacturing methods could be further explored to

avoid introducing stress concentration at the binding termination point. For exam-

ple, longer bindings covered by the end-tab could potentially resolve this issue.

- This technique could be used to suppress free-edge delamination in actual struc-

tures or composite laminate coupon samples for material characterisation testing.

- It is to be noted that the selection of a [±45]s binding layup indicated by the FE

modelling did stop the free-edge delamination. This shows the capabilities of the

FE modelling approach for choosing an appropriate binding layup. Further experi-

ments on other binding layups can help to build a richer set of experimental results

and are suggested by the authors as interesting future research. Additionally, the

FE modelling allows for a better informed choosing on the binding material. For

this thesis only one material was studied, but the effect of the Young’s modulus of

the fibre could have a great impact.

The use of additive bindings for enhancing the damage tolerance of composites un-

der edge impact satisfactorily reduced the lengthwise extension of the delamination

occurring at all interfaces of the laminates. The main conclusions extracted from the

work carried out, and possible future works are mentioned below:

- The use of additive bindings reduced the extent of the crack lengths in the length-

wise direction by about 31%, 36% and 19% for the specimens impacted with 5 J, 10

J and 15 J, respectively.
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- The presence of the additive bindings strengthened the edge of the laminate, and

a higher average peak load and plateau load were observed for specimens with

binding.

- Despite the presence of the additive binding, the edge-on impact produced de-

lamination in all the interfaces between layers wit different fibre orientations, as

predicted by the VCCT model and reported in the FE results.

- A higher number of additive binding layups could have been simulated and tested

if the computational cost of the simulation could have been reduced or higher

performance computers were available. This includes not only bindings in the

form of layers. For example, a protection layer in the form of a lightweight layer off

resin or semi-hard foam could be studied as a sacrificial part in the event of edge

impact.

- The additive binding could potentially be a lightweight and inexpensive method to

protect stiffeners from low energy edge impacts.

- Further investigations should be carried out with thicker substrate laminates for

studying if the additive bindings perform better in thicker substrate laminates, e.g.,

Ostre et al. [167] laminate thickness.

For both cases of composite laminates with open holes and pin-loaded laminates,

the placement of the additive bindings was in the form of narrow stripes threaded

through the hole and bent over the edge of the hole for forming the desired additive

binding layup.

In the case of the laminates with open holes studied in this thesis, it was mainly

concluded that another substrate layup should have been selected for this type of

study rather than the one utilised. It is expected that delamination from free edges

would be the main cause of failure. It is usual that this free-edge delamination would

occur in laminates with holes, and the development of delamination actually helps

to dissipate energy during the load and allows for the laminate to withhold higher

loads. In this way, the suppression of delamination arising from the edge of the

hole provokes a more sudden failure of the laminate, as the energy is not dissipated

slowly, but the delamination occurs abruptly and faster than when no binding is

applied. The concluding point of the use of additive bindings in composite laminates

with open holes in this thesis and possible future works are recollected below:

- The FE results indicated that the use of additive bindings around the hole only

produced significant reduction in the value of energy release rate G for large pre-

crack lengths, i.e., for a delamination length of 2.5 mm, a reduction of 27.6% was

achieved at interface 1 with a [±45]s binding layup.
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- The layup utilised for the substrate laminate was not adequate for studying the

effect of additive bindings around the edge of the hole of composite laminates

with open holes. Therefore, a layup not so susceptible to free-edge delamination

is recommended for future works. Additionally, the use of additive bindings for

suppressing free-edge delamination is recommended in both specimens without

and with binding around the edge of the hole. In this way, the effect of the binding

over the edge of the hole is not affected by free-edge delamination.

- The presence of the additive binding significantly reduced the coefficient of vari-

ance of the experimental results.

- The fatigue test results were not conclusive, and further work is needed to deter-

mine the effect of the additive bindings. Additionally, no preloading of the speci-

mens is recommended for fatigue testing unless it is a low loading. Furthermore, it

is recommended to follow the ASTM procedure for the fatigue testing of the sam-

ples and start the cyclic loading after a full specimen load and not from the mean

load (Fm) as was done in this study.

On the use of additive narrow binding stripes for enhancing the damage tolerance

of pin load laminates, the main conclusion was that the pin diameter ratio between

the pin used for the specimens without and with binding should not influence the

development of the experiments. The preferred solution would be to manufacture

laminates with larger holes, so the reduction in diameter due to adding the bindings

has a secondary role. The main conclusions and possible future works for pin load

laminates are presented following:

- The FE results indicated that the use of additive bindings around the hole only pro-

duced significant improvements in the value of G for small pre-crack lengths, in-

creasing the through-the-thickness and in-plane strength around the hole area. For

the [454/04/ − 454/904]s studied, when small pre-cracks of 0.125 mm were simu-

lated, a reduction of G of 14.6% was achieved at interface 1 ([454//04/ − 454/904]s)

with a [±45]s binding layup. As the value of delamination length increases, the

value of G does not significantly reduce compared to a laminate without binding.

- The use of additive bindings around the hole improved the offset bearing strength

of the pin-loaded laminates with binding by about 37.5% from the specimens with-

out binding.

- Different approaches can be taken for better designs of the quasi-static experiment.

It is suggested the design of laminates with larger hole diameters a viable solution

for avoiding the effect of stress concentrators when using different diameter pins

for specimens without and with binding. Additionally, carrying out the quasi-static
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tests in 2 steps is also suggested for fitting a larger diameter pin once the binding

has been crushed.

- The presence of the additive binding increased the coefficient of variance of the

experimental results.

- The use of normalised hole elongation versus the number of cycles was defined as a

more representative damage parameter than the loss in stiffness for the pin-loaded

laminates tested in this study.

- The fatigue test results were not conclusive as the pins used broke during testing.

In this way, further work is needed to determine the effect of the additive bindings.

However, until 104 cycles, the specimens with binding presented smaller hole elon-

gations than those without binding. Hence it is suspected that having the pins not

failed for the specimens with binding, smaller hole elongations would have been

achieved after the fatigue testing.

The use of additive bindings has been presented as a lightweight, cheap and effi-

cient method for suppressing delamination originating from the edges of composite

laminates. In this way, the primary purpose of this thesis was achieved by giving a

response to the four questions or loading scenarios envisioned. The additive binding

solution was first studied for suppressing free-edge delamination in laminates under

tension, then edge impact, open hole and last pin-loaded laminates.

It was concluded that the use of additive bindings was a good solution for research

questions one and two, but did not particularly affect the results from the cases

without binding in research questions three and four. In the cases where free-edge

delamination was a key failure mechanism (research question one), free-edge lami-

nation was successfully suppressed, increasing the final maximum load and strain of

unnotched specimens under tension. In the case of composite laminates under edge

impact (research question two), the use of additive bindings on the impacted edge

reduced the extent of delamination in the perpendicular direction to the impact and

enhanced the transverse strength of the laminates. When using additive bindings

in notched specimens under tension (research question three), the failure load and

extension remained almost unchanged due to the appearance of free-edge delamina-

tion which ruled the failure of the specimens. Last, the use of additive bindings in

pin-loaded laminates (research question four) is still to be decided based on further

investigations, as the use of smaller pins for the specimens with binding increased

the stress at contact point between the pin and the laminate, reducing the ultimate

bearing strength of the specimens with binding. However, higher significant higher

offset bearing strength were obtained for the specimens with binding.
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Appendix A

Numerical simulations additional

information

A.1 Specifications of computer used for simulations

The computer used for all simulations was a Dell OptiPlex 7060 with the following

specifications: Intel Core i7-8700 CPU processor with 6 cores and 12 logical processors

at a maximum frequency of 3.20 GHz and a cache memory of 14 MB, 64 GB memory

RAM installed, no graphics card and a HDD hard drive of 1 TB.

A.2 Generalised plane strain

The generalised plane strain, as proposed by Pipes and Pagano [13], is applied under

the assumption that the stress field in a composite laminate under section is dis-

tributed so that the stress at points far from the loading points does not vary along

the length of the specimen.

The strain along the x axis is not zero but constant for all slice points. The slice

model [274] mimics the displacement field far away from the end-tabs, replicating

what would be the displacement in the centre of an entire laminate.

Considering a symmetric composite laminate loaded by tractions applied only on its

ends, such that the stress components are independent of the axial coordinate x. The

equations at which Pipes and Pagano arrive for the displacement field of each node

of the laminate are:

u = C6x′ + U(y′, z′) (A.1a)

v = V(y′, z′) (A.1b)
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w = W(y′, z′) (A.1c)

Where x′, y′, z′ are the coordinates of the node; U, V and W are the stress compo-

nents in each node (dependent only on y′ and z′ coordinates), and C6 is a constant

depending on the axial force applied to the laminate.

Every node can move in x, y and z when the load is applied. The displacement

(u, v, w) of each node depends on the coordinates (x′, y′, z′) of the node.

The equation u = C6x′ + U(y′, z′) shows that it is possible to have different displace-

ments in a slice or a cross-section where x′ is constant. In that section, the term C6x′

stays constant but U(y′, z′) will depend on the y′ and z′ coordinate. This means that

we can expect different u displacement across a section. However, it is important

to note that this displacement component, U(y′, z′), is exactly the same in different

slices far from the end-tabs.

A.3 Dependence of energy release rate with transverse shear

modulus

At the time of performing the numerical simulations for validating the additive bind-

ing solution in the case of free-edge delamination (first research question), the input

of material properties in Abaqus was by providing the ”engineering constants” to

the program. Unfortunately, the value of the transverse shear modulus through-

the-thickness G23 was unavailable in the literature for the TC33/K51 prepreg car-

bon/epoxy material.

In a tensile loading scenario, the parameter G23 has a small influence on the proposed

solution simulation. Several simulations were performed to calculate the value of G
at the critical interface of the AP laminate for the verification of such independence

of the results from the value of G23. Figure A.1 shows the dependence of G with G23.
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Figure A.1: Dependence of energy release rate with the transverse shear modulus

through the thickness, G23. Results for a crack of 4.5 mm at interface 1 in an AP laminate.

A.4 Edge impact finite elements modelling: lessons learned

The FE analysis of the composite laminates under edge impact resulted in the most

challenging model of all the cases modelled in this thesis. The contact interactions

and the restrictions of the VCCT made modelling the edge impact simulations chal-

lenging. Because of this, an intermediate agreement was made between performance

and details to adhere the simulations to a real edge impact. Composite laminates

under edge impact present severe and numerous failure mechanisms. The scope of

the work carried out in this thesis was only concerning the influence of the additive

bindings on the arrest of delamination in a composite laminate impacted edge-on.

Furthermore, hence, delamination was the only failure mechanism modelled. The

different aspects influencing the numerical cost of the simulations carried out for

edge impact modelling are explained.

On the one hand, the VCCT presents handicaps and perks when simulating an impact

scenario. Since only delamination was being modelled, there are cases in which, for

the simulation, the 3D-8noded elements deformed more than expected, and excessive

distortion and rotation happened in elements of the model. This kind of error is not

always easy to solve, and one of the main mechanisms for solving it is to refine the

mesh. However, due to the contact interactions, the mesh refinement increments the

number of degrees of freedom to analyse exponentially (see Abaqus documentation).

On the other hand, the mesh size used for the models found an agreement between
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the accuracy of energy release rate values, the number of elements in the model and

simulation time. Due to the element size selection, the model runs smoothly for small

delamination crack lengths, such as 0.25 mm. However, as the delamination length

increased, the elements between the impactor and the crack tip deformed more and

more, and hence excessive element distortions occurred. This is seen in the increment

of simulation time with the increment of delamination length and, finally the failure

of the analysis, as mentioned in section 4.3.

Among different possibilities for solving these excessive distortions and rotations,

the mesh refinement is the most common. Also, using higher stiffness values for the

substrate laminate could solve the distortion problem. Additionally, configurations of

the mesh element controls can be used; however, determining the proper parameters

to use relies highly on the expertise of the user and the trial of different values for

the parameters. Furthermore, other solutions are used in the discussions for solving

this issue, such as using different types of elements, e.g., tetrahedral elements.

A.5 Finite element analysis Python codes.

The Python codes generated for each of the simulated loading scenarios can be found

in the link below. The codes are compatible with Abaqus 2019, and some of them

might not work for other versions of Abaqus. This is due to the indexing and naming

procedure that Abaqus follows when internally storing the geometrical features of the

models created.

Python codes for Abaqus 2019
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Appendix B

Specimens manufacture and testing

additional information

B.1 Lessons learned on the manufacture of composite lami-

nates and specimens

Regarding the hand-layup of composite laminates, high precision is desired when

cutting layers with angles different than 0° or 90° angles. Even maintaining an or-

thogonal cut throughout the cut of several plies of 0° or 90° layers is challenging.

Hence, it is recommended that if the cutting is performed by hand-cutting, accuracy

is maintained n the cut, and the angle of the cut is checked regularly to avoid in-

curring significant accumulated angle errors. Furthermore, a circular blade cutter,

as shown in figure B.1, is recommended over the use of scalpels or blade-retractable

knives for cutting the prepreg.

When laying up the different layers, it is recommended that different ply blocks

are stacked together first. In this manner, if one ply does not get stacked together,

wrinkles or twisting of the fibres occur, not the whole layup is faulty, and there is

only a need to cut new plies of that specific orientation which was wrongly laid up.
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Figure B.1: Rotatory circular blade cutter.

B.2 Edge impact cylindrical impactor plans
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Figure B.2: Top and side views of failed specimens where the extent of damage at the

hole area (hole deformation) and the separation of the 90° are visible.
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B.3 XCT scan volume documents.

The reconstructed volumes of the XCT scans can be found following. Each recon-

structed volume has independent parameters for appropriate viewing of the files

when opened in a slice viewer. It is recommended to use ImageJ software for the

manipulation of the images.

The following steps are Import-¿ Raw when opening the volumes in ImageJ. All vol-

umes are to be opened as ”32-bit Real”, and the number of images is 2000. The width

and height of the images is different for each volume of images and are specificied in

the ”readme.txt” file which is located in the dataset.

The files can be found following the embedded link in the text of the specimens

stated below1:

X-ray Computed Tomography scans

1Please note that all the additional content as X-ray computer tomography scans is available at the

Pure Portal of University of Strathclyde.
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