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Abstract 

Truss assemblies offer a high stiffness, light-weight option for the 
construction of aerospace and civil structures. Their more widespread use is 
currently limited by significant design challenges associated with the nodal joints 
between struts, particularly in relation to fatigue. The initial focus of this research 
degree was the multi-partner, DTI funded `Nodal Optimisation of Truss Structures 
(NOTS)' project, which explored the potential of replacing a conventional metallic 
panel aircraft rib with a composite truss structure. The role of the author's work 
within NOTS was to aid the design of the adhesively bonded nodal joint through the 
implementation of a fatigue test programme. 

The NOTS project highlighted the need for improved analysis techniques in 
relation to both bond-line failure and delamination. To address this requirement, a 
numerical fatigue crack propagation law was developed within the explicit finite 
element code 'LS-Dyna. ' The law can be used to evaluate whether the crack tip 
strain energy release rate is sufficient for crack growth to occur and if so, to simulate 
the rate and direction of growth. The novelty of this work lies in the detailed analysis 
of the numerical cohesive zone which forms ahead of the crack tip and is critical to 
the accurate implementation of the fatigue degradation law. The extraction of strain 
energy release rate from the cohesive zone enables a direct link with the Paris Law 
for crack growth and experimental parameters obtained from standard fracture 
toughness specimens. 

The analysis technique has been validated using models of standard mode I, 
mode II and mixed mode specimens. It has then been applied to analyse fatigue 
crack propagation in both an adhesively bonded single-lap joint and the nodal joint 
developed within the NOTS project. Recommendations have been provided to guide 
further development of the analysis technique and to enable its integration within the 
design process. 
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CHAPTER 1 

1. Introduction 

Composite truss structures can enable significantly reduced mass in a range 

of applications where light-weight design is important, such as aerospace structures, 

bridges and support masts. However, more widespread use is currently limited by 

significant design challenges associated with the nodal joints between struts, 

particularly in relation to fatigue and durability. The current chapter provides an 

overview of the fundamental challenges associated with the design and fatigue life 

analysis of composite truss structures. It also provides an introduction to the multi- 

partner Nodal Optimisation of Truss Structures (NOTS) project, which provided the 

initial focus of work conducted during the author's studentship. This background 

links the experimental and numerical work subsequently detailed and provides 

justification for the research objectives defined at the end of the chapter. 

1.1 Background 

1.1.1 Composite Truss Structures: Benefits, Applications and Challenges 

A truss can be defined as a framework of beams forming a rigid structure. 

Although metallic truss structures are already widely used due to their high strength- 

weight ratio, fibre reinforced plastic (FRP) composites provide scope for further 

improvements in structural efficiency. This arises from the ability to optimise 

mechanical properties by aligning fibres in specific directions, for example, along 

the length of each beam to provide maximum tensile/compressive strength. Potential 

applications for composite truss structures include: 

i) Primary aerospace structures where reduced structural weight is key to 

achieving minimum operational costs through reduced fuel bum. 

1 
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ii) Civil engineering structures such as bridges and masts where material weight 

has a large influence on both the structural volume and complexity required to 

achieve the given strength requirements. 

iii) Off-shore structures such as platforms and pipelines, where long service 

lifetimes and harsh marine environments demand highly durable, corrosion 

resistant materials. 

The initial focus of work conducted during the author's studentship was the multi- 

partner Nodal Optimisation of Truss Structures (NOTS) project, funded by the 

Department of Trade and Industry (DTI), which ran between 2003 and 2006. This 

explored the potential of replacing a conventional metallic panel aircraft rib with a 

composite truss structure, as shown in Figure 1.1. 

i-P. o. co"ms, ONIRA Ltd 

Filament 
Wound 
Struts 

=Now 

fwyr: ou. ney a4, b &L/X 

Bonded Joint 
between frame 
and strut - critical 
failure location 

Figure 1.1: The NOTS Structure 

For any truss structure, the most significant design challenge is the nodal 

joint, where loads are transferred between struts and, in the case of the NOTS 

structure, the outer frame. The need for overlapping and possibly dissimilar materials 

leads to complex geometries and stress states. Coupled with difficulties in ensuring 

2 
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CHAPTER 1 

defect-free joint manufacture, effective node design is vital in minimising structural 

weight whilst preventing failure. Potential nodal joining methods can be split into 

two main categories; mechanical connections (e. g. bolts, rivets) and adhesive 

bonding. Table 1.1 summarises the various advantages and disadvantages of these 

two approaches. 

Table 1.1: Advantages/disadvantages of adhesive bonding relative to mechanical fasteners 

Advantages Disadvantages 

Mechanical Fasteners 

No thickness limitations on adherends Large stress concentrations around holes 

Pins provide through-thickness reinforcement 
(i. e. joint is less sensitive to peel stress) 

Relatively compliant connection 

No residual stress problems Hole formation may damage composite 

Can be disassembled Prone to fretting 

Less environmentally sensitive Prone to corrosion 

Bonded Joints 

Introduction of holes and associated stress 
concentrations avoided, potentially allowing for 

more light-weight structure 

Tapered adherend/adhesive geometries required 
to avoid large peel and through-thickness stresses 

at ends of joint overlap 

Stiff connection Require high level of process control to ensure 
bond integrity 

No fretting problems Residual stress problems when joining dissimilar 
materials 

Sealed against corrosion Prone to environmental degradation 

Smooth surface contour Difficult to inspect 

Cannot be disassembled 

The potential for adhesive bonding to minimise structural weight makes it a 

desirable design choice. However, its use in safety critical structures is severely 

limited by the following difficulties: 

3 
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i) Creating a high quality bond with uniform geometric details such as bond-line 

thickness and fillet geometry, which have a significant influence on joint stress 

distribution and the resulting failure mechanisms. 

ii) Validating bond integrity and the nature of any defects present using non- 

destructive test (NDT) techniques. 

iii) Predicting damage initiation and growth under repeated cyclic loading, a process 

known as fatigue. 

A primary objective of the NOTS Project was to address these issues and 

identify further research and development work required for improved design and 

more widespread use of adhesively bonded nodal joints. Although the current thesis 

focuses on developing an improved predictive capability for fatigue failure, there is 

significant reference to adhesive joint design and manufacturing issues. This is due 

to their fundamental importance in determining both the type and rate of progression 

of fatigue failure mechanisms. 

1.1.2 The Fatigue Process 

Fatigue refers to the damage and failure of materials under cyclic loads, 

where the maximum load in each cycle is below the static failure load of the 

material. The progression of damage from an initially undamaged to a failed state 

can be divided into two main stages: 

i) An initiation stage, during which microscopic cracks form and coalesce to form 

a dominant macrocrack. 

ii) A propagation stage, during which the macrocrack grows in either a stable or 

unstable manner until complete fracture occurs. 
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There is no clearly defined boundary between these two stages and the definition of a 

dominant macrocrack is generally determined by the minimum flaw size that can be 

detected using NDT equipment. When considering the initiation and growth of a 

single crack, similarities can be drawn between the fatigue process in ductile and 

brittle materials. Ritchie' describes damage initiation and propagation in each case as 

the result of competition between two classes of mechanism: 

i) Crack growth is promoted ahead of the crack tip by intrinsic microstructural 

damage mechanisms. These are an inherent property of the material and are 

active irrespective of the crack length or geometry of the test specimen. 

ii) Crack growth is impeded by extrinsic mechanisms acting primarily behind the 

crack tip. These are critically dependent on crack size and to a lesser extent, 

geometry. Extrinsic mechanisms can have no effect on crack initiation since 

there is no crack wake at this stage. 

As can be seen from Figure 1.2, there are many varieties of both extrinsic and 

intrinsic mechanisms. These are often unique to either ductile, isotropic materials 

such as metals or brittle, anisotropic materials such as carbon-fibre composites. 
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Figure 1.2: Intrinsic and Extrinsic Mechanisms' 

ff' we now turn our attention from a single crack to damage accumulation 

throughout the material as a whole, the above observations can be used to explain the 

marked differences between ductile, isotropic materials such as metals and brittle, 

anisotropic materials such as composites. As shown in Figure 1.3, metals tend to 

exhibit a smooth progression of damage under cyclic loading. The initiation phase, 

during which microscopic cracks form and coalesce, tends to dominate the fatigue 

lifetime and involves an extremely gradual rate of damage size increase. This 

damage tends to be highly localised around a specific stress concentration. Whilst 
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there is a rapid increase in propagation rate prior to final failure, crack growth often 

remains sufficiently stable to detect during routine inspection intervals before this 

occurs. In composites, the situation is more complicated due to their anisotropy, the 

relatively brittle nature of the resin and the numerous types of potential failure 

mechanisms. These can occur either independently or sequentially and include 

matrix cracking, splitting along the resin/fibre interface, delamination and fibre 

fracture. The competing failure mechanisms result in a highly sporadic and non- 

localised increase in total damage accumulation with no clearly defined initiation 

and propagation stage. Also, the final stage of damage growth, just prior to final 

failure, tends to be highly unstable due to the brittle nature of the composite resin. 

These factors make it extremely difficult to predict what level of damage is 

allowable before replacing the component or withdrawing the entire structure from 

service. 

DAMAGE 
SIZE 

FRACTURE 

COMPOSITES 

FRACTURE CRITICAL 

INITIAL 
DAMAGE 

IMPERFECTIONS 

METALS 
INITIATION 
PROPAGATION 

FATIGUE CYCLES OR TIME 

Figure 1.3: Comparison of damage progression in metals and composites2 
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1.1.3 Factors Affecting Fatigue Life 

The design and certification process for a safety-critical structure must 

account for all factors influencing fatigue life. Figure 1.4 summarises these for 

bonded composite joints, which as discussed above, play a pivotal role in the design 

of optimised truss structures. 
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Figure 1.4: Factors affecting the fatigue life of an adhesively bonded composite joint` 

The many factors influencing fatigue life are now discussed in more detail 

under 3 main categories: 

i) Joint Geometry and Material Properties 
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ii) Fatigue Load Characteristics 

iii) Environmental Conditions. 

1.1.3.1 Joint Geometry and Material Properties 

For any given applied load, the joint geometry and material properties 

determine the joint stress distribution and hence, play a significant role in damage 

progression. In particular, the location and rate of crack initiation is extremely 

sensitive to the magnitude of shear and peel (through thickness) stresses at the end of 

the joint overlap. Section 1.1.2 has already detailed the various failure mechanisms, 

such as matrix cracking and dclamination, which can occur in the composite 

adherends. If we now consider an adhesively bonded composite joint, there are two 

additional failure mechanisms to consider; cohesive failure and interface failure (see 

Figure 1.5). Whilst this can potentially add to the complexity of the situation, making 

damage progression even more difficult to analyse, it also provides scope to create a 

more predictable and stable failure process. This can be achieved by ensuring that 

fatigue cracks initiate in the adhesive fillet and then progress in a stable manner 

along the bond-line, without significant damage accumulation in the adherends. 

Designing for such a failure process is highly dependent on the detailed joint 

geometry, manufacturing quality and material properties, and more significant focus 

will be given to this issue in the following chapter. 

Cohesive debond 

Figure 1.5: Cohesive and adhesive failure modes4 
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1.1.3.2 Fatigue Load Characteristics 

In addition to the maximum load in each cycle, the following fatigue load 

characteristics can have a significant influence on the nature of damage 

development: 

i) Stress-ratio (also known as R-ratio): This is defined as the algebraic ratio of the 

minimum to the maximum stress in one complete cycle, as shown in Figure 1.6. 

In conjunction with the maximum load in each fatigue cycle, R-ratio generally 

has the most significant effect on crack growth rates and significant attention is 

given to its effects in later chapters. 

ii) Frequency: The impact of frequency on fatigue crack propagation rate (defined 

as the crack extension per load cycle) has been investigated in numerous studies. 

In their 2003 paper on this subject, Al-Ghamdi 
et al. 5 highlight that although the 

frequency sensitivity of crack propagation rate is material dependent, there is a 

tendency in many systems for the rate to increase as frequency decreases. 

iii) Waveform Shape: This also affects the strain rate within each load cycle and can 

hence influence fatigue life. For example, at any given frequency, the strain rate 

within a sinusoidal waveform varies but remains constant for a triangular 

waveform. 

iv) Variable Amplitude Loading: Although the majority of fatigue testing occurs 

under constant amplitude conditions, in-service structures are generally 

subjected to variable amplitude conditions. For many structures, standardised 

fatigue load spectrums representative of in-service life have been developed 

(e. g. TWIST for transport aircraft) . 
The order in which the variable amplitude 

cycles are applied can have a significant effect on damage accumulation. Also, 
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the residual strength and fatigue life of composite laminates have been observed 

to decrease more rapidly when the loading sequence is repeatedly changed after 

only a few loading cycles8. 

N 
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mum 
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na 

Figure 1.6: Fatigue Load Characteristics! 

1.1.3.3 Environmental Conditions 

Both the strength and fatigue behaviour of bonded joints are extremely 

sensitive to temperature and moisture. In their 2002 study on the fracture of 

composite bonded joints under fatigue loading, Ashcroft and Shaw1° demonstrated 

that increasing temperature in the service range from -50°C to 90°C causes the 

fatigue threshold (i. e. the minimum load required for crack growth to occur) to 

increase. Also, the failure mode was observed to change from fracture within the 

composite adherends to cohesive failure of the adhesive. 
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Moisture can have a detrimental effect on both the adhesive and the 

adhesive/adherend interface, allowing interfacial failure at reduced fatigue load 

levels3. This is a particular problem if voids are present, since these can cause a 

relatively rapid ingress of water, enabling water pockets to develop along the 

interface4. 

1.1.4 Fatigue Design Requirements 

Design and certification of a safety-critical composite structure requires a 

complex test and analysis programme, progressing from small scale coupon tests to 

validation of the full-scale article. An overview of the general `building block' 

approach to this process is highlighted in Figure 1.7, showing the various design 

considerations, supporting technologies and test requirements involved. Physical 

testing imposes significant costs, especially under fatigue loading, where a typical 

test can take days to complete. As highlighted in section 1.3, there are many factors 

affecting fatigue life, and to test their relative influence at a structural level becomes 

prohibitively expensive. Efforts are made to remedy this by integrating physical 

testing with fatigue analysis techniques, but these are not sufficiently developed in 

composites to avoid imposing large reserve factors in the design process. This tends 

to result in an over-designed structure, in which strain levels are far below the 

fatigue threshold. 
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Figure 1.7: The Building Block approach to design and certification" 

Referring specifically to the design of an adhesively bonded nodal joint, there are 

two potential fatigue design philosophies: 

i) A `no-growth' design approach, where strain levels remain sufficiently low to 

ensure that any initial damage in the structure does not grow during the in- 

service lifetime. The size and location of this initial damage is determined either 

by manufacturing deficiencies and the ability to detect these using NDT 

techniques, or potential impact events. Whilst the selection of a no-growth 

philosophy may be partly influenced by a lack of confidence in analytical 

fatigue models, it is also dependent on the nature of fatigue damage progression. 

For example, if cracks have a tendency to grow in an unstable manner, resulting 

in rapid failure once a specific strain level is exceeded, this approach is 

necessary regardless of our confidence in the available analysis techniques. 

ii) A damage-tolerant design approach, where some crack growth is allowed, 

provided this can be detected before catastrophic failure. Adopting such an 

13 



CHAPTER 1 

approach relies on both an accurate fatigue analysis capability and a gradual rate 

of damage progression before final failure. 

Whichever approach is adopted, fatigue analysis requires a detailed knowledge of the 

joint stress distribution and for a complex nodal joint geometry, this is only possible 

through finite element modelling. Therefore, it is essential that fatigue degradation 

and failure models can be integrated with finite element codes, in order for them to 

be an effective design tool. 

1.1.5 Fatigue Modelling Techniques 

Although various classifications of fatigue modelling approaches are 

possible, the present discussion groups them in three main categories. These are 

Constant-life Models, Residual Strength/Stiffness Models and Mechanistic Models, 

which is the classification method suggested by Degrieck et al. in their review of 

Fatigue Damage Modelling12. An explanation is given of the principles behind each 

modelling approach and how they can be applied to aid the design process. 

1.1.5.1 Constant-Life Models 

Constant-life models use information from Stress-life (S-N) diagrams. An S- 

N diagram is a plot of the maximum stress in each cycle against the number of cycles 

to failure, under constant amplitude fatigue loading, as shown in Figure 1.8. 
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--- Fatigue failure 
-- -- Crack Initiation 

E 

Fatigue limit 

Number of cycles 
Figure 1.8: An S-N Diagram4 

Each line on an S-N curve is only applicable to: 

"A single R-ratio 

"A specific laminate stacking sequence 

"A specific specimen geometry (e. g. the presence of holes or notches cause stress 

concentrations from which fatigue cracks will initiate, greatly reducing total life) 

9A single load distribution (e. g. uni-axial or bi-axial loading) 

Constant-life models are entirely empirical and provide no information on the 

microscopic damage mechanisms leading to final failure. For example, no distinction 

is drawn between crack initiation and crack propagation lives. They also provide no 

information on how mechanical properties such as stiffness and strength degrade 

before final failure occurs. Various failure criteria are used to extract information 

from S-N curves and predict final failure. An example is the function developed by 

Harris and co-workers at Bath University 13, which is used to plot constant life 
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diagrams of the type shown in Figure 1.9. This enables the effect on fatigue life of 

varying R-ratio to be predicted. 

0.8 

0.6 
a 

0.4- 

0,2- 

0- 
-1.0 m 

Figure 1.9: A typical Constant Life Diagram13 

Each line of constant life satisfies the function: 

a= f(1-m)'(c+m)° 

where: 

a= ratio of alternating stress to tensile strength 

m= ratio of mean stress to tensile strength 

c= ratio of compressive strength to tensile strength 

1: 

Cycles 

cycles 

cycles 

cycles 

f=a stress function which depends on the material but can generally be assumed 

constant at a value just above unity 

u and v= material constants 

The parameters u and v can be determined using the tensile and compressive static 

strengths and a single S-N curve generated at a specific R-ratio. The above function 

can then be used to predict the full constant life diagram. 

R--1.0 
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1.1.5.2 Residual Strength/Stiffness Models 

Residual strength/stiffness models provide information on the degradation of 

strength/stiffness up to the point of failure. Figure 1.10 below contrasts the typical 

stiffness degradation in a metal such as steel with that in a carbon-epoxy composite, 

under a constant amplitude fatigue load. Such information could be used to 

determine service lives of components based either on a minimum required stiffness 

(e. g. springs) or on a given percentage of total fatigue life (e. g. cables). 

REQUIRED STIFFNESS -COMPOSITE 

METAL-F I 

STIFFNESS METAL SPRING LIFE -1 COMPOSITE 
SPRING LIFE 

METAL CABLE LIFE 

COMPOSITE 
CABLE LIFE 

METAL FRACTURE- ` COMPOSITE FRACTUI 

LOG TIME 

Figure 1.10: Typical Metal versus Composite Material Stiffness Behaviour in Fatigue2 

Although the majority of residual strength/stiffness models are purely 

empirically based and provide no information on actual damage mechanisms, efforts 

are now underway to change this. For example, Tserpes et a1.14 have recently 

developed a residual strength model for CFRP laminates that accounts for seven 

different failure modes. 

1.1.5.3 Mechanistic Models 

Mechanistic models are those which describe the deterioration of a composite 

material in direct relation to specific damage processes (e. g. transverse matrix 

cracks, delamination). Relative to Constant-Life and Residual Strength/Stiffness 
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Models, Mechanistic Models are in their infancy and as highlighted by Gamstedt and 

Andersen, research is urgently required to develop such models for use by 

composite designers. This is motivated by their potential to provide the following 

design advantages relative to Constant-Life and Residual Strength/Stiffness models: 

i) A reduced physical test requirement, enabling reduced product development 

costs. This is due to the potential to calibrate mechanistic models using results 

from small-scale coupon tests and then apply the same models in the numerical 

analysis of complex structures. Whilst constant-life and residual 

strength/stiffness models can reduce the empirical data requirement for a 

specific test geometry, they are not directly applicable if this changes. For 

example, constant-life models used at a laminate level cannot be applied at a 

structural design level due to the changes in stress state and potential failure 

mechanisms. 

ii) Reduced design margins and the potential to adopt a damage-tolerant design 

approach, enabling a more light-weight structure. This is due to increased 

confidence in predicting both the nature and rate of damage progression. 

Since a primary objective of this research project concerns the development of 

mechanistic models applicable to adhesive joints, further discussion on current 

methods is referred to later chapters. 

1.2 Research Objectives 

Motivated by the challenges associated with truss structure node design, 

fatigue failure analysis and the links established with the NOTS project, the main 

objectives of this research project were: 
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i) Identification of the most structurally efficient nodal joint designs and their 

typical failure modes. This was to be achieved through two means; a detailed 

review of relevant literature and the implementation of a fatigue test programme 

for the NOTS project. 

ii) Development of a suitable mechanistic fatigue model, within a finite element 

code, for the analysis of nodal joints. A key requirement of this aim was to 

ensure a clear link between model input parameters and material data gained 

from standard, small-scale test coupons. 

iii) Application of the model to the nodal truss joint developed within the NOTS 

project and recommendations concerning how the model can be integrated with 

the design process to enable a more optimised design solution and reduced 

physical test requirement. In order to address these objectives, the remainder of 

this thesis is structured as detailed in section 1.3. 

1.3 Outline of Thesis 

Chapter 2 presents a detailed investigation of nodal joint design and 

manufacture in composite truss structures. A review of typical joint stress 

distributions and fatigue failure mechanisms is supported by a detailed description of 

experimental results from the NOTS project. 

In Chapter 3, potential fatigue failure laws for nodal joints are investigated. 

Focus is placed on modelling bond-line crack propagation and delamination between 

plies, which are key failure mechanisms in both the NOTS structure and other typical 

joint designs. This is supported by an investigation of methods for implementing 

fatigue laws within finite element codes. The chapter concludes with the selection of 

a cohesive zone model, coupled with a strain energy release rate based fatigue law, 
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as the most appropriate modelling technique for further development. This is 

subsequently achieved using interface elements, a specialised type of finite element, 

which can be placed along potential crack paths and used to simulate both crack 

initiation and propagation. 

Chapter 4 presents a detailed analysis of the length and stress distribution of 

the numerical cohesive zone ahead of a crack tip, which is essential for subsequent 

development of the fatigue degradation law. Cohesive zone lengths and stress 

distributions are examined under mode I, mode II and mixed mode loading, whilst 

paying specific attention to the effects of mesh density and how this can be 

optimised. In addition, a technique is developed by which crack tip strain energy 

release rate can be extracted from the cohesive zone by integrating a crack tip 

interface element's traction-displacement response. This detailed analysis of the 

cohesive zone forms the basis for the development of an interface element fatigue 

degradation law, which is presented in chapter 5. Fatigue law inputs are directly 

linked to standard experimental test results and numerical model results are validated 

using mode I, mode II and mixed mode test specimens. 

Chapter 6 demonstrates application of the fatigue model to structural 

applications, highlighting its potential use as an analytical design tool. A single-lap 

joint is analysed and results are compared with those gained by previous authors 

using the Virtual Crack Closure Technique (VCCT), an alternative method for 

analysing fatigue crack propagation. An analysis of the NOTS truss joint is then 

presented, where the increased structural complexity favours the use of interface 

elements over a VCCT analysis due to reduced computational expense. 
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Chapter 7 summarises the main conclusions of the research conducted. 

Limitations of the current fatigue model are discussed and recommendations 

provided concerning future development work and how the model can be integrated 

in the fatigue design process, potentially enabling a more optimised design solution 

and reduced physical test requirement. 
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2. Nodal Joint Design and Failure Mechanisms 

2.1 Introduction 

The previous chapter highlighted that nodal joint design has a significant 

impact on fatigue life, due to its direct influence on stress distribution and resulting 

crack growth paths. This is now considered in more detail, by examining the effects 

of both geometry and material properties on joint stress distribution and resulting 

failure mechanisms. Focus is placed on adhesively bonded joints, as opposed to 

mechanical fasteners, due to their ability to enable the least-weight design solution. 

Potential nodal manufacturing techniques are also examined, in order to assess the 

difficulties and constraints imposed on achieving optimised joint geometries. The 

chapter concludes with a detailed case study of the nodal joint developed as part of 

the NOTS project, drawing specific attention to fatigue considerations and the test 

programme undertaken. This serves to emphasise the severe challenges posed by 

nodal joint design and the need for improved manufacturing techniques and 

predictive failure models. Results from the NOTS fatigue test programme were used, 

in conjunction with common joint failure mechanisms identified in the literature, to 

guide the subsequent development of a predictive modelling capability. 

2.2 Factors Affecting Joint Stress Distribution 

Many of the design guidelines for adhesively bonded composite joints stem 

from the work performed by L. J. Hart-Smith in a series of NASA/Langley sponsored 

contracts of the early 1970's and also the U. S. Airforce's Primary Adhesively 

Bonded Structures Technology program of the mid 1970's. Fatigue failure is heavily 

influenced by the stress distribution across the joint, which for constant load is 

determined by two factors; geometry and the mechanical properties of the joint 
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constituents. Maximum fatigue life is gained by exploiting these factors to minimise 

stress concentrations where cracks can initiate. The following discussion provides an 

overview of how this is achieved, whilst also highlighting manufacturing constraints 

that hinder joint optimisation. Although mainly flat plate joints are discussed, on 

which most of the current literature is based, results from tubular joint studies are 

also presented. 

2.2.1 Joint Geometry 

There are many possible joint configurations and for flat plates, the most 

common of these are shown in Figure 2.1. 

(a) Unsupported single-lap joint 

(b) Single-strap joint 

(c) Tapered single-lap joint 

(d) Double-lap joint 

(e) Double-strap joint 

(0 Tapered strap joint 

(g) Stepped-lap joint 

(h) Scarf joint 

Figure 2.1: Types of Adhesive Joint16 

When evaluating joint strength, both shear and peel stresses must be 

considered. As adherend thickness increases, different joint designs become 
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preferable for maximising joint efficiency (defined as joint strength divided by the 

strength of the weakest adherend), as shown in Figure 2.2. 
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Figure 2.2: Relationship between joint geometry and potential bonded joint strength16 

A single lap joint enables greatest ease of manufacture but is the least 

efficient configuration due to large shear and peel stresses at the ends of the joint 

overlap (see Figure 2.3). The high peel stresses result from the joint's eccentricity, 

which causes significant bending of the adherends. 
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Figure 2.3: Shear and peel stress distributions across a single lap joint for a purely elastic 

adhesive response4 

A symmetrical double-lap joint has reduced peel stress concentrations, but 

they are not eliminated due to the way load is transferred between the outer and inner 

adherends (see Figure 2.4). The shear stress distribution for a double-lap joint 

exhibits a similar form to that shown in Figure 2.3 for a single lap joint. 
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Figure 2.4: Peel stress distribution within a double lap joint" 
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Scarf joints are potentially the most structurally efficient configuration, 

enabling an even shear stress distribution and complete elimination of peel stresses. 

However, a uniform shear stress distribution increases the risk of creep failure unless 

care is taken to avoid the adhesive being stressed into the non-linear region. 

In addition to joint configuration, tapering the adherends and including an 

adhesive fillet can greatly reduce stress concentrations. Adams et a!. '7 investigated a 

series of adherend taper and fillet geometries on double lap joints, as shown in 

Figure 2.5. In joints 2 and 3, the outer adherends were modified by tapering, which 

reduces the maximum adhesive shear stress. The inclusion of a fillet reduces the 

peak maximum principal stress in the adhesive and the peak transverse stress in the 

central adherend. For example, a fillet angle of just under 35° reduces the maximum 

transverse stress to only one third of that in the basic design (i. e. no taper, no fillet). 

In the experiments conducted, design 5, with a tapered adherend and a 30° fillet, 

achieved a 3.07 factor increase in failure load relative to the basic design. 
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Figure 2.5: Adherend taper and fillet geometries tested by Adams et aL" 

Assuming purely elastic behaviour of both the adherends and adhesive, shear 

and peel stresses in a tubular joint under a tensile axial load are of the form shown in 

Figure 2.6. The chart compares results from an analytical solution developed by 

Lubkin and Reissner in 1956 with those from a finite element model'7. The Lubkin 

and Reissner solution applies purely to a square-edged joint (i. e. no adhesive fillet) 

whereas finite element results are presented for cases both with and without a fillet. 

Several important features should be noted from the chart: 
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i) Stress distributions are not symmetrical about the mid-point of the overlap, even 

though the tubes have equal wall thickness. This is because the tubes are of 

different diameters and hence of different stiffness, the highest stresses being at 

the end of the overlap where the smaller tube is loaded. 

ii) There is close agreement between the Lubkin and Reissner solution and the 

square edged finite element model for the joint shear stress distribution. 

iii) The Lubkin and Reissner solution significantly underestimates the peak peel 

stress at the joint ends. The maximum value is predicted to be 40% greater in the 

case of the square edged finite element solution. 

iv) The presence of an adhesive fillet significantly reduces both peel and shear 

stress concentrations. The maximum tensile stress is reduced to less than 50% 

and the maximum shear stress to less than 70% of the Lubkin and Reissner 

values. 
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Figure 2.6: Shear and Peel Stress Distributions in a Tubular Lap Joint under Axial Tensile 

Load'? 

28 



CHAPTER 2 

Although the above chart considers only axial loading, torsion and bending 

are also significant load cases for many tubular joints. Yang et a1.18 have developed 

an analytical 2-D model for composite tubular joints under bending using kinematics 

and constitutive relations. To verify the model, they conducted a finite element 

analysis using Abaqus and the results gained showed close agreement. Although this 

model can be used for parametric studies to reduce peak interfacial stresses, it cannot 

predict joint strength since it is a linear model and no failure criteria for the adhesive 

or resin matrix are included. 

Until now, only an elastic response of both the adhesive and adherends has 

been considered. Whilst this may be valid for brittle materials, ductile materials can 

experience significant plastic deformation and this must be accounted for in any 

failure analysis. For example, a ductile adhesive exhibits the changes in shear stress 

distribution shown in Figure 2.7 for a double-lap joint loaded in tension. As load is 

increased, the adhesive at the joint ends eventually passes its elastic limit and begins 

to yield. The proportion of yielded adhesive gradually increases until the maximum 

adhesive shear strain is reached and the joint fails. 
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Figure 2.7: Shear Stress Distribution across double-lap joints as adhesive behaviour changes 

from purely elastic to elastic/plastic16 
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For a fatigue analysis, although global stresses will generally be well below 

the static failure strength, stress concentrations may still be sufficient to cause 

localised areas of plastic deformation. 

2.2.2 Adherend Properties 

The low through-thickness strength of polymer matrix composites gives even 

greater importance to the elimination of peel stresses than is the case with metallic 

adherends. This is highlighted in Figure 2.8, using the example of a double-lap joint, 

where the large peel stresses result in through-thickness failure of the central 

adherend. 

Stress acting on 
other laminate 

_ 

1 

. Delamination 

(b) Fiber breakage 

I_ 
(c) Failure initiated by local stress 
concentration and peak stress 

Figure 2.8: Through-thickness failure of a composite joint due to high peel stresses combined 

with poor through-thickness strength16 

The surface fibre orientation of laminates can also have a significant effect on 

the strength of adhesive joints. Placing fibres transverse to the load direction next to 

30 



CHAPTER 2 

the bond layer tends to seriously weaken the joint due to transverse cracking which 

develops in the resin 19. 

All types of joint geometry are adversely affected by unequal adherend 

stiffness, where stiffness is defined as axial or in-plane shear modulus multiplied by 

adherend thickness20. This is highlighted by Figure 2.9, using the example of a 

double lap joint in which the stiffness of the central adherend is lower than the 

combined stiffness of the outer adherends. Under axial load, an unsymmetric 

adhesive shear stress distribution occurs, and the shear stress is increased at the end 

of the joint where the outer adherends terminate. 

(Unloaded joint) 

Increasing load 

(Adhesive shear stress) 

Critical shear strain failure 

Increasing load 3 

III III-IIJ 
(Tensile shear load) 

(Adhesive shear strain) 

Figure 2.9: Effect of unequal adherend stiffness in a double-lap joint" 

2.2.3 Adhesive Properties 

The properties of the adhesive can affect both the strength and mode of 

failure in static and fatigue loading. In their overview of adhesive joints under cyclic 

loading, De Goeij et a1.3 highlight the different effects that adhesive ductility and 

toughness can have on static and fatigue strength. Studies are referenced showing 
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that although increased ductility can improve static strength due to increased fracture 

toughness, fatigue resistance may be lower due to hysteresis effects. 

Bond-line thickness can also have a significant impact on static and fatigue 

strength. Increasing thickness improves the fracture resistance until a certain 

optimum thickness is reached. Any further increase in adhesive thickness from this 

point causes fracture resistance to decline4. 

The potential of using a variable modulus adhesive to improve the joint stress 

distribution has recently been investigated by Broughton and Fitton21. The most 

significant benefits were achieved in un-optimised adhesive joints, where failure 

occurs due to high peel stresses, at joint stresses considerably less than the adhesive 

shear strength. In such cases, the use of a variable modulus adhesive can change the 

mode of failure from through-thickness failure of the adherend to cohesive failure of 

the adhesive, providing a significant strength improvement. Work is yet to be 

performed on the fatigue behaviour of variable modulus adhesives. 

2.2.4 Adherend/Adhesive Interface 

If failure occurs along the interface between the adhesive and the composite 

(adhesive failure), the ultimate static strength is always lower than for failure within 

the adhesive itself (cohesive failure)4. There is also a severe reduction in the joint's 

fatigue resistance if failure occurs in an adhesive manner. Interfacial bond strength is 

largely dependent on the quality of surface preparation prior to bonding the 

adherends. When using a secondary bonding process, it is common practice to grit 

blast the adherend surfaces and then degrease with acetone to ensure a high bond 

strength. 
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2.3 Design Measures for Controlled Fatigue Crack Propagation 

Before adhesive joints can become more widely accepted, their fatigue 

failure modes must be predictable and should result in a progressive rather than 

catastrophic failure. Crack growth can then be monitored using NDT techniques, 

allowing a residual joint lifetime to be calculated. This is not possible for sudden 

catastrophic failure mechanisms, since a small crack can propagate almost 

instantaneously and without warning through the joint. 

A common failure mechanism in adhesive joints is for a crack to propagate 

into one of the adhercnds, resulting in sudden catastrophic interlaminar failure. A 

typical crack path for this failure case is shown in Figure 2.10. 

Figure 2.10: Typical crack path for interlaminar failure in a composite adhesive joint22 

This failure mode is due to the low through-thickness strength of C'FRP laminates 

and the brittle nature of the resin. For a tough adhesive, if the crack can be 

constrained within the bond-line, a progressive failure can be achieved, whereby the 

crack grows gradually under cyclic loading. A study at the University of Bristol 

(UoB)22 considered numerous methods of providing stable crack propagation along 

the bond-line and these can be split into two main categories: 

i) Increasing the through-thickness strength and/or delamination resistance of the 

adherend so that cracks within the adhesive will always propagate along the 

bond-line. Methods considered included through thickness stitching of the 

33 



CHAPTER 2 

adherends and the use of 3-D woven fabric adherends. Further information on 

the potential of 3-D woven fabrics to prevent crack propagation through the 

adherends will be provided in section 2.5, which discusses their use in the 

NOTS project. 

ii) Inserting a thin layer of material into the adhesive to deflect cracks along the 

bond-line, thus preventing them from propagating into the adherends. 

Experimental work focused on the second of these options and two types of crack 

deflection material were investigated; kapton film and nylon mesh. Pre-cured CFRP 

laminates were bonded to form a double lap joint, using a single part epoxy paste 

adhesive (3M EC3448). For some of the specimens, a layer of either Kapton film or 

Nylon mesh was inserted into the bond-line. Quasi-static and constant amplitude 

fatigue tests were then performed, to compare the behaviour of the modified and 

unmodified joints. For unmodified joints, cracks initiated at the outermost tip of one 

of the adherends and propagated through the resin fillet to the inner adherend, at 

which point the failure propagated as a delamination in the inner adherend (see 

Figure 2.10). The kapton film and nylon mesh were able to deflect the crack along 

the bond-line, preventing the occurrence of delamination. The crack path for the 

kapton film modified joint is shown in Figure 2.11. 
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Figure 2.11: Crack propagation path for kapton film modified joint22 

The interface between the adhesive and modifying layer was critical in effectively 

controlling joint failure. If the interfacial bond was too weak, it was found to 

separate prior to crack initiation at the point of peak strain in the adhesive. For a 

stronger interface, cracks initiated at the point of peak strain, as they would for an 

unmodified joint, but were then deflected upon reaching the interface. 

2.4 Manufacturing Constraints 

Although section 2.2 has demonstrated the ability to optimise joint stress 

distribution through careful design of the detailed geometry, manufacturing 

constraints often make such ideal solutions impractical. This is particularly apparent 

for tubular joints due to their complex 3-D geometries. Attention is now given to 

manufacturing options for bonded joints and the constraints placed on achieving 

optimised geometries. 

Extensive research was conducted on nodal joint design and manufacture as part of 

the Innovative Approaches to Composite Structures (IACS) Programme at the 

University of Bristol in the late 1990's. The focus of this work was the development 
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of a carbon fibre truss structure for the fuselage of the Skylon spaceplane, which 

took the form shown in Figure 2.12. 

Figure 2.12: Fuselage structure of Skylon spaceplane23 

Both cylindrical tubes and a honeycomb cored sandwich panel were 

considered as design options for the struts. Although the sandwich panel greatly 

simplified nodal design, this came at the expense of increased weight24. 

Consequently, significant effort was placed on developing bonded joints for 

composite tubes, using both metallic and composite nodes. 

With respect to metallic nodes, work was undertaken on the development of a 

double-lap joint configuration, which as discussed above, can reduce the high peel 

stresses associated with a single-lap joint. Stress distribution can be further improved 

using a tapered mechanical seat joint and as part of the IACS programme, a study 

was conducted25 to compare the manufacturing implications and resulting strength of 

these two design options. 
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Figure 2.13: Tubular Double-Lap Joint Design2` 
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Figure 2.14: Tapered Mechanical Seat Joint Design 25 

As expected, the mechanical seat joint provided the greatest tensile strength, 

but at the expense of increased manufacturing complexity. The introduction of flares 

at the end of each tube significantly increases production costs because specialised 

tooling is required for each strut length. For tubes of constant cross-section, long 

lengths can initially be produced using filament winding or pultrusion (see Figure 

2.15) and then cut to size accordingly, which is a far more economical process. 

Despite the greater case of manufacture of the double-lap joint, it proved highly 

difficult to achieve the constant bond-line thickness and optimised fillet geometries 

required to minimise stress concentrations. Furthermore, it was recognised that the 

least-weight design solution could be realised using a fully composite node, for 

which these problems would be magnified. 
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Figure 2.15: The Filament Winding (top) and Pultrusion (bottom) processes26 

Composite node design was investigated through the development of a two- 

part composite shell bonded around tubular members, as shown in Figure 2.16. This 

provided a low-cost and low-weight alternative to the designs discussed above, 

which would be better suited to mass production27. Although bond strength was 

found to be lower, it was recognised that this could be improved by better surface 

preparation and a more refined geometry at the end of the joint. 
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Figure 2.16: One half of two-part composite node design27 

Until now, only secondary bonding has been considered, where the adherends 

are pre-cured and then bonded with some form of specialised adhesive. There are 

two further bonding methods available: 

i) Co-curing, where curing and bonding of the adherends occur simultaneously. 

Although this bond can be made using only the composite resin, an adhesive 

film is often placed between the two adherends to improve the strength of the 

joint. 

ii) Co-bonding, where one pre-cured adherend is bonded to a second adherend that 

undergoes curing at the same time. As for co-curing, the bond can rely purely on 

the composite resin or a separate adhesive film. 

For a large, complex truss structure, co-curing is unlikely to be a practical 

option due to the expense and complexity of the required tooling. This is particularly 

so for tubular truss members, which as noted above, can be economically produced 

using techniques such as pultrusion and filament winding. For truss structures where 

all the truss members lie in the same 2-D plane, co-bonding pre-cured struts to an 

outer perimeter frame becomes a potential design option. Full details of this 

technique are provided in the following section and so are not repeated here. In such 

cases, the choice between secondary bonding and co-bonding is highly dependent on 
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factors such as the scale of the structure, the number of truss elements and the 

required manufacturing tolerances. 

2.5 The Nodal Optimisation of Truss Structures (NOTS) Project 

The work conducted during the first year of this research programme was 

driven primarily by the requirements of the NOTS project. This was a multi-partner 

Department of Trade and Industry - Aeronautics Research Programme (DTI-ARP) 

project, which was undertaken between 2003 and 2006, within the Faraday Advance 

Partnership. The overarching aim was to develop knowledge and technologies that 

would facilitate widespread use of composite trusses in civil aeronautic applications. 

The specific design focus of NOTS was the development of a fully composite truss 

structure to replace a conventional metallic aircraft wing rib. Use of a truss structure 

was motivated by the design solution produced by Altair, a structural optimisation 

package, when applied to the conventional rib. This is shown in Figure 2.17, together 

with key features of the final truss structure developed for manufacture. 

Outer frame produced by Resin Filament Wound Barrel nuts to connect rib 
Transfer Moulding (RTM) struts to aircraft wing skin 

Image CO 71t r of Arrtýa Vi' 

3-D woven fabric incorporated 
in outer frame to increase 
delamination resistance 

v 

! maps courtesy of MIRA Ltd 

/ 

lýr 

Figure 2.17: Development of the final truss design 
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Based on a detailed investigation of potential joining methods and the need to 

balance both light-weight design with a feasible manufacturing process, a co-bonded 

nodal joint was developed to connect the struts to the outer frame. A novel aspect of 

its design was the use of 3-D woven fabric to provide increased resistance to 

delamination, a common failure mechanism in conventional composite joints due to 

the high peel stresses at the ends of the joint overlap. The manufacturing process 

developed and used for the full-scale prototype is shown in Figure 2.18. 

Full Scale Prototype Manufacture 

" Layup of Non-Crimped 
Fabric (NCF), which forms 
the outer layer of the rib 
frame, in two-part Resin 
Transfer Mould (RTM) tool. 

" Vacuum applied to 
consolidate NCF. 

" Insertion of pre-cured 
filament wound struts 
into pockets within 3-D 
woven fabric. 

" Placement into one 
half of RTM tool. 

r UUKU1a 

IP 

1' 
tiuä 

" Closure of RTM tool and 
connection of resin 
inlettoutlet tubes. 

" Resin injection and 
application of required cure 
cycle. 

" Removal of component from 
mould tool. 

Figure 2.18: Manufacture of the full-scale NOTS prototype 

41 



CHAPTER 2 

The author's main roles within the NOTS project were as follows: 

i) Design of a quasi-static and fatigue test programme, in collaboration with 

Oxford Brookes University, to evaluate the performance of the co-bonded joint. 

ii) Implementation of the required fatigue tests within this programme and analysis 

of results. 

iii) Evaluation of joint failure modes to guide future design and modelling 

requirements for co-bonded joints. 

2.5.1 The Fatigue Test Programme 

Fatigue testing was conducted during the following main stages of the co- 

bonded joint development process: 

i) Material Characterisation, using double lap joints to assess the influence of 

material properties and surface fibre orientation on static and fatigue strength. 

ii) Process development, using small-scale truss structures to refine the 

manufacturing process for the full-scale rib. Single strut specimens were cut 

from these structures to validate static and fatigue strength. 

Due to the subsequent emphasis on developing a fatigue modelling capability, only a 

brief overview of the test programme is provided, but specific focus is placed on the 

impact of joint design and manufacture on resulting failure mechanisms. 

2.5.2 Double-Lap Shear Tests 

Double-lap shear specimens were used for the first stage of the test 

programme as they are a standard test specimen, for which experimental data exists 

on a wide range of material, resin and adhesive combinations. In planning the test 

procedure, both the British Standard for fatigue testing of structural adhesives in 
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tensile shear28 and the National Physics Laboratory's (NPL's) Measurement Good 

Practice Guide on durability testing of adhesive joints29 were consulted. Initially it 

had been intended to test the fatigue performance of the joint both with and without 

an adhesive film but this was not possible due to a shortage of test material. Quasi- 

static tensile tests performed on both joint types revealed no significant difference in 

strength30. Therefore, fatigue testing was performed only on resin bonded joints, due 

to the greater manufacturing simplicity this would provide in the full-scale structure. 

The test specimens were prepared from a Double Lap Shear (DLS) moulding 

at Crompton Technology Group (CTG). This consisted of a central 3-D woven fabric 

adherend (5 layer angle interlock, 2.7mm thick) co-bonded to two pre-cured outer 

NCF adherends (2.6mm thick), as shown in Figure 2.19. Surface fibre orientation in 

both the central and outer adherends was parallel with the applied load direction. 

Catch 
pot- 
Resin out 

Injector pointI 
Resin in -L 

Spacer 
plate 

Premoulded 
CFRP 
plates 

Figure 2.19: CTG mould for double-lap joint specimens 

Significant features of the DLS moulding received from CTG (see Figure 2.20) were 

as follows: 

43 



CHAPTER 2 

a) Fibre misalignment in the woven fabric close to the bond-line (labeled A in 

Figure 2.20). 

b) Fibre misalignment and resin-rich regions at the edges of the 3-D woven fabric 

adherend (labeled B in Figure 2.20). 

3D woven 
fabric central 

adherend 

Catch pot 
(resin out 
location) 

urface 
fibre 
rection 

Stitched 
NCF outer 
adherend 

Surface fibre 
misalignment 

Figure 2.20: DLS moulding 

Having prepared the surfaces of the moulding by grit blasting and degreasing 

with acetone, glass-fibre end tabs were added using a high-strength epoxy adhesive 

(Redux 810 A/B). A diamond saw was used to cut the moulding into individual test 

specimens, whilst discarding the poor quality outer edges. The specimen dimensions 

and the location of each specimen within the original moulding are shown in Figure 

2.21. It should be noted that there was no adhesive fillet or adherend chamfer. 

Therefore, the joint geometry was that which gives the greatest potential for fatigue 

crack initiation at the free edge of the bond-line. 
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Figure 2.21: DLS Moulding and Specimen Dimensions 

Before testing, the specimen bond-lines were examined under a microscope 

and Figure 2.22 shows the bond-line of specimen 6, revealing a large void within the 

3-D woven fabric central adhercnd. This was a typical defect in all of the test 

specimens. 
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Void 

Figure 2.22: Bond-line of specimen 6 

In order to determine the required fatigue loads, quasi-static tests were 

conducted, giving a mean shear failure stress (applied load divided by bond area) of 

19.95MPa. It should be noted that this is considerably lower than that obtainable for 

a more optimised joint design. For example, an investigation performed at the 

University of Bristol in 19979 achieved a shear strength of approximately 45MPa in 

double-lap specimens. In this case, a secondary adhesive was used to bond pre- 

cured, uni-directional, carbon-fibre adherends. Stress concentrations were minimized 

by applying chamfers to the adherends and using adhesive fillets. Also, the stiffness 

of the central adherend was matched to that of the outer adherends. Therefore, 

although the NOTS structure requires a co-bonded joint, this previous University of 

Bristol study highlights the significant strength improvements obtainable from 

design features such as chamfers, adhesive fillets and stiffness matched adherends. 

Post-failure inspection of the quasi-static specimens revealed crack 

propagation to occur via fibre tow failure in both the NCF and 3-D woven fabric 

(Figure 2.23). There was no evidence of interfacial/cohesive failure, which explains 
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why use of an adhesive film in tests performed by Oxford Brookes University had no 

significant effect on joint strength. Design modifications to reduce stress 

concentrations and hence increase strength (e. g. chamfers, adhesive fillets, stiffness 

matched adherends), may result in a change of failure mode from interlaminar to 

interfacial failure. In such a case, use of an adhesive film to increase bond strength 

may be beneficial. 

47 

UNvs= 
OF MS1OL 

U RARY 



CHAPTER 2 

Top layer of 
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of 3-D woven 
adherend - 
evidence of fibre 
tow failure 
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Figure 2.23: Fracture surfaces of central 3-D woven fabric (a) and outer NCF (b) adherends for 

one of the quasi-static test specimens 

Fatigue tests were performed under load control at 40%, 55% and 70% of the 

mean quasi-static failure strength. 2 specimens were tested at each load level, giving 

6 data points (The remaining two specimens had to be discarded, due to premature 

fracture caused by problems with test machine setup/operation). Tension-tension 
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fatigue loading was applied with an R-ratio of 0.1 and a test frequency of 5Hz under 

ambient conditions. For specimens tested at 70% and 55% load levels, acoustic 

emission equipment was used to monitor damage progression in real-time. 

Load 
70% 

55% 

40% 

Time 

Figure 2.24: Fatigue test apparatus and applied load levels 

Results from the fatigue tests are shown by the S-N curve in Figure 2.25. Due to the 

shortage of specimens, it was not possible to fit a trendline through the data points. 

However, the results gained appear broadly consistent with the generic formula for 

S-N curves published in the NPL Measurement Good Practice Guide on durability 

testing of adhesive joints29. This specifies that for a double-lap joint between 

Polymer Matrix Composites, the normalized S-N curve is approximated by: 

PMAx/Po = 1- 0.097 log Nf (Eqn. 2.1) 

where Nj is the number of cycles to failure, PMAx is the maximum load applied to the 

specimen and PO is the ultimate strength of identically conditioned specimens 

measured at the fatigue test loading rate. 

Mean Shear 
Strength: 19.95MPa 
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Figure 2.25: S-N Curve for DLS Specimens 

The fracture surfaces of specimens that failed in fatigue indicated that as for 

the quasi-static specimens, cracks propagated close to the bond-line but within the 

adherends, as opposed to along the bond interface. Visual inspection during testing 

revealed no stable crack growth and it appears that crack propagation occurred in a 

sudden, unstable manner. 

The specimens tested at 40% UTS showed no visible signs of damage after 

106 fatigue cycles and rather than fatiguing for an indefinite time, it was believed 

more beneficial to perform residual strength tests. A mean shear strength of 

20.14MPa for the two fatigued specimens compared to 19.95MPa for the un-fatigued 

specimens indicated no deterioration in strength, suggesting that the fatigue 

threshold lies somewhere between the 40% and 55% load levels. The fracture 

surfaces again indicated crack propagation through fibre tows close to the bond-line. 
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Since the acoustic emission equipment had not previously been used on these 

materials and specimen geometry, it was impossible to correlate the amplitude of 

acoustic emission waves with distinct types of damage (e. g. matrix cracking, 

delamination) occurring. However, the data was able to indicate the location of 

damage events and provide a qualitative indication of damage rate. Figure 2.26 

displays the source of each significant acoustic emission wave plotted against time 

for one of the specimens tested at a load level of 70% UTS (due to the constant test 

frequency of 5Hz, each 100s time interval corresponds with 500 cycles). Circular 

and triangular data points indicate high and low amplitude acoustic emission waves 

respectively. During most of the specimen's fatigue life (up to approximately 1200s - 

6000 cycles), there is a concentration of high amplitude waves emitted close to the 

bond-line, within the 3-D woven fabric central adherend. This suggests that the most 

significant damage events occured in this region, which is likely to be due to the 

large through-thickness stresses at the end of the overlap. Prior to final failure, there 

is no obvious concentration of hits in the bond region and the results give no 

indication of how cracks propagated through the joint. A similar pattern of acoustic 

emission damage events was recorded for the other specimens monitored. 
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Figure 2.26: Acoustic emission events recorded for specimen tested at 70% load level 

2.5.3 Single Strut Tests 

Before progressing to the manufacture and test of a full-scale rib, the strength 

of the co-bonded joint between the struts and 3-D woven fabric frame was 

investigated using single strut specimens. For this to be achieved in conjunction with 

development of the final manufacturing process, a small-scale truss structure, 

referred to as S2, was designed incorporating all the key features of the full-scale rib 

(see Figure 2.27). This was manufactured using an identical process to that 

previously shown for the full-scale prototype (see Figure 2.18), with the exception of 

smaller scale tooling. 
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A diamond saw was used to cut the two vertical struts from the moulding in 

order to form two test specimens, as shown in Figure 2.28. In order to replicate the 

proposed method of connecting the full-scale NOTS rib to an aircraft wing skin, 

loading on the single strut specimens was applied through barrel nuts. Holes were 

drilled in the outer frame for the barrel nuts to be inserted (see Figure 2.28) and 

specialised test fixtures were designed and manufactured to enable this method of 

loading in the servohydraulic test machine (see Figure 2.29). 
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Figure 2.28: Cut locations and barrel nut hole positions in S2 structure 

In order to determine the type and magnitude of loads that should be applied 

to the single strut specimens, results from a NASTRAN model of the full scale rib 

developed by MIRA were consulted. The model was analysed under three critical 

loadcases supplied by Airbus: 

a) Maximum Shear Load 

b) Maximum Pull-off Load 

c) Maximum Bending 

Results from the analyses showed that whilst torsional loads in the struts would be 

negligible, significant axial and bending loads would exist. In order to investigate the 

relative effects of axial and bending loads on the static and fatigue strength of the 
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joint, specimens were tested in both pure axial tension and off-axis tension at an 

angle of ten degrees (see Figure 2.29). Details of the calculations performed to select 

the off-axis test angle are provided in reference31 

Figure 2.29: Pure axial (left) and off-axis (right) load configurations 

Under bending load, the bond-line region most susceptible to crack 

initiation/propagation is the resin rich area where the 3-D woven fabric separates to 

surround the strut. Therefore, to ensure conservative test results, the specimen was 

orientated so that maximum stress due to bending occurred in this region, as shown 

in Figure 2.30. 
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Figure 2.30: Strut orientation to ensure maximum stress in resin rich areas 

Due to severe material shortages within the NOTS programme, fatigue 

testing could only be performed on 4 single strut specimens, 2 in a pure tension 

configuration and 2 in an off-axis configuration. This prevented the acquisition of a 

full S-N curve and to maximise the fatigue data obtainable, the procedure shown in 

Figure 2.31 was followed for each loading configuration. Acoustic emission 

equipment was again used to monitor the location of damage events real-time during 

testing. 

Plan View 
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Figure 2.31: Fatigue Test Procedure for Single Strut Specimens 

The first uni-axial test specimen survived 100,000 cycles at 40% of the mean 

UTS recorded by Oxford Brookes University. Visual and dye penetrant inspection of 

the specimen performed before and after testing revealed no significant evidence of 

damage accumulation within the bond-line region. In the residual strength test, the 

specimen failed at a load of 65.29kN through delamination of the filament wound 

strut along the co-bonded joint (see Figure 2.32). This failure mode was consistent 

with that exhibited in the quasi-static tests performed by Oxford Brookes30. Since the 

failure load value was 3.81kN greater than the mean UTS recorded by Oxford 

Brookes, it appeared that no reduction in strength had resulted from the applied 

fatigue loading. 
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Figure 2.32: Fracture surfaces of first uni-axial test specimen after residual strength test 

For the second uni-axial test specimen, failure occurred after 42,000 load 

cycles at 40% of the mean UTS, via tear-out of one of the barrel nuts through the 

RTM frame, as shown in Figure 2.33. This is likely to be due to the high level of 

delamination and voidage present within the RTM frame, which was detected by C- 

scan inspection performed at Airbus prior to testing. 
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Figure 2.33: Failure of second uni-axial test specimen and evidence of significant delamination 

in pre-test C-scan 

The first off-axis test specimen survived fatigue loading for 100,000 cycles at 

40% of the mean UTS recorded by Oxford Brookes University and visual / dye 

penetrant inspection revealed no significant evidence of crack growth. During the 

subsequent quasi-static residual strength test performed, the failure load was 

significantly greater than that recorded by Oxford Brookes and a different failure 

mode was observed, as shown in Figure 2.34. This is believed to be due to 

differences in the off-axis test fixtures used at the two Universities. 

Brookes - 
Buckling of strut 
at 11.8kN 

Figure 2.34: Differences in failure mechanism and load for off-axis strut specimens tested at 

Bristol and Oxford Brookes 
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Fatigue load levels for the second off-axis test specimen were based on the 

ultimate failure load recorded for the first specimen. The second specimen survived 

100,000 cycles at 40% and 50% UTS and visual / dye penetrant inspection 

performed after each cyclic load block revealed no significant evidence of crack 

growth. However, it was evident that as the fatigue load level increased, so too did 

the frequency and amplitude of acoustic emission events recorded. At 60% UTS, 

bond-line failure occurred at the top end of the strut after 14,200 cycles. As shown in 

Figure 2.35, a large number of high amplitude damage events, shown by the red dots, 

were recorded across the bond-line prior to final failure. Inspection of the fracture 

surfaces revealed the failure mode to be a combination of interfacial/cohesive failure 

and strut delamination. 
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Figure 2.35: Acoustic emission events recorded along bond-line region of off-axis test specimen 

prior to failure 
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2.6 Conclusions 

The NOTS project, in conjunction with a detailed literature review, has 

demonstrated the severe difficulties in achieving optimised joint geometries in 

bonded tubular truss structures. These tend to favour a single-lap joint configuration, 

particularly when using a composite node, which offers the least-weight design 

solution and the potential to reduce the residual stress problems associated with 

bonding composite tubes to metallic end fittings. Whilst the high peel and shear 

stress concentrations at the ends of the joint overlap can be alleviated using design 

features such as tapered adherends and adhesive fillets, these are difficult to 

manufacture to a consistent standard. This is particularly apparent at the innermost 

end of a tubular nodal joint, which is difficult to access and impossible to visually 

inspect. Therefore, failure modelling and analysis of fully composite nodal joints is 

likely to require the assumption of a square-edged joint to ensure a conservative 

design approach. 

Fatigue failure in such joints tends to initiate at the end of the joint overlap, 

where maximum shear and peel stress concentrations occur, before propagating 

either along the bond-line (in an interfacial or cohesive manner) or through 

delamination in the adherends. Therefore, in developing a mechanistic fatigue 

modelling capability, focus should be placed on these failure mechanisms. In the 

case of the NOTS project, fibre-tow failure was also evident but it is believed that 

this could be avoided through improved design and manufacture. Due to the brittle 

nature of composite resins, failure predominantly occurs in an instantaneous manner 

with no stable crack propagation phase, particularly in the case of co-bonded joints. 

This necessitates a no-growth design philosophy, where fatigue stress levels remain 

sufficiently low to ensure that a crack will not propagate during the in-service 
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lifetime of the structure. This requires an analysis of both the potential size and most 

critical location of the assumed starter-crack. Size is generally determined either by 

potential manufacturing defects or damage resulting from in-service impact. For 

example, bond-line voids, such as those evident in the co-bonded NOTS joints can 

act as starter cracks. Evaluating their potential size is highly dependent on the 

resolution of NDT techniques used for quality assurance. For a square-edged single 

lap joint, the most critical crack location is at the end of the joint overlap, where the 

maximum shear and peel stress concentrations occur. Therefore, it may be necessary 

to insert a starter crack at the end of the joint overlap, when evaluating the fatigue 

life of such designs. 

Despite the limitations discussed above, future design and manufacturing 

developments are likely to give potential for a more stable failure process. For 

example, the development of 3-D woven fabrics to resist delamination in composite 

adherends will favour bond-line failure and in the case of secondary bonding, this 

can be designed to occur in a stable manner using a ductile adhesive. Therefore, as 

well as allowing for a no-growth design philosophy, the fatigue model should also 

give potential to predict crack growth rates, enabling a damage-tolerant design 

approach. Such an approach will be further promoted by the development of 

structural health monitoring systems, using techniques such as acoustic emission, to 

detect and monitor crack growth during the in-service life of the structure. The 

remainder of this thesis describes the work undertaken in developing a predictive 

fatigue modelling capability to address the needs outlined. 
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3. Fatigue Model Requirements and Selection of a Cohesive Zone 

Approach 

As highlighted in chapter 1, mechanistic fatigue models are those which 

describe damage accumulation in direct relation to specific failure processes (e. g. 

transverse matrix cracks, delamination), hence providing the following advantages 

over Constant-Life and Residual Strength/Stiffness models: 

i) The models can be calibrated using data from small scale coupon tests and then 

directly applied at a structural level. 

ii) The ability to model crack initiation and growth enables a more accurate 

prediction of a structure's safe remaining lifetime, allowing for reduced design 

margins and a more optimised solution. For example, potential exists to apply a 

damage tolerant design philosophy whereby, once initial damage is detected, the 

remaining safe lifetime can be calculated and an appropriate inspection interval 

scheduled. 

The previous chapter has shown that for bonded composite joints, cracks will 

generally form at the ends of the joint overlap, where the highest stress 

concentrations exist, before propagating either along the bond-line or between plies. 

For complex geometries, difficulties in ensuring defect free manufacture and precise 

adhesive fillet geometries mean that the crack initiation phase is highly variable and 

can be extremely short. To ensure a conservative fatigue life analysis, this 

necessitates the assumption of an initial defect/crack at a critical location, which is 

generally where maximum stress concentrations exist. Therefore, focus is placed on 

developing a predictive modelling technique for the crack propagation phase, which 

for adhesive joints, is defined as shown in Figure 3.1. 
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Crack Initiation i 

Figure 3.1: Distinction between initiation and propagation in adhesive joints 

Although only the most basic 2-D case is shown above, the model must be 

applicable to the complex 3-D geometries typically found in structural joints. The 

stresses in such geometries can only be accurately analysed using numerical 

techniques. Hence, there are two key stages in developing the required modelling 

tool; identifying an appropriate crack growth model and then integrating this with a 

numerical code, which is discussed in sections 3.1 and 3.2 respectively. 

3.1 The Application of Fracture Mechanics to Analyse Fatigue Crack Growth 

A crack can propagate via 3 separate crack extension modes; opening (mode 

I), forward-shear (mode II) and parallel-shear (mode III), as shown in Figure 3.2. 

Unless significant torsion is present, it will generally be subjected to a mixture of 

mode I opening and mode 11 in-plane shear loading. 

Y 
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Figure 3.2: Mode I (a), Mode 11 (b) and Mode III (c) Crack Extension32 
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Although the intention is to model fatigue damage accumulation in relation to 

specific failure mechanisms, it is unfeasible to explicitly model the microscopic 

physical processes occurring at the crack tip. For this reason, it is common to adopt a 

fracture mechanics approach and to associate these processes with a single 

parameter, the Strain Energy Release Rate (G), as shown in Figure 3.3. This is the 

rate of change of strain energy in a material with respect to crack area and standard 

methods for calculating this parameter, using both experimental data and numerical 

methods are detailed in sections 3.1.1 and 3.2.1 respectively. Under fatigue loading, 

we are interested in both the maximum strain energy release rate in each cycle, Gmar, 

and the variation in strain energy release rate between the peak and trough of each 

cycle, AG, given by: 

AG = Gmar - 
Gmin (Eqn. 3.1) 

where G,,;,, is the minimum strain energy release rate in each cycle. 
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Fracture Mechanics Approach 

Crack propagation analysed with 
respect to crack tip strain energy 
release rate, G, which quantifies 
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Figure 3.3: The Need for a Fracture Mechanics Approach 
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The strain energy release rate can be split into separate mode I and mode II 

components and the ratio of these has a significant influence on the rate of crack 

growth. Before examining methods used to characterise crack growth rate, a brief 

overview is provided of the experimental techniques available to gain strain energy 

release rate and crack growth rate data under mode I, mode II and mixed mode 

loading. Common specimens are used both for gaining static fracture toughness data 

and fatigue properties. Although the crack tip stress intensity factor, K, can also be 

used to characterise fatigue crack growth, focus is placed on the use of strain energy 

release rate as it enables a direct link with the cohesive zone modelling procedure 

subsequently adopted. 

3.1.1 Fatigue Data Acquisition 

Although the development of mechanistic models enables reduced 

experimental test requirements at a structural level, standard coupon tests remain a 

vital requirement in order to gain fundamental material fatigue properties. The 

techniques discussed below are those that relate directly to crack propagation along 

adhesive bond-lines or by delamination. The Double Cantilever Beam (DCB) is the 

standard test specimen for mode I data acquisition, under both static33 and fatigue 

loading34. As shown by Figure 3.4, an initial delamination is created using a non- 

adhesive film insert such as Teflon and load is applied via piano hinges or loading 

blocks. As the crack begins to advance, fibre bridging between the upper and lower 

cantilevers can increase the fracture resistance and the extent to which this occurs is 

heavily influenced by fibre orientation33,34Where fibre bridging occurs, the fracture 

toughness recorded at initial crack advance, before fibre bridging becomes 

significant, should be used for conservative results in a predictive model. Care must 

also be taken in selecting an appropriate film to generate the initial delamination, as 
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the precise crack geometry can significantly affect the measured fracture toughness 

value35. These considerations are equally important for the mode 11 and mixed mode 

tests. In composites with significant through-thickness reini'orcement, modified 

versions of the standard test method, such as the addition of doubler plates, arc 

necessary in order to extract fracture toughness properties before failure of the 

specimen arms- 16,37 
. 
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Figure 3.4: The Mode I DC B" 

For mode II loading, a standard is yet to be specified and a variety of 

specimens are used, including the End Loaded Split (ELS)"x, the 3 point End 

Notched Flexure (ENF) and 4 point ENF37 (sec Figure 3.5). The 4 point ENF is 

becoming increasingly common because unlike the ELS and 3 point ENF, crack 

growth is stable under displacement contro139. 
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ELS 
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Figure 3.5: The Mode 11 E1 S3", 3ENF and 4ENF37 specimens 

For mixed mode testing, options include the Fixed Ratio Mixed Mode 

specimen 38 and Mixed Mode Bending (MMB) test, now an ASTM standard40 (see 

Figure 3.6). Although the FRMM can produce a variety of mode-ratios, this relies on 

changing the relative thickness of the upper and lower cantilevers"`. The MMB has 

become the most commonly used specimen as it combines the loading methods of' 

the DCB and 3ENF tests and means that a single set of test apparatus and specimen 

geometry can be used to generate data for all pure and mixed-node load 

conditions 
40. 
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Figure 3.6: The FRMM38 and 1MB" test specimen 

The objective of testing these specimens under fatigue loading is generally to 

acquire a plot of crack growth rate against strain energy release rate. For this to be 

achieved, fatigue loading is usually applied under displacement control, allowing a 

complete crack growth rate curve to be gained from each specimen tested10. Crack 

extension can be measured either manually (e. g. with an instrumented travelling 

microscope4'), or by measuring the electrical resistance of a metallic toil bonded to 

the side of the specimen and designed to tear coincidentally with the crack42. 

Various analysis methods can be applied to convert load/displacement data to 

strain energy release rate" 74 
, all of which can be related back to the following 

equation: 

P2 dC P th5 
(Eqii. 3.2) 

2h du 2h du 1-eons ran t 

where P is the applied load, ( is the displacement at the point of load application, h is 

the specimen width and C is the specimen compliance. Specimen compliance is 
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either measured directly, or calculated using simple beam theory, with a crack length 

correction factor to account for shear deformation and local deformations around the 

crack tip37. 

3.1.2 Paris Law Models 

For specimens or structures containing initial cracks and subject to fatigue 

loading, two questions must be addressed: 

i) Is the maximum strain energy release rate in each fatigue cycle sufficient for the 

crack to grow? 

ii) If so, at what rate will the crack grow? 

Crack growth is commonly represented using a plot of G�, w, or AG against 

cyclic crack growth rate (da/dN) data. When plotted on a log-log scale, this data 

generally exhibits the trend shown in Figure 3.7, where the fatigue crack growth rate 

can be split into 3 distinct regions; a threshold region, a linear region and an unstable 

region. The two extremes of the trendline correspond with the threshold strain 

energy release rate, G, h, below which no crack growth occurs and the fracture 

toughness, Gc, at which instantaneous, unstable crack growth occurs. 
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Figure 3.7: Typical fatigue crack growth rate curve 
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Although models have been developed to represent the threshold and unstable 

regions44, it is common to neglect these two extremes of the curve and to 

characterise the whole data-set using the linear Paris-Law (see Figure 3.8), where 

strain energy release rate is expressed in terms of either G,,, ar or AG: 

öa 
= CGmarm (Eqn. 3.3) 

öN 

as 
= CAG' (Eqn. 3.4) 

aN 

C and m are constants determined by fitting the Paris-law to the experimental data. 

ai da/dN = CG m max p No Crack ° 
Growth °p GC 

E °° ° 
Lz° 

0,0 
9th ° 

U° 

:00 U0 
0 

Energy Release Rate, log Gmax (J/m2) 

Figure 3.8: The Paris Law Curve 

As well as the maximum strain energy release rate in each fatigue cycle, both 

the mode ratio and R-ratio (Qm; �IQ�, ý) have a significant influence on the rate of crack 

growth, as shown in Figure 3.9. To accurately characterise these influences using 

purely experimental data would require a range of R-ratios to be tested at many 

different mode ratios (i. e. The gradient and intercept of the Paris Law curve must be 

empirically determined for each distinct mode ratio and R-ratio). 
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Figure 3.9: Typical R-ratio and mode ratio influences on crack growth rate 

To reduce this vast testing requirement, models have been developed for 

predicting Paris Law constants using only a limited amount of experimental data. 

There is no firm consensus in the literature regarding what form these models should 

take and it appears that the most suitable approach may be material dependent. This 

is now illustrated using two examples, a model developed by Schon45 and another by 

Blanco et al. 46, both of which are based on the Paris Law relationship (equations 

(3.3) and (3.4)), but use very different assumptions to calculate the coefficient, C, 

and exponent, m. 

The fatigue delamination model developed by Schon45 requires only 5 

experimental parameters, which are gained from pure mode I and mode 11 fatigue 

tests. Schon refers to experimental evidence suggesting that cracks begin to 

propagate at a value of AG, which is independent of both R-ratio and mode ratio. 

This provides a single fixed point on the Paris curve, AGJh, as shown in Figure 3.10. 

The value of AG at which unstable crack growth occurs, AGB, is dependent on both 
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mode ratio and R-ratio. Therefore, a method is required to determine AGc before the 

Paris curve can be uniquely defined. 

Log (da/dN) 

Mode ratio and R-ratio 
determine AG c 

Log (da/dN)c I ----------------------------- 

Log (da/dN)th 

Log OGth Log OGc 
Log AG 

Figure 3.10: Paris-law plot highlighting that AGth is independent of mode ratio and R-ratio, 

whilst AC is dependent on both of these parameters 

In order to generate another fixed point on the Paris curve, Schon uses 

experimental evidence suggesting that the strain energy release rate value at which 

unstable crack propagation occurs, Gc, is dependent on mode ratio but independent 

of R-ratio. This enables use of a static failure criterion, based on strain energy release 

rate, to determine Gc. Schon uses a linear failure criterion of the form: 

G= Gc when: 
G' 

+ 
G" 

=1 (Eqn. 3.5) 
G1c G11c 

Assuming tension-tension fatigue loading (i. e. positive R-ratio), GC can be converted 

to AGc using the cyclic load's R-ratio, R45: 

AGc = Gß(1- R2) (Eqn. 3.6) 
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There are now two fixed points available on the plot of da/dN against AG and these 

can be used to calculate the Paris Law coefficient, C, and exponent, m, in equation 

(3.4). 

log IdNJ -logIdNl 
m log[LGc]log[Gth] 

/rh (Eqn. 3.7) 

( dv) ; 

fit (4G, 
hY 

(Eqn. 3.8) 

To apply Schon's technique, only the parameters GIS, GlIc, (da/dN)c, dG, y 

and (da/dN)th must be empirically determined. This means that only pure mode I and 

mode II fatigue tests are required to generate a Paris Law curve for any given mode- 

ratio and R-ratio. 

Blanco et a1.46 have recently developed a new Paris Law model requiring at 

least one set of mixed mode data, in addition to pure mode I and mode II data. The 

need for mixed mode data was motivated by experimental evidence for HTA/6376C 

showing that as mode ratio varies from pure mode I to pure mode II, the Paris Law 

exponent, m, initially increases before reaching a mode ratio of approximately 50%, 

at which point it begins to decrease. For the Paris Law coefficient, C, the opposite 

trend was found to be true, as shown in Figure 3.11. These findings contradict the 

assumption made in many other Paris Law models, including Schon's, that a 

continuously increasing/decreasing variation in C and m occur between pure mode I 

and mode II loading. Blanco et al. compared their model with a range of other 

models proposed in the literature for calculating Paris Law parameters at any given 

mode ratio and found it gave significantly improved accuracy. 
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Figure 3.11: Variation in Paris Law Constants for H"I'A/6376C46 

Using Blanco's model, the Paris Law constants, C and m, are given by: 

logC = log C, + 
Grp 

log C,,, + log C/I 
(Eqn. 3.9) 

ýGý (SLI 

Gý CHIC 

m=m, +m ")+(in�-m, -in ,, 
)( 

) 
(Eqn. 3.10) 
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where Cl, ml, Cl, and ml, are the Paris Law constants and exponents under mode I 

and mode II loading respectively. C, � and mm are extra mixed mode parameters 

determined by curve fitting experimental data. It should be noted that Blanco et al. 's 

study was only conducted for one specific R-Ratio and did not consider the 

evaluation of threshold strain energy release rate. However, it clearly highlights that 

at least one set of mixed mode test data is vital to ensure that an accurate Paris Law 

can be gained for all mode ratios. 

The purpose of outlining these various Paris Law models is to highlight the 

importance of providing a clear link between results from standard experimental 

tests and input parameters for the final numerical model. This will enable 

compatibility with any Paris Law model, as equations for calculating the Paris Law 

parameters can simply be embedded within the code. In order to provide this direct 

link between the numerical model and the selected Paris Law model, two key 

functions must be performed in the model (see Figure 3.12): 

i) Extraction of strain energy release rate and mode ratio from crack tip output 

parameters. 

ii) Enabling crack advance to occur, based on the Paris Law growth rate, whilst 

monitoring the accumulated number of load cycles. 

Potential methods for achieving these aims are examined in the following section. 
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Fatigue Inputs 
1. Material Data 
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Figure 3.12: Linking the Numerical Model to a Paris Law Model 

3.2 Numerical Methods for Analysing Bond-Line Failure and Delamination 

3.2.1 The Virtual Crack Closure Technique 

The Virtual Crack Closure Technique (VCCT)47 has become widely used in 

finite element models for calculating the separate mode 1, mode 11 and mode III 

strain energy release rate components at a crack tip. It is based on the work done to 

close the crack and relies on having initially coincident nodes along potential crack 

growth paths, which can then be released to simulate crack growth. Taking a simple 

2-D case involving only mode I and mode 11 components (see Figure 3.13), G, and 

G1, are given by: 

_F G' 
2dl 

(v,, - vh) (Eqn. 3.11) 

G� =j (Ua -ub) (Eqn. 3.12) 

where u and v are displacements in the x and y directions respectively (at nodes a and 

b, denoted by subscripts), and T and F are the forces required in the x and y 
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directions respectively, to close a crack length of Al (i. e. to hold nodes a and b 

together). Using these equations, two model runs are required; one using constraints 

to hold nodes a and b together and another with the constraints removed. This 

enables extraction of both the constraint forces and the nodal relative displacements. 

x, u 

Figure 3.13: The Virtual Crack Closure Technique48 

The Virtual Crack Closure Technique can be combined with the Paris Law to 

analyse fatigue crack growth using the following numerical integration procedure: 

i) A Finite Element (FE) model of the joint is produced, with an initial crack 

inserted at the required location, for example, at the edge of the adhesive fillet. 

ii) A static analysis of the joint is performed, using the maximum load in each 

fatigue cycle. 

iii) Strain energy release rate and mode ratio are extracted from the model using the 

Virtual Crack Closure Technique. 
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iv) The Paris Law is used to calculate the crack propagation rate. 

v) The number of fatigue cycles, dN, required to advance the crack by a small 

increment, da, is determined, using the relationship dN = da/(da/dN). The crack 

increment is chosen small enough to ensure convergence of the solution. 

vi) The crack length and number of fatigue cycles are updated in the model 

(a =a +da, N=N+ dN). 

vii) Stages (ii) to (vi) are repeated until the strain energy release rate reaches its 

critical value or the crack reaches its maximum defined limit. 

Techniques based on this procedure have been applied by numerous authors 

to predict the fatigue propagation life of adhesive joints. Abdel-Wahab et al. 49 

studied double lap and single lap joint specimens under constant amplitude loading. 

The joints were tested and modelled both with and without adhesive fillets. For joints 

with adhesive fillets, the predicted fatigue life was found to be very conservative 

because the crack initiation phase, which formed a large proportion of total fatigue 

life, was neglected. Hoyt et a1.50 applied a similar technique to analyse fatigue crack 

propagation in a skin-stiffener T -joint and a bonded single lap joint. Quaresimin et 

al. 51 have combined the VCCT for analyzing propagation life with a separate stress 

based crack initiation model to develop a total fatigue life analysis capability for 

bonded joints. Deobald et a1.52.53 have recently developed a new Virtual Crack 

Closure based technique, using specialized `interface elements' placed along 

potential delamination paths. Due to the very strong links with the Cohesive Zone 

Modelling approach subsequently described, a full description of this technique is 

referred to section 3.2.2. 
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Mesh density must be carefully chosen in both the VCCT procedures detailed 

above and the Cohesive Zone models subsequently described. Whilst a fine mesh is 

important for accurate strain energy release rate extraction, potential problems can 

arise from an oscillating singularity that occurs between bi-material interfaces for 

very small mesh sizes 54 

3.2.2 Cohesive Zone Modelling using Interface Elements 

Cohesive-Zone Models (CZM's) represent the variation in stresses (tractions) 

acting over the region of a crack known as the process zone, where the surfaces are 

separating. In finite element analysis, CZM's are implemented using interface 

elements, which are specialised elements that can simulate both crack initiation and 

propagation. Over recent years, they have become increasingly used for modelling 

composites, particularly in relation to delamination15,11,17 58 59,60,61 and adhesive bond- 

line failure 62,63,64,6s In a 3-D model, interface elements can take the form of either 

discrete elements, placed between initially coincident nodes, or continuum elements 

assigned with either zero or a very small initial thickness, as shown in Figure 3.14. 

Solid Interface Elements 

New Crack Tip 

P 
Discrete Interface 

Initial Crack Tip j 
Ild toil e Elements 

Sobd or discrete 
interface elements 

placed along potential 
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Discrete element 
placed between two 
initially coincident nodes 

Figure 3.14: Composite Delamination in a DCB using interface elements 

80 



CHAPTER 3 

Compared with the Virtual Crack Closure Technique, CZM's offer the 

following advantages: 

i) The potential to model both crack initiation and crack propagation in a single 

coherent simulation. 

ii) The direction of crack propagation does not need to be known in advance and 

cracks have the potential to propagate along any path where interface elements 

66 are placed 

iii) Multiple crack paths can be modelled simultaneously and unlike the VCCT, no 

complex algorithms are required to release initially coincident nodes and track 

the crack tip location and propagation direction. 

For the complex 3-D geometries and numerous potential crack paths 

applicable to structural joints, advantages (ii) and (iii) make Cohesive Zone 

Modelling a more attractive option than the Virtual Crack Closure Technique. In 

addition, whilst the present research focuses on fatigue crack propagation, the ability 

to later extend the model to incorporate initiation will enable a total fatigue life 

model to be developed. This will be of significant benefit in cases where it is not 

necessary to assume an initial pre-crack, for example, when a tapered adhesive fillet 

can be ensured and the initiation stage forms a significant portion of total fatigue life. 

For these reasons, the present research has focused on the development of a cohesive 

zone fatigue model. Before describing this in detail, background is provided on the 

principles behind cohesive zone modelling and current fatigue laws implemented by 

other authors using interface elements. 

An interface element's behaviour is governed by a traction-displacement 

curve, relating element stress (traction) to mode I (opening) and mode II (shear) 
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nodal displacements. For simplicity, the current examples relate only to mode I 

loading but traction-displacement curves for mode II and mixed mode loading will 

be fully detailed in the following chapter. Although a variety of geometric shapes 

can be used for the traction-displacement curve67, a bi-linear form is commonly 

implemented for modelling composite delamination (see Figure 3.15). This consists 

of the following main features: 

i) An initial elastic region until reaching a maximum stress (7ma. ), which 

represents the interfacial strength. 

ii) A subsequent softening region until zero stress is reached and element failure 

occurs. 

iii) The total area enclosed by the curve is equal to the fracture toughness of the 

material. 
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Figure 3.15: Main features of the bi-linear traction-displacement curve for pure mode I loading 

Ahead of a numerical crack tip, interface elements within the cohesive zone 

experience irreversible deformation (i. e. region 4-6f on the traction-displacement 

response shown in Figure 3.15). Figure 3.16 illustrates the development of this zone, 

using the example of a mode I DCB subject to a linearly increasing tip displacement. 
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Figure 3.16: Cohesive Zone Development in a mode I DCB 

As displacement initially increases, the interface element adjacent to the 

crack tip rapidly reaches its maximum interfacial strength and moves into the 

softening region of the traction-displacement response. As tip displacement increases 

further, adjacent elements also undergo irreversible deformation, allowing a cohesive 

zone length to be defined, over which stress increases up to the maximum interfacial 

strength some distance ahead of the crack tip. The cohesive zone reaches its 
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maximum, fully developed length, Lcz f, at the point where the crack tip interface 

element fails and the crack propagates. In developing a fatigue degradation law 

where interface element stress is degraded based on the applied cyclic load 

conditions, it is necessary to understand the effect of the law on all elements within 

the cohesive zone. This requirement will be fully addresses in subsequent chapters. 

It is important to draw a clear distinction between the true physical cohesive 

zone length, defined as the length over which irreversible damage processes occur 

ahead of a crack tip in the material and the numerical cohesive zone length, over 

which interface elements lie on the softening part of their traction-displacement 

response in the model. For an accurate numerical representation of the physical 

cohesive zone, the shape of the traction-displacement curve must reflect the stress 

distribution associated with damage mechanisms occurring ahead of the physical 

crack tip68. However, this stress distribution is very difficult to measure 

experimentally and if only a global analysis of the structure's load-displacement 

response is required, results are relatively insensitive to the exact shape of the 

traction-displacement curve, provided that the correct interfacial strength and 

fracture toughness are applied66. This explains why the bi-linear traction. 

displacement curve, which is geometrically, the most simple form to implement, has 

become commonly used for delamination analyses 39,60,61. Furthermore, once a crack 

has initiated in a structure and a cohesive zone exists, results are relatively 

insensitive to the exact value of interfacial strength and only the fracture toughness 

value is of critical importance66. It should, however, be noted that if significant 

plastic deformation occurs around the crack tip and a detailed analysis of this region 

is required, then the shape and interfacial strength of the traction-displacement curve 

are of increased importance. Shet and Chandra highlighted this by comparing bi- 
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linear, exponential and trapezoidal curves, demonstrating that the choice of shape 

significantly influences the plastic zone around the crack tip" 

Although the majority of interface element studies have focused purely on 

quasi-static failure cases, several techniques have been developed over recent years 

to extend their application to fatigue analyses. These generally involve the 

introduction of a fatigue damage variable into the interface element formulation, 

which degrades clement strength or stiffness based on the number of elapsed cycles. 

However, there is considerable variation in the damage variable function and the 

methods used to simulate cyclic loading. A brief overview is now provided to 

demonstrate potential approaches and challenges faced when implementing fatigue 

degradation laws in cohesive zone models. 

Roc and Siegmund`'' embedded a fatigue degradation law within an 

exponential form of the interface clement traction-displacement curve. As fatigue 

loading occurs, the accumulated strain within each interface element is monitored on 

a cycle-by-cycle basis and used to degrade the interface element stiffness until 

complete element failure occurs, as shown in Figure 3.17. 
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Figure 3.17: Siegmund's exponential traction-displacement curve (left) and the concept of a 

cycle-by-cycle approach to interface element stiffness degradation (right)64 
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Yang et al. 7° and Nguyen et al. 71 have also developed cohesive zone fatigue 

models that enable damage to occur on a cycle-by-cycle basis based on unloading- 

reloading hysteresis. Whilst tracking loading and unloading of each interface 

element using a cycle-by-cycle approach enables R-ratio and variable amplitude 

effects to be accounted for, it imposes a significant computational cost for modelling 

high cycle fatigue and is likely to be prohibitively expensive in large 3-D models. 

This problem can be remedied by adopting a cycle-jump strategy, which 

relies on maintaining a constant numerical load, whilst implementing a fatigue law 

that assumes the existence of cyclic loading, as shown in Figure 3.18. 

Load (P) 
A Numerically applied load 

L\T, AN 

Actual Cyclic 
Load 

Time (T) 

Figure 3.18: Cycle-Jump approach to numerical fatigue modelling 

Robinson et al. 72 have applied a cycle jump approach to model high-cycle 

fatigue delamination, using interface elements incorporating a bi-linear traction- 

displacement response. Interface element traction is degraded using a damage 

parameter, D, which includes both a quasi-static and fatigue damage component, as 

shown in Figure 3.19. 
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Figure 3.19: Effect of combined static and fatigue damage on the interface element response" 

The fatigue damage component is calculated based on a fatigue damage 

model originally proposed by Peerlings et al. 73 for use in a continuum damage 

mechanics framework. Robinson et al. 's model was able to successfully reproduce 

Paris Law curves, but only through calibrating the Peerlings damage model 

parameters against Paris Law parameters. Although work has recently been 

undertaken to improve the calibration procedure74, information has not been 

provided on how factors such as mesh density and interface element properties (e. g. 

maximum traction) affect this process. 

A limitation of the cohesive zone fatigue models so far discussed is that 

calibration factors with no clear physical meaning are required in order to reproduce 

Paris Law crack growth rates. Turon et al. 75,76 have recently developed a new fatigue 

damage law which aims to provide a direct link between model input parameters and 

the Paris Law. This relies on the ability to calculate the length of the numerical 

cohesive zone and as highlighted by their studies, further research is required to 

establish the most appropriate formulae for achieving this. A need also exists to 

investigate how an accurate value of strain energy release rate can be extracted from 
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elements within the cohesive zone, as shown in Figure 3.20. This requires an 

understanding of how the stress distribution within the non-linear cohesive zone 

relates to the strain energy release rate from a linear elastic fracture mechanics 

analysis. This is essential in preserving a clear link with the Paris curve, for which 

strain energy release rate is calculated based on the assumption of linear elasticity. 

Figure 3.20: Linking a cohesive zone model to the Paris Law 

Deobald et a!. 52 53 have recently developed an interface element fatigue 

model that avoids the need to include cohesive zone length within the damage 

formulation, hence overcoming the difficulties described above. The model uses 

specialised interface elements, capable of extracting strain energy release rate using 

VCCT principles. Hence, when an element lies adjacent to a numerical crack tip, a 

crack growth rate can be calculated using the Paris Law. The number of cycles 

required for the element to fail can then be calculated based on the element's area. 

This enables cracks to be incrementally advanced whilst counting the accumulated 

number of fatigue cycles. Unlike the previous VCCT methods discussed, the use of 
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interface elements enables a strength based initiation criterion to be included and 

cracks can propagate along any path where the elements are placed. However, an 

algorithm is still required to monitor the location of crack tip elements and 

incrementally delete these to advance the crack. This makes the method very 

computationally expensive to implement in complex 3-D models containing 

numerous crack fronts. Hence, a cohesive zone model, where a fatigue degradation 

law is embedded within the traction-displacement law of each individual interface 

element remains a more desirable approach for structural joints. 

3.2.3 Explicit and Implicit Solvers 

There are two main types of FE solvers that can be used to implement the 

above techniques; implicit and explicit. In both cases, Newton's Second Law of 

motion must be satisfied as force, velocity and displacement within the model vary 

with time. Ignoring damping, this can be expressed as: 

[M]{x}+[K]{x}= {f,,, } (Eqn. 3.13) 

where [M] and [K] are the system mass and stiffness matrices and {z}, {x} and If,. ) 

are the nodal accelerations, displacements and external force vectors respectively. In 

an implicit solution, global equilibrium is first achieved by iteration, following 

which local element variables are evaluated. Although this involves the formation 

and inversion of large matrices, the process is ideally suited to static or quasi-static 

analyses, where there is a requirement to converge on the final solution using the 

minimum number of load steps. 

An explicit analysis involves evaluating local variables directly without the 

need for global equilibrium calculations. Whilst the solution procedure is less 
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complex than for an implicit approach, very small time-steps are required to prevent 

significant numerical errors developing77. 

The VCCT numerical integration procedures discussed above can be more 

efficiently handled using implicit methods. This is because they involve performing 

a linear elastic static analysis for each discrete increment of crack extension. Using 

the cohesive zone approach, in which there is progressive crack extension as 

interface elements degrade and fail within a single continuous analysis run, the 

choice between implicit and explicit time integration becomes less clear. For quasi- 

static cohesive zone analyses using interface elements, several researchers have 

recently selected an explicit approach in order to avoid stability problems, such as 

snap-back and snap-through, commonly encountered in implicit analyses60,61,78 

However, to the author's knowledge, none of the existing cohesive zone fatigue 

models have been implemented using explicit time integration and the challenges of 

doing so are yet to be detailed. Addressing this need will also enable further 

enhancement of an interface element developed at the University of Bristol, for use 

within the explicit solver `LS-Dyna'. This has been successfully used to model 

quasi-static failure in notched composites61 and its formulation has recently been 

further developed to predict the effect of through-thickness compressive stress on 

delamination79. Extending its application to high-cycle fatigue will provide potential 

to model impact events, followed by subsequent fatigue failure, within a single 

coherent simulation. 

3.3 Summary of Fatigue Model Requirements 

The current chapter has highlighted the importance of the Paris Law for 

characterising fatigue delamination and bond-line failure in composite materials. For 
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this reason, it is vital that the final numerical fatigue model can be easily calibrated 

using Paris Law parameters from standard experimental tests. The Virtual Crack 

Closure Technique is a proven method for achieving this aim, allowing strain energy 

release rate and mode ratio to be directly extracted from the numerical model, hence 

providing a direct link with the Paris Law. However, this technique will only allow 

the crack to advance along pre-defined paths and complex algorithms are required to 

incrementally advance cracks by releasing initially coincident nodes. For complex 3- 

D geometries, which may contain numerous and curved crack fronts, Cohesive Zone 

Modelling using interface elements offers a more computationally efficient 

approach. This is because a fatigue damage formulation can be directly embedded 

within the traction-displacement response of each element, eliminating the need for a 

global algorithm to release initially coincident nodes and allow cracks to advance. In 

addition, cracks can grow along any path where interface elements are placed and the 

direction of propagation does not need to be known in advance. 

Existing interface element fatigue models have demonstrated promising 

results, but have highlighted the need for an improved knowledge of the length, 

stress distribution and extraction of strain energy release rate from the cohesive zone. 

This is essential in preserving a direct link between the Paris Law and input 

parameters for the numerical fatigue model. The subsequent research aims to provide 

a detailed understanding of the cohesive zone, before using this to develop a new 

interface element fatigue degradation model. The work is performed using the 

explicit finite element solver 'LS-Dyna', allowing the development of interface 

elements previously used for quasi-static analyses at the University of Bristol. Use of 

an explicit code is ideally suited to modelling impact and subsequent fatigue loading 
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within a single coherent simulation and can avoid stability problems, such as snap- 

back and snap-through, commonly encountered in implicit analyses. 
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4. The Numerical Cohesive Zone: A Detailed Analysis 

4.1 Introduction 

The previous chapter introduced the concept of a cohesive zone and 

demonstrated the development of this zone for a DCB under pure model I loading. It 

also highlighted the importance of extracting strain energy release rate from the 

cohesive zone, in order to provide a direct link between the numerical fatigue model 

and the Paris Law. Based on a detailed investigation of cohesive zone development, 

which has also been presented in the international journal, Engineering Fracture 

Mechanics80, the current chapter demonstrates how this can be achieved by 

integrating the traction-displacement response of interface elements directly adjacent 

to the crack tip. The accuracy of strain energy release rate values obtained is highly 

dependent on having a minimum number of elements within the fully developed 

cohesive zone length. Consequently, predictive formulae for cohesive length are 

required in order to design a finite element mesh that achieves the correct balance 

between ensuring accurate results, whilst minimising computational expense. As will 

be shown in the following chapter, the need for such formulae is strengthened by the 

inclusion of cohesive zone length in the fatigue degradation law. It is shown that 

there is no clearly established technique for predicting cohesive zone length and 

significant work remains to refine the accuracy of existing methods. Details are 

provided of initial work undertaken to achieve this aim and recommendations 

provided concerning future development. The studies conducted have used the bi- 

linear interface element formulation developed at the University of Bristol and 

before presenting a detailed analysis of the cohesive zone, a brief overview of this 

formulation is provided. 

93 



CHAPTER 4 

4.2 Interface Element Formulation 

The interface elements used for this research take the form of solid 

hexahedral elements with a small initial thickness, which are governed by a bi-linear 

constitutive law. This was developed from the University of Bristol's discrete 

interface element formulation, which has been successfully implemented to model 

both matrix cracking and delamination within notched composites using the explicit 

finite element code `LS-Dyna'6'' . 

The formulation can be illustrated using a single three-dimensional map by 

representing the normal opening mode (mode I) on the 0-6- 6no,,, plane, and the 

transverse shear mode (mode II) on the 0-6- 8shear plane, as shown in Figure 4.1. 

The triangles 0-6, 
mom. - 45,, f and 0-6,, 

,,, - i511, f are the bi-linear responses in 

pure opening mode and in pure shear mode respectively. Any point on the 0- 

- Sshear plane represents a mixed-mode relative displacement. 
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Figure 4.1: The bi-linear mixed mode softening law 
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The mixed mode damage onset displacement, 8rn,,, and interfacial strength, 

are calculated using a quadratic damage onset criterion: 

22 

max(o,, 0) 
+ 6" 

=1 (Eqn. 4.1) 

The mixed mode failure displacement corresponding to complete decohesion is 

calculated using the following power law failure criterion: 

(Gy+ G" a 
=1 G1c G'nc 

(Eqn. 4.2) 

where ae (1.0 - 2.0) is an empirical parameter derived from mixed-mode tests, 

G, c and G�c are critical energy release rates for pure mode I (opening) and pure 

mode II (shear) respectively. A value of a=1 has been assumed in all the numerical 

studies presented within this thesis. Equation (4.2) allows the fully debonded locus, 

represented by the relative displacement corresponding to complete interface 

failure, 45., f , to be determined (see Figure 4.1). 

4.3 Benchmark Applicatons 

The baseline specimen geometry, laminate properties and interfacial 

properties used for the following investigation of cohesive zone development are as 

specified in Table 4.1 and Figure 4.2. These properties are based on experimental 

data for HTA/6376C41, which has been used by numerous researchers to conduct 

numerical delamination analyses under both static78'81 and fatigue loading72.75. 

Cohesive zone development has been investigated under mode I, mode II and mixed 

mode loading, using the DCB, 3 Point End Notched Flexure (3ENF) and Fixed Ratio 

Mixed Mode (FRMM) specimens respectively. The details of each model, including 
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boundary conditions and properties of the numerical interface are shown in Figure 

4.3. It should be noted that the mode II interfacial strength of 60MPa is significantly 

higher than that of 30MPa72'75 and 40MPa78'81 applied by previous authors. As fully 

discussed in reference [80], this is necessary to perform an accurate quasi-static load- 

displacement analysis of the 3ENF and FRMM specimens. 

Mass-scaling was applied to maintain reasonable computational run times of 

a few hours and a global damping factor of 5 was applied to remove high frequency 

oscillations. Accurate results were maintained by ensuring that the kinetic and 

damping energy remained negligible compared to the strain energy absorbed by the 

specimen. 

Table 4.1: Material Properties for HTA6376/C 

Laminate Properties Interfacial Properties 

Ell (MPa) 120,000 G« (N/mm) 0.26 

E22 = E33 (MPa) 10,500 G»c (N/mm) 1.002 

G12 = G, 3 (MPa) 5,250 QJ, mar (MPa) 30 

G23 (GPa) 3,480 all, � (MPa) 60 

V12 = v13 0.3 K1 (N/mm3) lx 105 

V23 0.51 KIj (N/mm3) 1x 105 

3 

2h = 3.1 mm 

a. = 35mm 
B= 20mm 

L= 150mm 

Figure 4.2: Specimen Geometry 
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Figure 4.3: Finite Element models of benchmark specimens 
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4.4 Cohesive Zone Development and Strain Energy Release Rate Extraction 

By highlighting the nature of cohesive zone development under both pure 

mode UII and mixed mode loading, the following section demonstrates the ability to 

extract strain energy release rate by integrating the traction-displacement response of 

crack tip interface elements. Numerical results are compared with analytical values 

from corrected beam theory, which assumes a linear elastic response and uses a 

correction factor to account for shear deformation and local deformations around the 

crack tip (see Appendix A for details of calculations). Figure 4.4 illustrates how the 

analytical global load-displacement response relates to the analytical crack tip strain 

energy release rate in a mode I DCB. Similar trends apply for the mode II 3ENF and 

FRMM specimens. 
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Figure 4.4: Analytical Load-Displacement and Crack Tip Strain Energy Release Rate curves for 

the mode I DCB 
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Although the development of a cohesive zone violates the assumption of 

linear elasticity, investigating the nature of cohesive zone development revealed that 

integrating the traction-displacement response of a crack tip interface element 

provides a reasonably close match to the strain energy release rate from corrected 

beam theory. This technique is demonstrated in Figure 4.5, again using the example 

of the DCB under a linearly increasing displacement. 
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Figure 4.5: Strain Energy Release Rate Extraction 
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At the point at which the crack tip element fails, the cohesive zone reaches its 

fully developed length, Lczf The number of interface elements that exist within this 

fully developed cohesive zone length, defined throughout this thesis as the ratio 

LczjLei, where Lei is the element length in the direction of crack propagation, has a 

very strong influence on the accuracy of strain energy release rate extraction. This is 

demonstrated in Figure 4.6 and Figure 4.7, using results gained for the mode I DCB 

and mode II 3ENF respectively, under linearly increasing displacements. In order to 

present results for both the mode I DCB and mode II 3ENF using a similar cohesive 

zone length, the mode II interfacial strength was raised from its baseline value of 

60MPa to 120MPa. This will be explained in Section 4.3, which presents a detailed 

analysis of the factors such as interfacial strength affecting cohesive zone length. It 

is evident that a significantly finer mesh is required for accurate strain energy release 

rate extraction than is required for a global load-displacement analysis. A more 

detailed investigation of the number of elements required within the cohesive zone is 

deferred until the following chapter, where it relates directly to implementation of 

the fatigue law. However, it is important to highlight its importance at this stage, as 

background to work presented later in this chapter concerning the development of 

predictive formulae for cohesive zone length. 
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For mixed mode loading, it is important to demonstrate additional features of 

cohesive zone development which are not apparent for pure mode UII load cases and 

have a significant influence on the accurate extraction of strain energy release rate. 

Consider an interface element at the initial crack tip in a FRMM specimen. As load 

is applied, its interfacial strength is rapidly reached due to the crack tip stress 

concentration and the element moves onto the softening region of the traction- 

displacement response. At this stage, there is no cohesive zone behind the element 

and the mode ratio shows close agreement with that predicted by corrected beam 

theory. As loading continues, the element gradually accumulates damage and more 

elements move into the softening region of their traction-displacement response, 

allowing the cohesive zone to form. The crack tip element experiences a gradual 

change in mode ratio whilst this occurs; becoming increasingly mode I dominated, as 

shown by Figure 4.8. When the crack tip element fails and a fully developed 

cohesive zone has formed, there is a continuous variation in mode ratio along its 

length. The crack tip element experiences predominantly mode I loading, whereas 

the element at the rear of the zone experiences predominantly mode II loading. The 

cohesive zone remains at its fully developed length as the crack advances and 

interface elements now show an identical traction-displacement response, in which 

they enter the cohesive zone under predominantly mode II loading and fail under 

predominantly mode I loading (see Figure 4.9). 
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It is important to emphasise that the traction-displacement response of 

elements entering the fully developed cohesive zone is significantly different to that 

of the initial crack tip element before the cohesive zone forms. These trends are of 

significant importance to the extraction of strain energy release rate and mode ratio 

from the cohesive zone, and potential techniques for achieving these aims are now 

discussed. For the numerical FRMM model, the cohesive zone stress distribution at 

the point of initial crack tip element failure is as shown in Figure 4.10 for a fine 

mesh (0.125mm element length). This also highlights the change in the traction- 

displacement response of interface elements as the cohesive zone develops. 
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Once the cohesive zone is fully developed (in this case, for elements 13 

onwards), the mode ratio of the traction-displacement response remains fixed, with 

elements experiencing predominantly mode II loading at damage initiation and 

predominantly mode I loading at final failure. Figure 4.11 presents a detailed 

comparison of the traction-displacement response of the initial crack tip element 

(element 1) with the first element to enter the fully developed cohesive zone as the 

crack begins to advance (element 13). These are compared with the traction- 

displacement curve for a fixed mode ratio of G1/G11 -4/3, the analytical linear elastic 

value for the FRMM (denoted `Fixed Mode Ratio' in Figure 4.11). It is evident that 

whilst the traction-displacement response of the initial crack tip element (element 1) 

at first shows close agreement with the analytical linear elastic response, its mode- 

ratio becomes increasingly mode I dominated during damage development. For 

element 13, the first element to enter the fully developed cohesive zone, the traction- 

displacement response is initially mode II dominated, but again, there is a gradual 

increase in mode I loading during damage development. The element fails at a very 

similar mode-ratio to that of element 1. 
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These trends can be explained by analysing the energy absorbed as the 

cohesive zone develops. Prior to doing so, it is important to define the exact 

technique that must be used for accurate strain energy release rate extraction. Under 

pure mode UII loading, there is no variation in mode-ratio and strain energy release 

rate can be extracted either by performing an incremental integration procedure after 

each time-step, or by integrating the instantaneous traction-displacement response 

(the difference between these two techniques is clarified in Figure 4.12). However, 

for mixed-mode load cases, where a variation in mode-ratio occurs as the element 

fails, these two techniques yield significantly different results (see Figure 4.12) and 

as will now be demonstrated, only the incremental integration procedure enables an 

accurate strain energy release rate to be extracted. 
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Figure 4.13 presents a comparison of results gained using the two integration 

techniques for the FRMM specimen. If only the initial crack tip element is 

considered, similar results are obtained using each technique, since this element 

experiences a relatively small change in mode ratio during damage development. 

Before a significant cohesive zone develops behind the initial crack tip element, the 

mode ratio shows close agreement with the analytical linear elastic value. Therefore, 

the numerical strain energy release rate results initially show reasonable agreement 

with corrected beam theory. As the cohesive zone develops, the crack tip element 

experiences an increasing GIIG11 ratio. For both integration techniques, this results in 

a significantly lower total Gc value calculated by the model relative to the analytical 

solution from corrected beam theory. Elements behind the initial crack tip element 

show a far more significant variation in mode ratio during damage development (see 
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Figure 4.10 and Figure 4.11) and this explains the large difference in results gained 

using the two integration techniques. Only the incremental integration procedure 

correctly accounts for the total energy absorbed by each interface element and once 

the cohesive zone is fully developed (element 13 onwards), this shows close 

agreement with the analytical Gc. This explains why the numerical load- 

displacement curve exhibits a close match to the analytical load-displacement curve, 

as shown previously in Figure 4.10. 
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4.5 Predictive Formulae for Cohesive Zone Length 

The previous section has highlighted the importance of having a minimum 

number of interface elements within the cohesive zone for accurate strain energy 

release rate extraction. This necessitates having predictive formulae for cohesive 

zone length, in order to ensure that the correct balance is achieved between ensuring 

accurate results whilst minimising computational expense. As will be shown in the 

following chapter, cohesive zone length is also an important parameter within the 

fatigue degradation law. Following a brief review of existing methods used to predict 

cohesive zone length and an explanation of why these are inadequate, progress made 

in developing improved predictive formulae is now discussed. 

When pioneering the use of cohesive zone models in finite element analyses 

of crack formation and growth in concretes, Hillerborg et a1.82 presented a 

characteristic length parameter (ich) for isotropic materials, which is a material 

property given by the following equation: 

Gc 
loh=Eý 

ý2 mat 

(Eqn. 4.3) 

For the analysis of crack growth in orthotropic materials, modified versions of 

equation (1) have been developed, which for mode I and mode II loading are given 

by66,83: 

loh., = E, 
GIc 

2 (Eqn. 4.4a) 

lch, l! = Eil 
GlIc 

12 (Eqn. 4.4b) (aU. 
mar 
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where E' is an equivalent elastic modulus (MPa) for orthotropic materials, whose 

value depends on the material's longitudinal modulus, transverse modulus, shear 

modulus, depth and whether plane stress or plane strain conditions exist66. This 

replaces the isotropic elastic modulus in equation (4.3). The procedure for 

calculating E' is provided in Appendix B. 

Values equal to or close to the characteristic length have since been 

suggested by several authors66°83,84 for predicting the fully developed numerical 

cohesive zone length, Lcaf, and hence, required mesh density, in finite element 

analyses. The present study highlights that the characteristic length can significantly 

over-predict the maximum numerical cohesive zone length. This finding is consistent 

with existing analytical solutions for cohesive zone length. For example, Planas and 

Elices85 have compared fully developed cohesive zone lengths in remotely loaded, 

isotropic, infinite bodies resulting from rectilinear, linear and exponential softening 

traction-displacement laws. They found the cohesive zone length to be given by (it/8) 

loh, 0.731 Iah and 2.92 ley for rectilinear, linear and exponential softening laws 

respectively. This strong dependence of cohesive zone length on traction- 

displacement curve shape has also been shown by Smith86, who developed closed 

form cohesive zone length solutions for a range of power law curves. One of these 

curves was a close approximation of the linear softening law and similar results to 

those of Planas and Elices were gained. 

There are several significant differences between these analytical solutions 

for cohesive zone length and the present numerical study. All the examples quoted 

are based on the development of cracks in isotropic materials, but as highlighted by 

Yang et aL83'83 and shown by the calculation procedure for E' in equations (4.4a) and 

(4.4b), when analysing cohesive zone length in orthotropic materials, the elastic 

114 



CHAPTER 4 

modulus in the characteristic length equation becomes a function of the material's 

longitudinal modulus, transverse modulus, shear modulus, depth and plane stress or 

plane strain conditions. In Turon et al. 's previous study84, the value of E' was 

assumed equal to the transverse modulus when predicting cohesive zone length. The 

present study highlights the importance of including the additional parameters listed 

above in the calculation of cohesive zone length for orthotropic materials. 

Furthermore, the analytical traction-displacement curves discussed above 

prescribe maximum cohesive traction at zero crack opening displacement. However, 

when implementing a cohesive zone law in a numerical model, it is necessary to 

have an initial rising part of the traction-displacement curve, which is generally 

taken as linear to simulate the elastic response of the interface until the point of 

damage initiation. 

Finally, the above analytical solutions are for infinite bodies, where material 

depth has no influence on cohesive zone length. For analysis of composite 

delamination and bond-line failure, it is critical that the effects of specimen thickness 

on cohesive zone length are studied, due to the slender nature of typical laminates. 

Williams and Hadavinia87 conducted an analytical investigation of cohesive zone 

models applied to a slender DCB specimen, incorporating a range of traction- 

displacement laws. Their work was motivated by developing analytical solutions for 

the equivalent crack length in a purely elastic material, as opposed to the length of 

the cohesive zone. Based on previous studies of crack bridging models88'89, Cox and 

Yang proposed modified forms of the characteristic length equations for infinite 

bodies, which they suggest should be used for estimating cohesive zone length in 

slender laminates, with centred cracks, under mode I and mode II loading 

respectively66: 
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/ 
43 C'ic 

e lch, 
slender, I 

= E, 
/ )2 

h 

l ýI, 
max 

(4.5a) 

'ch. 
slender. l, _', ýslender 2h 

(4.5b) 
(ýi,., 

nax 

where h is the laminate half-thickness and E'JIsle�de, is a mode II equivalent elastic 

modulus for a slender body, which takes a different form to that used in equation 

(4.4b) (see Appendix B). The mode I equivalent elastic modulus takes the same form 

as that used in equation (4.4a). These formulae are based on the assumption that the 

characteristic length parameter, loh, provides an accurate prediction of cohesive zone 

length in an infinite body, which as previously discussed, is not necessarily the case. 

In addition, no guidance is provided concerning what constitutes a slender laminate. 

No numerical studies have been presented to validate the accuracy of 

equations (4.4) and (4.5) across a range of material properties, structural geometries 

and load conditions. The present investigation addresses this need by investigating 

whether these equations are applicable to numerical cohesive zone lengths and under 

what conditions each formula provides the greatest level of accuracy. 

Figure 4.14 shows the effects on Lczfof independently varying E', Gc, a,,,,, 

and h for the benchmark HTA6376/C mode I, DCB model, using a consistent 

element length of 0.125mm. (N. B. As shown in Appendix B, E' is influenced by Ell, 

E33 and G13, therefore, each of these parameters has been independently varied). Due 

to the uncertainties surrounding the accuracy of existing predictive formulae 

highlighted in the introduction, a scaling factor, M, has been applied to equations 

(4.4) and (4.5), to try and identify the best fit to numerical results. 
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When comparing the numerical results with equations (4.4a) and (4.5a) (i. e. 

the characteristic cohesive zone lengths, lch. I and lýh, slende., l, in infinite and slender 

bodies respectively), it was apparent that both formulae significantly over-predict the 

numerical cohesive zone length. As a result, using these formulae for mesh design 

risks the application of a mesh that is too coarse to accurately extract crack tip strain 

energy release rate. It was identified that applying M= 0.5 to equation (4.5a), which 

accounts for the influence of specimen depth, provides a reasonable and generally 

conservative correlation with the numerical results across most of the parameter 

ranges investigated. In cases where material properties result in a very short cohesive 

zone length (e. g. high interfacial strength, low shear modulus, low transverse 

modulus), equation (4.4a), which takes no account of structural depth, begins to 

exhibit a closer match to the numerical results. Again, it is necessary to use M= 0.5 

in order to gain a close match with the numerical results. It is apparent that this value 

falls between the analytical solutions for cohesive zone lengths in infinite bodies of 

M= Td8 and M=0.731, for rectilinear and linear softening traction-displacement 

laws respectively85. Equations (4.4a) and (4.5a), with a scaling factor of M=0.5 

applied, have been plotted on Figure 4.14 to highlight the trends discussed. 
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Figure 4.14: Effect of material properties and depth on mode I cohesive zone length for the 

HTA6376/C benchmark DCB model 

Very similar observations can be made for the mode II cohesive zone length 

results shown in Figure 4.15, for an element length of 0.25mm. Again, equation 

(4.5b), which accounts for structural depth, generally provides the best correlation 

with numerical results, but it is necessary to apply M=0.5 to gain a close match. 

Previous work by Massabo and Cox89 has shown that the equivalent mode II 

modulus in the characteristic length equation for slender bodies, E'//�gender takes the 

same value as the longitudinal modulus, Ell, and is influenced by no other elastic 
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moduli. However, the cohesive zone length in the 3ENF specimen is seen to increase 

from a value of 3mm for a shear modulus, G13, of 1000MPa to 4.3mm for a shear 

modulus, G13, of 7000MPa. Therefore, whilst the influence of shear modulus is 

relatively weak compared to that of longitudinal modulus, it cannot be neglected. 

This highlights the difficulty in drawing a clear distinction between what constitutes 

a slender or infinite body. Relative to the mode I load case, the cohesive zone lengths 

for mode II are significantly longer. As suggested by previous authors66, this 

highlights that for typical composite material properties, it will generally be the 

mode I cohesive zone length that dictates the minimum mesh density. 

119 



CHAPTER 4 

8 

7 

6 

E5 
E 

J3 

2 

n 
0 0.5 611c(N/mm 2 2.5 50 60 70 86 

(MPa)00 
110 120 130 

8 

7 

6 

E5 

a 
03 

2 

0 

0.5 

8 

7 

6 
E5 
E4 

j3 J 
2 

0 

0 

8 
7 

............ "........... 6 
E5 

4 
"v3 

2 

0 

1 1.5 2 2.5 
0 

h (mm) 

8, 

7 

6 
E5 

4-- 

J3 
2 

1 

0 -- 

8 

7 

6 
E5 
E4 

v3 
J 

2 

0 2000 4000 6000 8000 

G, 3 (MPa) 

Numerical ----L,, ,=0.5 Eqn 
. (4.4b) L,, 

,=0.5Egn. (4.5h) 

Figure 4.15: Effect of material properties and depth on mode 11 cohesive zone length for the 

HTA/6376C benchmark 3ENF model 

In order to investigate the accuracy of equations (4.4) and (4.5) in situations 

where the structural depth has a less significant influence, an additional mode I DCB 

model was created, using the specimen geometry and material properties shown in 

table 2. This is based on data provided in reference [84] for a T300/977-2 specimen, 

which has a significantly increased mode I fracture toughness, G, (- (+74%), 

interfacial strength, (+200%), specimen depth, h (+32%), initial crack length, 
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ao (+57%), and longitudinal modulus, Ell (+25%), relative to the HTA/6376C 

specimen. A consistent element length of 0.125mm was again used. 

Table 4.2: Material and geometric properties for T3001977-2 DCB model 

Laminate Properties Interfacial Properties 

E» (MPa) 150,000 Gic (N/mm) 0.352 

E22 = E33 (MPa) 11,000 Qfmar (MPa) 60 

G12 = G13 (MPa) 6,000 GJ1c (N/mm) 1.002 

G23 (MPa) 3,700 QIJ max (MPa) 60 

v12 = v13 0.3 K1 (N/mm) lx 105 

vI3 0.51 Kjj (N/mm3) lx 105 

Geometric Properties 

X (MM) 150 h (mm) 1.98 

ao(mm) 55 B (mm) 20 

(N. B. The Poisson ratios (v12, v13, v23), mode II interfacial properties (G»c, Climax, Kjj) 

and mode I interfacial stiffness (KI) shown in table 2 are identical to those applied 

for the HTA/6376C specimen. All other properties are consistent with those shown 

in reference [84] for a T300/977-2 mode I DCB specimen. ) 

Figure 4.16 highlights that for these material properties, the specimen depth 

has a much less significant influence across the range of parameters investigated and 

equation (4.4a) frequently gives a more accurate prediction of numerical cohesive 

zone length than equation (4.5a). Again, it is necessary to apply M=0.5 to gain a 

close match to the numerical results. Only for cases where the variation of a material 

property significantly extends the cohesive zone length, such as reduced interfacial 

strength or increased fracture toughness, does equation (4.5a) provide the best 
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correlation. It is always the minimum of the two analytical values, provided by 

equations (4.4a) and (4.5a) respectively, which provides the closest match to 

numerical results. 
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T300/977-2 DCB model 

The cohesive zone length results for both the mode I and mode II load cases 

suggest that a reasonable match to the numerical results is generally obtained by 

applying M= 0.5 to the minimum value from equations (4.4) and (4.5). Further work 
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remains to investigate appropriate values of M for alternative traction-displacement 

laws and for a wider range of crack lengths and structural geometries. The following 

chapter will demonstrate why predictive formulae for cohesive zone length are 

essential both for initial mesh design and refinement of the fatigue degradation law, 

which includes cohesive zone length within its formulation. 
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5. Fatigue Model Development and Implementation 

5.1 Introduction 

The previous chapter has indicated that it is possible to gain an accurate value 

of crack tip strain energy release rate by integrating the traction-displacement 

response of the element directly adjacent to the numerical crack tip. This gives 

potential to develop a fatigue degradation law which uses the 'extracted strain energy 

release rate to enable a rate of element failure and crack propagation based on the 

Paris law. There are several significant challenges that must be addressed in 

allowing this to occur: 

1. Simulating cyclic loading within the explicit finite element code LS-Dyna. 

2. Defining a minimum required mesh density in order to extract an accurate strain 

energy release rate value. This is found to be dependent on the length of the 

cohesive zone, which will be discussed at length in section 5.4. The results 

presented extend the author's previous work8° to define the minimum number of 

interface elements required within the cohesive zone for an accurate global load- 

displacement analysis. 

3. Implementing a fatigue degradation law that is insensitive to mesh density and 

the number of elements within the cohesive zone once an accurate strain energy 

release rate is extracted. Due to the desire to implement the fatigue law in 

complex structural geometries, which may have numerous crack fronts, this 

must be possible without the computational expense of crack path following 

algorithms. 

Progress made in developing an interface element fatigue degradation algorithm 

which addresses these challenges is now detailed. 
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5.2 Benchmark Models 

The fatigue algorithm is developed under mode I, mode II and mixed mode 

loading and validated using a DCB, 4 point ENF and mixed mode specimen in which 

G1= G». These specific specimens were selected for two reasons; they enable results 

gained to be compared with those of previous authors72,75 and in each case, load can 

be applied in a manner that provides a constant crack tip strain energy release rate 

independent of crack length. 

For the mode I DCB, a constant crack tip strain energy release rate is 

achieved by applying a moment, M, to the cantilever tips, as shown in Figure 5.1(a). 

The magnitude of the strain energy release rate, G1, is given by72: 

__ 
M G1 
BEI 

(Egn. 5.1) 

For the mode II 4ENF, 

= 
3P2c2 

G" 
16BEI 

(Egn. 5.2) 

where P and c are the load and length defined in Figure 5.1(b). For the mixed mode 

case, an identical model to the mode I DCB is used but it is necessary to apply 

moments of different magnitudes to the two cantilever tips to achieve a mode-ratio 

of 50%, as shown in Figure 5.1(c). The ratio between the two applied moments, p, is 

given by: 

P= 2 (Eqn. 5.3) 
1+ 

2 

The strain energy release rates are given by: 
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G, = GI, =32 (Eqn. 5.4) IE 3 
4 1+ 

2 

The baseline geometry and material properties (HTA/6376C carbon/epoxy) for the 

specimens are consistent with those used for the cohesive zone length studies in 

chapter 4 (refer to figure 4.2 and table 4.1). 
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Figure 5.1: Benchmark Models used for Fatigue Law Development 
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Fatigue properties for HTA/6376C are as shown in Table 5.1 and apply to the 

Paris Law being implemented in the form: 

Oa 
= CAGt (Eqn. 5.5) 

aN 

For this particular study, the model developed by Blanco et a!. 46 is used to calculate 

Paris Law constants for the mixed mode load case, hence the need for the mixed 

mode coefficients, C. and m,,,, specified in Table 5.1. As previously discussed in 

chapter 3, these can be used to calculate Paris Law coefficients for any mixed mode 

load case using: 

i 
log C= log C, + 

%L]log 
,�+ 

log C'1 
(Eqn. 5.6) 

, GT CmC, 

2 

m=m, + mm 
G° 

+ (mQ - m, - mm) 
GI, 

(Eqn. 5.7) 
GT GT 

where GT, GI and Gil are the total, mode I and mode II strain energy release rates 

respectively, which are extracted from the interface element traction-displacement 

response, as previously detailed in chapter 4, section 4.4. 

Table 5.1: Fatigue Properties of HTA/6376C46 

C! 

(mm/cycle)(N/mm)-m 

CI! 

(mm/cycle)(N/mm)"m 

Cm 

(mm/cycle)(N/mm)"m 

2.1 0.12 436000 

mi mtt mm 

5.09 4.38 5.48 
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By substituting the mixed mode coefficients, Cm and mm, into equations (5.8) and 

(5.9) respectively, the theoretical Paris Law coefficients for a mode ratio of 50% (GI 

= Gij) are found to be Cso = 26.38 (mm/cycle)(N/mm)' and mso = 6.28. It is 

important to note that since the fatigue algorithm developed is directly related to the 

Paris Law through the extraction of strain energy release rate, an alternative Paris 

Law model can easily be implemented by modifying the section of the code where 

the Paris Law constants are calculated. This will be demonstrated in the following 

chapter on Fatigue Law Applications. 

5.3 Mesh Design for Fatigue Law Application 

Before development of the fatigue damage algorithm can occur, there is a 

need to define the minimum mesh density required for an accurate value of strain 

energy release rate to be extracted from crack tip interface elements. This study is 

now performed by applying a linearly increasing load to the benchmark specimens 

detailed above. Load control is used for consistency with the fatigue simulations 

subsequently presented. In each case, the theoretical relationship between applied 

load and crack tip strain energy release rate (equations (5.3), (5.4) and (5.6)) is 

compared with numerical results from integrating the traction-displacement response 

of the crack tip interface element. As shown in Figure 5.2, the principles of this 

process are identical to those discussed in chapter 4, where specimens were subject 

to a linearly increasing displacement. The only difference is that under a linearly 

increasing load, there is no stable propagation phase and instantaneous failure occurs 

once the critical propagation load is exceeded. Results are presented for various 

mesh densities and are discussed in relation to the number of elements within the 

fully developed cohesive zone length at the point of initial crack propagation, LIZ f 
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For the mode I DCB, strain energy release rate extraction is compared for 

element lengths of 0.125mm, 0.25mm and 0.5mm at mode I interfacial strengths of 

30MPa (baseline value) and 15MPa. Two different interfacial strengths are used to 

investigate whether the minimum number of interface elements required within the 

fully developed cohesive zone for accurate strain energy release rate extraction 

remains consistent regardless of its length. As shown in chapter 4, interfacial 

strengths of 30MPa and 15MPa result in fully developed cohesive zone lengths, Lcz f, 

of 1.2mm and 2.4mm respectively. For a maximum interfacial strength of 30MPa, it 

is evident from Figure 5.3(a) that a very fine mesh, with an element length of 

0.125mm, is required to extract a strain energy release rate which shows reasonable 

agreement with the analytical solution. This corresponds with 9.6 interface elements 

within the fully developed cohesive zone length of 1.2mm. For a reduced interfacial 

strength of 15MPa, the longer cohesive zone length allows an accurate strain energy 

release rate to be extracted using a much coarser mesh. However, it again appears 

that approximately 10 elements should be present within the fully developed 

cohesive zone for reasonable accuracy. 
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Figure 5.4 shows strain energy release rate extraction results for the mode II 

4 point ENF, using the same range of element lengths. The specimen has a fully 

developed cohesive zone length of 4.1 mm, which is significantly greater than that for 

the mode I DCB. For element lengths of 0.125mm and 0.25mm, giving 32.8 and 

16.4 elements within the fully developed cohesive zone respectively, the strain 

energy release rate extracted from the crack tip interface element shows reasonable 

agreement with the analytical solution. With element length increased to 0.5mm, 

giving 8.2 elements within the fully developed cohesive zone, accuracy is reduced 

relative to the shorter element lengths. These results appear to support those for 

mode I loading, suggesting that at least 10 elements should be present within the 

fully developed cohesive zone for a reasonably accurate strain energy release rate to 

be extracted. 
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Figure 5.4: Mode II strain energy release rate extraction from crack tip element 
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Figure 5.5 shows the total strain energy release rate, GT, extracted from the 

crack tip interface element in the mixed mode specimen, again using the same range 

of element lengths. For the shortest element length of 0.125mm (12.8 elements 

within the fully developed cohesive zone length of 1.6mm), the integrated Gr 

extracted from 14 interface elements behind the initial crack tip element are also 

displayed, to emphasise that the total integrated strain energy release rate at failure 

only matches the analytical fracture toughness, Gc, once the cohesive zone is fully 

developed. This is due to the variation in mode ratio that elements experience during 

damage development, as detailed in chapter 4, section 4.4. Despite this characteristic, 

the integrated GTvalue extracted from the initial crack tip interface element exhibits 

reasonable agreement with the analytical solution until its point of failure at 85% of 

the analytical Gc. Since this is significantly greater than an allowable crack tip strain 

energy release rate under high-cycle fatigue loading, the application of a fatigue 

degradation law based on strain energy release rate extraction from the crack tip 

element is not prohibited. With element length increased to 0.25mm, giving 6.4 

elements within the fully developed cohesive zone, only a minor reduction in the 

accuracy of strain energy release rate extraction occurs. Increasing element length 

further to 0.5mm, providing only 2.2 elements within the fully developed cohesive 

zone, results in a significant reduction in accuracy. 

Therefore, in order to ensure that a reasonably accurate strain energy release 

rate is extracted from the crack tip interface element regardless of mode-ratio, it 

appears necessary to ensure that at least 10 interface elements are present within the 

fully developed cohesive zone length. 
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Figure 5.5: Mixed Mode strain energy release rate extraction (G1=G1I specimen) 

For mixed mode load cases, it is also necessary to analyse the separate mode 

I and mode II components of strain energy release rate in order to calculate the 

required rate of crack advance using the Paris Law model. Figure 5.6 displays the 

integrated GI and Gil strain energy release rate components extracted from the mixed 

mode specimen's crack tip element for the three distinct element lengths. For 

consistency with Figure 5.5, G, and Gn components for the 14 elements behind the 

initial crack tip element are also shown for the shortest clement length of 0.125mm. 

This again highlights that it is only when the cohesive zone has become fully 

developed that the integrated GI(- and G11c values exhibit reasonable agreement with 

the analytical solutions. For the crack tip element, the mode I strain energy release 

rate extracted from the model becomes increasingly greater than the analytical 

solution as damage development occurs. The opposite trend is true for mode 11 strain 
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Initial crack 
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energy release rate. As detailed in chapter 4, section 4.4, these trends can be 

attributed to the variation in mode-ratio that occurs across the cohesive zone. 

Although further investigation is required to analyse these effects with the fatigue 

law active, it is important to emphasise their potential impact on the accuracy of both 

strain energy release rate and mode-ratio extraction from the cohesive zone. 
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In summary, the results presented suggest that in order to extract a reasonably 

accurate value of strain energy release rate from the crack tip element, the mesh 

density should be such that a minimum of ten elements exist within the fully 

developed cohesive zone. Combining these results with the predictive formulae 

developed for cohesive zone length in chapter 4, section 4.4, the proposed mesh 

design strategy for a general mixed mode load case, when using a bi-linear traction- 

displacement law, is as follows: 

i) Predict the minimum possible length of the fully developed cohesive zone, 

Lczfpredicted, using the formula, 

Lcz, r, predicted 
= O. 5[min(Eqn. 4.4(a), 4.4(b), 4.5(a), 4.5(b))] Eqn. (5.8) 

Based on the cohesive zone length results presented in chapter 4, figures 4.14 to 

4.16, the only case where this formula risks providing a significant over-prediction 

of cohesive zone length is when the transverse modulus, E33, has a value above 

12,000MPa. This is apparent from figure 4.16, where the numerical cohesive zone 

length for the T300/977-2 DCB model shows a maximum variation of 30% below 

that predicted by equation 4.5(a) with a scaling factor of M= 0.5 applied. 

ii) Divide this result by 10 to calculate the maximum allowable element length, 

in order to ensure that at least 10 interface elements are present within the 

fully developed cohesive zone: 

_ 

LCZJ, 
predicted Lei. 

max = 10 
Egn. (5.9) 

The following chapter will demonstrate the application of this process in finite 

element mesh design for typical structural applications. 
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5.4 Fatigue Simulation within an Explicit Code 

As previously highlighted in chapter 3, there are two potential methods of 

modelling interface element damage accumulation under fatigue loading within a 

numerical code: 

i) Tracking loading/unloading and degrading stiffness on a cycle-by-cycle basis. 

ii) Applying a cycle jump strategy, where the applied numerical load remains 

constant and interface element strength is degraded based on a discrete number 

of elapsed cycles after each model time-step. 

For high-cycle fatigue, a cycle jump strategy offers a more computationally efficient 

approach, avoiding the need to continually monitor loading/unloading hysteresis for 

what could extend to hundreds of thousands of cycles until failure. Within LS-Dyna, 

the model time-step is dictated by a combination of element size and material 

properties but is generally significantly lower than that allowable in an implicit code. 

Therefore, a key issue to address in the development of the fatigue law is the 

relationship between time-step size and elapsed fatigue cycles. This must ensure that 

damage accumulates in sufficiently small increments to guarantee model stability, 

whilst avoiding excessively long model run-times. 

For all the studies conducted in this chapter, fatigue is simulated by first 

applying a gradually increasing quasi-static load from zero to the maximum value in 

each fatigue cycle. This load is then held constant for a period long enough to allow 

any residual dynamic effects to stabilise, before the fatigue algorithm is activated. 

Once activated, the applied numerical load remains constant, but the fatigue law 

degrades the strength of interface elements based on the assumption of cyclic 

loading, allowing crack advance to occur (see Figure 5.7). 
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Figure 5.7: Simulation of cyclic loading within LS-Dyna 

Since the applied numerical load remains constant, the user must supply the 

following model input parameters for cyclic loading to be accurately simulated: 

i) Cycle frequency, iN/ct, expressed as cycles per second of LS-Dyna pseudo-time. 

This enables the crack propagation rate, öa/äN, expressed in terms of distance 

per cycle, to be converted to distance per unit of pseudo-time, aaia&. 

as as aN 

at - ON at 
(Eqn. 5.10) 

A value for cN/ý must be selected which provides a good balance between 

model stability and reasonable model run-times. This can vary from values of 

approximately 1000 for load levels close to the critical fracture energy, G(, to 

1,000,000 for load levels close to the fatigue threshold, Geh. Details of how the 

crack propagation rate is related to damage growth across each individual 

interface element are provided in the following section. 
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ii) R-Ratio, defined as the ratio between the minimum and maximum load 

(Pmi, /P, nax) within each fatigue cycle. Assuming tension-tension fatigue loading, 

this allows the maximum strain energy release rate in each fatigue cycle, G., ", to 

be converted to the change in strain energy release rate during each fatigue cycle, 

AG, using45: 

AG = Gm (1- R2) (Eqn. 5.11) 

The significance of these parameters in the fatigue damage algorithm is discussed in 

section 5.5. 

5.5 Fatigue Algorithm Development 

The main difficulties in developing an accurate fatigue degradation algorithm 

linked directly to the Paris Law stem from development of the cohesive zone. In 

order to highlight these, a fatigue algorithm is presented which assumes that damage 

can be isolated to the element directly adjacent to the crack tip. In reality, with no 

crack path following algorithm, this is impossible to achieve because there is no way 

of detecting an interface element's position in relation to the crack tip from 

information available at the element level only. Hence, unwanted fatigue degradation 

occurs in adjacent interface elements within the cohesive zone before they in turn 

become the crack tip element. Numerical results are used to demonstrate this effect 

and to highlight its dependence on the number of elements within the cohesive zone, 

which is determined by both mesh density and cohesive zone length. An improved 

formulation is then presented, which takes into account fatigue damage accumulation 

in all interface elements within the cohesive zone. 
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5.5.1 Initial Fatigue Law Formulation 

Provided that the mesh is sufficiently fine to extract an accurate value of 

strain energy release rate from the crack tip element, this can be converted to AG 

using the user-defined R-ratio in conjunction with equation (5.11). Assuming we 

also have appropriate Paris law constants, C and m, for the relevant mode-ratio 

(calculated using equations (5.6) and (5.7)), the required rate of crack propagation, 

öa/aN, can be calculated using the Paris law (equation (5.5)). If there is negligible 

change in strain energy release rate as the crack advances by the crack tip element's 

length, Lehr,,, the number of cycles required for the crack to advance by this length, 

NF, is given by: 

NF = LeI ripl öN 
(Eqn. 5.12) 

It should be noted that the element length specified is always the length in the 

direction of crack propagation. Presenting the damage formulation with respect to 

element length, as opposed to element area, preserves consistency with Paris Law 

öa/öN data and avoids the need to account for the number of elements across the 

crack front. For the benchmark cases presented, this is trivial, as only one element 

exists across the width and the crack can only propagate along the length of each 

specimen. It will subsequently be shown that in the final version of the fatigue law 

(fatigue law 2), the only length present in the damage formulation is the fully 

developed cohesive zone length, Lcz j, in the direction of crack propagation. 

Since the fatigue law is to be implemented in an explicit code, it is not 

possible to instantaneously fail the crack tip element and update the number of 

elapsed fatigue cycles by NF. Instead, the element's strength must be incrementally 

degraded at a rate satisfying the number of cycles to failure. For this to be achieved, 
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a fatigue damage parameter, df, is used as a measure of crack advance across the 

interface element. As shown by Figure 5.8, this is added to the static damage 

parameter, d5, giving a value for total damage accumulated, D, or. 

D, 
0, = d, +df (Eqn. 5.13) 

Dt01 is used to calculate the interface element stress, q,, after each model time-step, 

with element failure occurring when the total damage (D, 01) reaches unity: 

Qm = Qm,.,, (I - Dro, ) (Eqn. 5.14) 

At time t= to, the point at which the fatigue law becomes active, no fatigue cycles 

have elapsed (N = 0) and the fatigue damage parameter is equal to zero, df = dfNao = 

0. If the strain energy release rate can be assumed to remain constant as the element 

fails, which implies that the static damage parameter also remains constant (i. e. there 

is no change in the interface element's relative displacement, as shown in Figure 

5.8), the ratio of element crack length to total element length is given by: 

L° 
= 

df 
(Egn. 5.15) 

Le, 1- d, 

As shown by Figure 5.8, this is consistent with having zero clement crack length 

when df= 0 and the crack length being equal to the element length when df =1-d, 

(i. e. D, 0 =1) and the element fails. 
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Figure 5.8: Interface element static and fatigue damage 

Since the aim is to maintain a direct link with linear elastic fracture 

mechanics, the static damage parameter is considered to relate purely to the crack tip 

strain energy release rate and does not contribute to an increase in fatigue crack 

length. Also, although in reality there must be some increase in the static damage 

parameter (interface element relative displacement) as the element undergoes fatigue 

failure, this will be shown to be minor and hence, does not significantly affect the 

integrated strain energy release rate. 

Based on the assumption that fatigue damage can be restricted to purely the 

crack tip element, the rate of damage length increase in the crack tip clement is equal 

to the rate of crack advance: 
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as 
_oLD ON - ON 

(Eqn. 5.16) 

As already discussed, öa/VN can be calculated using the extracted strain energy 

release rate in conjunction with the Paris Law constants. In order to calculate the 

required rate of increase of the fatigue damage parameter, öd/äN, to achieve this 

crack growth rate, the following expression can be used: 

ad f_ ad f 8LD 
(Eqn. 5.17) 

oN OLD ON 

From equation (5.15), 

adr 
_ 

1-d3 
(Eqn. 5.18) aLD Lei 

Since we have assumed that fatigue damage is isolated to the crack tip element, we 

can now combine equations (5.16), (5.17) and (5.18) to give: 

ödr 
-1- 

d, öa 
ON Le, ON (Eqn. 5.19) 

where äa/öN is calculated using the extracted strain energy release rate and mode- 

ratio in conjunction with the Paris law constants (see equations (5.5), (5.6) and 

(5.7)). For each model time-step, the fatigue damage parameter is updated using: 

d f, new =df. o, d + &V 
aN =df pre + f& N (Eqn. 5.20) 

where f is the user-defined number of cycles per second of LS-Dyna pseudo-time, 

f= äN (Eqn. 5.21) 
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The accuracy of this fatigue algorithm relies on the following assumptions 

being satisfied: 

i) An accurate value of strain energy release rate is gained by integrating the 

traction-displacement response of the crack tip interface element. This has been 

shown to be a reasonable assumption provided at least 10 elements are present 

within the cohesive zone. 

ii) This value of strain energy release rate remains constant as the element 

undergoes fatigue failure (i. e. there is no significant variation in the interface 

element relative displacement). 

iii) Fatigue damage is isolated to purely the crack tip element. Once this element 

fails, the algorithm becomes active on the new crack tip clement, for which 

identical assumptions apply. 

Figure 5.9 summarises this algorithm and the assumptions made, using the example 

of the mode I DCB specimen. 
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Figure 5.9: Summary of fatigue algorithm assuming isolation of damage to crack tip element 
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Figure 5.10 compares experimental crack propagation rate results and their 

Paris Law line of best fit (denoted as `Theoretical Paris Curve') with numerical 

results for the DCB specimen. In the numerical analyses, a consistent element length 

of 0.125mm was used, and crack propagation rate was calculated by recording the 

LS-Dyna pseudo-time taken for the crack to advance by 5mm. This was then 

converted to a distance per cycle value (mm/cycle) using the user defined 

relationship between fatigue cycles and pseudo-time. Due to the high gradient of the 

Paris curve, it was necessary to vary this user defined frequency from 10,000 

cycles/sec at Gj/G1c = 0.6 to 1,000,000 cycles/sec at Gj/Gjc= 0.2 in order to prevent 

model run-times from becoming excessively long, whilst still ensuring an acceptable 

incremental increase in the fatigue damage parameter with each time-step, to 

preserve model stability. Numerical results are plotted for interface element 

interfacial strengths of 30MPa and 15MPa, which as previously shown in Figure 5.3, 

result in fully developed cohesive zone lengths of 1.2mm and 2.4mm respectively. 

For an interfacial strength of 30MPa, results show close agreement with the 

theoretical Paris Curve but when interfacial strength is reduced to 15MPa and the 

cohesive zone length increases, the crack growth rate is significantly over-predicted 

over the full range of crack tip strain energy release rates plotted. 
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Figure 5.10: Paris Law Results for mode I DCB using initial fatigue law 

As shown by Figure 5.11, these results can be explained by the increased 

number of interface elements within the cohesive zone when interfacial strength is 

decreased. With no crack path following algorithm, fatigue damage cannot be 

isolated to purely the crack tip element and unwanted fatigue damage can occur in 

interface elements within the cohesive zone that are not directly adjacent to the crack 

tip. Hence, if element length remains constant and the cohesive zone length 

increases, so too does the crack propagation rate. Exactly the same trend can be 

shown for cases where cohesive zone length remains constant but element length 

varies (i. e. it is the number of elements within the cohesive zone that matters, which 

is influenced by both mesh density and cohesive zone length). 
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Figure 5.11: Sensitivity of initial fatigue law to number of elements within cohesive zone 

5.5.2 Improved Fatigue Law Formulation 

In order to correct for the sensitivity of the initial fatigue law to the number 

of elements within the cohesive zone, a modified damage algorithm has been 

developed. Noting the origin of the deficiencies of the first fatigue damage 

formulation, it can be seen that the cohesive zone can be split into two regions, as 

shown in Figure 5.12: 
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i) A quasi-static damage length, Lq.,, in which elements are acquiring predominantly 

quasi-static damage and the integrated strain energy release rate is below the 

analytical crack tip value. 

ii) A fatigue damage length, LfQ,, in which elements are acquiring predominantly 

fatigue damage and the mean integrated strain energy release rate is equal to the 

analytical crack tip value. 

Mean integrated G 
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Figure 5.12: Equivalent model showing quasi-static and fatigue damage lengths 

Since each interface element has no knowledge of its position within the 

cohesive zone, the accumulation of some fatigue damage in the quasi-static region 

cannot be prevented. Hence, it is necessary to account for this `unwanted fatigue 

damage, ' d,,,, so that further fatigue damage can be applied at the correct rate when 

the element enters the fatigue damage zone. This is achieved by subtracting the 

integrated area under the actual traction-displacement response from the traction- 

displacement response assuming no fatigue damage, as shown in Figure 5.13. By 
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approximating the resultant area as a triangle, the magnitude of unwanted fatigue 

damage can be calculated. 
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Figure 5.13: Calculation of unwanted fatigue damage 

In order to account for the presence of unwanted fatigue damage, the assumed 

damage length of the element is now given by: 

Lo dr -dr. u 
L., I dc dt. 

u 
(Eqn. 5.22) 

As shown by Figure 5.14, this is consistent with the element having zero fatigue 

damage length at the point of entry to the fatigue damage zone. 

Equivalent a-6 response 

Area ABC = 

(Tmax d, 
uCmax 

nfý-' 

----------- 
F 

Negligible further increase 
in d, 

�once element enters 
fatigue damage zone 
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Figure 5.14: Definition of damage length, accounting for unwanted fatigue damage 

The total crack length is assumed to be equal to the sum of the damage lengths of all 

elements within the fatigue damage zone: 

a= ELI) (Eqn. 5.23) 

Therefore, 

Oa 
_ 

aLD 
Mer aN 

(Eqn. 5.24) 

Since the rate of fatigue damage in each interface element, aLo/0N, is calculated 

using the integrated strain energy release rate, assuming this is approximately equal 

for all elements within the fatigue damage length, the total rate of fatigue damage 

accumulation is given by: 

152 



CHAPTER 5 

öLo 
_L 

fat öLo 
öN Lei öN 

(Eqn. 5.25) 

As shown by equation (5.24), this total rate of fatigue damage accumulation is 

equivalent to the rate of crack advance, hence: 

as 
__ 

Lfat aLD 
aN Le, ON 

(Eqn. 5.26) 

As before, we can now derive equations for OLD/aN and öd/OLD, and hence use 

equation (5.17) to calculate the required fatigue damage rate, ad/oN, in each 

interface element. Rearranging equation (5.25): 

aLo 
_ 

Ler as (Eqn. 5.27) 
ON L fp, ON 

Differentiating and rearranging equation (5.21), 

8d f 
-1-d, 

-df, u (Eqn. 5.28) 
oLD Lei 

Combining equations (5.26) and (5.27) with equation (5.17) gives: 

ad,. 
=1-a, -df, u as 

ON L fay aN 
(Eqn. 5.29) 

Therefore, the rate of fatigue damage is not dependent on element length, but on the 

length of the fatigue damage zone in the direction of crack propagation. Another key 

feature of the formulation is that each interface element requires no knowledge of 

whether it is in the quasi-static or fatigue damage zone. The same algorithm applies 

in both, with the assumption that having entered the fatigue damage zone, any 

further increase in unwanted fatigue damage can be assumed negligible. This 

assumption is dependent on there being no significant further increase in the 
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interface element's relative displacement, which as will be shown in later examples, 

is generally a reasonable approximation. 

With the fatigue law active, the length of the cohesive zone (comprising both 

the fatigue damage length and quasi-static damage length) can be estimated using the 

fully developed cohesive zone length under quasi-static loading, LcZ1, and the ratio 

between the integrated strain energy release rate, Gm , and the instantaneous critical 

fracture energy, Gc: 

Lcz = m`,, Lczt (Eqn. 5.30) 
Gc 

As will be demonstrated in later examples, it can generally be assumed that the 

quasi-static damage length and fatigue damage length each occupy half of this 

length, therefore: 

Liar = 0.5 "`, La f (Eqn. 5.31) 
c 

Chapter 4 has demonstrated the difficulties associated with accurately 

calculating the fully developed numerical cohesive zone length, Lcz f, due to its 

dependence on a range of material and geometric properties. Although modifications 

to existing predictive formulae were presented for improved accuracy, further work 

remains to refine these and gain an accurate calculation of cohesive zone length for a 

general mixed mode load case. For this reason, the current version of the fatigue 

damage law requires the fully developed cohesive zone length as a user input, which 

is gained from a quasi-static analysis prior to fatigue law implementation. Future 

work will implement a calculation procedure for this parameter using material 

properties. It is important to note that for thin laminates, the structural depth will also 
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be required as a user input, due to its significant influence on cohesive zone length 

(refer to chapter 4, section 4.5). 

Whilst the principle of creating a direct link between linear elastic fracture 

mechanics and damage mechanics (i. e. interface element fatigue damage) has 

previously been presented by Turon et al. 75'76, the damage formulation presented 

above is unique in two fundamental aspects: 

i) Based on the detailed analysis of the cohesive zone presented in chapter 4, a 

precise method has been defined for the accurate extraction of strain energy 

release rate, which involves incremental integration of the interface element 

traction-displacement response as damage development occurs. This accounts for 

the variation in mode-ratio across the cohesive zone under mixed-mode load 

conditions. Turon et al. 's formulation calculates strain energy release rate using 

the interface element's instantaneous position on the traction-displacement 

response. 

ii) With the fatigue law active, the cohesive zone is split into two distinct regions, a 

`quasi-static damage length (Lys)' and a `fatigue damage length (L,,, ). ' The 

interface element damage rate is calculated based on the extraction of strain 

energy release rate from the `fatigue damage length, ' which shows close 

agreement with the analytical fracture mechanics solution. The unavoidable 

accumulation of some unwanted fatigue damage across the `quasi-static damage 

length' is monitored and corrected for. In Turon et al. 's formulation, the interface 

element damage rate is calculated based on the assumption that the analytical 

strain energy release rate is equal to the mean strain energy release rate extracted 

from all elements within the cohesive zone. 
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Figure 5.15 shows results for the mode I DCB specimen using the improved 

fatigue algorithm (`Fatigue Damage Zone Formulation'), again using a constant 

element length of 0.125mm and varying cohesive zone length by changing interfacial 

strength. Close correlation exists between the line of best fit through the 

experimental data (Theoretical Paris Curve) and numerical results for interfacial 

strengths of 30MPa and 15MPa, which give fully developed cohesive zone lengths 

of 1.2mm and 2.4mm respectively. This indicates that using the modified damage 

formulation, numerical results are no longer sensitive to the number of elements 

within the cohesive zone. 
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Figure 5.15: Mode I DCB Paris Law Results 

The success of the `Fatigue Damage Zone Formulation' in reducing the 

sensitivity of crack propagation rate to the number of elements within the cohesive 

zone is reinforced by Figure 5.16, which shows results for the mode 11,4 point ENF 

specimen. For this specimen, the number of elements within the cohesive zone is 

varied by changing element length and the interface clement interfacial strength 
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remains constant at its baseline value of 60MPa. As previously shown in Figure 5.4, 

the element lengths of 0.125mm and 0.25mm used for these analyses result in 32.8 

and 16.4 elements respectively within the fully developed cohesive zone length of 

4.1mm, and there is no significant difference in the accuracy of strain energy release 

rate extraction. Although numerical crack growth rates for the two element lengths 

show close correlation, they are consistently lower than the Theoretical Paris Curve. 

Interrogation of the cohesive zone with the fatigue law active suggested that the 

`quasi-static damage zone' forms a greater proportion of the cohesive zone length 

than the `fatigue damage zone' for this particular case (i. e. an over-prediction of the 

`fatigue damage zone' length results in an under-prediction of the crack growth rate). 

Although this requires further investigation, results subsequently presented for 

general mixed-mode load cases support the assumption of equal `quasi-static damage 

zone' and `fatigue damage zone' lengths. As a first indication of this, Figure 5.17 

shows that close correlation exists between the Theoretical Paris Law Curve for the 

mixed mode, GG=GII specimen, and numerical results obtained using the baseline 

material properties and a constant element length of 0.125mm (as previously shown 

by Figure 5.5,12.8 elements exist within the fully developed cohesive zone for this 

element length). A more detailed interrogation of the cohesive zone under mixed 

mode load conditions is performed in the following chapter on Fatigue Law 

Applications. 
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Figure 5.17: Mixed Mode Paris Law Results (GI = Gil specimen) 
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6. Fatigue Law Applications 

6.1 Introduction 

The previous chapter has demonstrated the principles behind developing the 

fatigue law and the key input parameters required. Although it has been validated 

using small-scale standard test specimens such as the DCB and ENF, if the fatigue 

model is to become a valuable numerical tool for reducing the physical test 

requirement during the design process, its application must be extended to more 

complex structural geometries. In this chapter, the model is used to analyse fatigue 

failure in both a flat plate single-lap joint and the tubular NOTS joint. As shown in 

chapter 2, the flat plate single-lap joint has a very similar stress distribution to that of 

a tubular single-lap joint, but is a standard test configuration for which strain energy 

release rate and fatigue life data are widely available. It has also been used as a 

validation case for fatigue models developed by other authors. For the present study, 

a single lap joint is modelled which enables results to be compared with an extensive 

numerical and experimental fatigue life study performed by Quaresimin and 

Ricotta5l, 90'91. 

In chapter 1, it was highlighted that fatigue design can be based on one of 

two main approaches; a no-growth design philosophy where the strain energy release 

rate at potential crack tips must remain below the threshold value or a damage- 

tolerant approach, where a certain amount of crack growth is allowed provided this 

does not lead to catastrophic failure between inspection intervals. Both approaches 

rely on the ability to analyse the crack tip strain energy release rate, so that this can 

be used to determine whether the crack will grow and if so, at what rate. In chapters 

5 and 6, the potential to achieve this aim by integrating the traction-displacement 
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response of the crack tip element has been demonstrated, but only for standard test 

specimens with large starter cracks. For the technique to be applicable as a useful 

design tool, it must be proven in realistic structures where initial starter cracks will 

typically be extremely small. For example, when analysing the fatigue life of 

composite components such as adhesive joints, the length and location of any initial 

cracks assumed in critical design cases is determined by manufacturing process 

control and the resolution of NDT techniques. As highlighted in chapter 2, for 

adhesive joints, initial cracks are generally assumed at the edge of the bond-line, 

where they have the most significant influence on the lifetime of the structure 

because their growth is promoted by the high shear and peel stresses that occur in 

this region. Whilst there are no specific design rules concerning the length of such 

cracks, typical inspection thresholds are in the range of 0.1 - lmm, therefore starter 

cracks of this order of magnitude are investigated in the analyses presented here. 

It is important to draw a clear distinction between crack initiation and crack 

propagation. Physically, there is no clear boundary between these two stages and the 

point at which a crack can be assumed to have initiated is generally determined by 

the resolution of applicable NDT techniques. Numerically, a clear distinction can be 

drawn when using interface elements incorporating a bi-linear traction-displacement 

response. A crack propagation fatigue law is considered to apply whenever an 

interface element lies on the softening region of the traction-displacement response, 

whereas a crack initiation law is considered to apply to the elastic region of the 

traction-displacement response. The need for an initiation law in the elastic regime 

may at first seem counter-intuitive as there must be non-linear deformation occurring 

for fatigue damage to initiate. However, this will often be on a microscopic scale 

around extremely small material defects, which cannot feasibly be modelled through 

160 



CHAPTER 6 

mesh refinement. All the work in this thesis concerns cases where there is an initial 

macroscopic crack or stress concentration, which requires only a numerical 

propagation law for fatigue life analysis. As discussed previously, this has been 

motivated by the difficulties in ensuring defect free manufacture in complex 

geometries such as the NOTS structure. However, in situations where carefully 

controlled manufacture can avoid initial defects and stress concentrations, the 

development of a crack initiation law is also required to accurately model total 

fatigue life. For example, this applies in adhesive joints where a tapered fillet 

geometry is used to avoid the severe peel and shear stress concentrations at the ends 

of the joint overlap. Work is being undertaken by colleagues at the University of 

Bristol to develop fatigue initiation laws applicable in such cases92 and to integrate 

these with the propagation law developed within this thesis. Once fully validated, 

this will provide the ability to analyse total fatigue life, encompassing both crack 

initiation and crack propagation. Whilst total fatigue life models have already been 

presented by previous authors50, s1, these generally rely on separate numerical 

methods for analysing crack initiation and crack propagation, for example a stress 

intensity factor approach to analyse initiation and a VCCT approach for propagation. 

The development of a total fatigue life model for interface elements promises to 

offer a fully integrated analysis capability, which can be applied in a single coherent 

numerical simulation. 

6.2 Single-Lap Joint 

6.2.1 Model Geometry and Setup 

The dimensions and material properties of the single-lap joint modelled are 

as shown in Figure 6.1 and Table 6.1. With respect to interfacial properties (quasi- 
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static), the only parameters obtainable from Quaresimin and Ricotta's previous 

fatigue life studies are an adhesive shear strength9° and a mode I fracture toughness51 

(This is because, using VCCT, they used only the mode I fracture toughness, as 

opposed to any mixed-mode failure criteria, to signify final failure). Therefore, 

identical mode I/II interfacial strengths and mode 1/II fracture toughness values have 

been assumed. As will be shown in section 6.2.2, strain energy release rate values 

extracted from interface elements using these material properties showed close 

agreement with those gained using the VCCT. 

1.65 

W=20 

24 

Figure 6.1: Single Lap Joint Dimensions91 

N375ý 
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Table 6.1: Adherend, Adhesive and Interfacial Properties used in the Numerical Analyses 51.90'91 

Adherend Properties (Orthotropic Elastic) 

Ejj(MPa) 58050 v12 0.06 G! 2(MPa) 3300 

E12 (MPa) 58050 v13 0.27 GM (MPa) 5000 

E33 (MPa) 6000 v13 0.27 G23 (MPa) 5000 

Adhesive Properties (Isotropic Elastic) 

E (MPa) 2870 G (MPa) 1050 v 0.37 

Interface Element Properties 

Gjc (N/mm) 0.9 Uma j (MPa) 39.1 Kj (N/mm) 100,000 

Gjjc (N/mm) 0.9 Qma, jj (MPa) 39.1 Kjj (N/mm3) 100,000 

Chapter 4 indicated that at least 10 interface elements should exist within the 

fully developed cohesive zone length, in order to extract an accurate value of strain 

energy release rate by integrating the crack tip element's traction-displacement 

response. Formulae for predicting cohesive zone lengths under pure mode I and 

mode II load conditions were also developed and it was shown that these must be 

modified in slender bodies to account for the influence of specimen depth. This 

resulted in 4 predictive formulae for cohesive zone length; mode I cohesive zone 

length in a non-slender body (ich,! ), mode I cohesive zone length in a slender body 

(Iýh, sfender, lýý mode II cohesive zone length in a non-slender body (Ich,!! ) and mode II 

cohesive zone length in a slender body (lýh, slenderl/J" Due to the difficulty in defining a 

clear boundary between slender and non-slender bodies, it was recommended that 

the minimum value yielded by these formulae be used for designing an appropriate 

mesh. Table 6.2 shows the pure mode 1111 cohesive zone lengths given by these 

formulae for the material properties of the single lap joint. A value for h of 1.65mm 
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was applied in the slender body equations and E 'I, E jf and E»sle�de, were calculated 

using the procedure detailed in appendix B. The shortest cohesive zone length was 

predicted to be 1.10mm for pure mode I loading in a slender body. In order to ensure 

a minimum of 10 interface elements within this length, an element length of 

0.075mm was applied along the bonded region in the baseline model. Away from 

this region, the element length was gradually increased up to a maximum of 0.5mm 

to reduce model run-times. Details of the actual cohesive zone length seen in the 

analyses and the effects of reducing bond-line mesh density are discussed in the 

following section. 

Table 6.2: Predicted mode I and mode II cohesive zone lengths for the single-lap joint model 

Cohesive Zone Length Formula 

GIC lchJ = D. SEI 2.64mm 
(2 (El = 8976MPa) 

Il = 0.5EII 
Gllc 

Ich 
2 

8.21mm 
, lall 

Max 
) (E il = 27,900MPa) 

4 G 1.10mm 
Ic 4 1, 

hslender, l = 0. SEl/ 
12 

h 

` ýI, 
max 

(El= 8976MPa) 

G 3.77mm 
nc Ich, 

slender, ll - 
0.5 Ell 

, slender (6 )2 
h 

Ii, max 
(E ILslender = 58,100MPa) 

As shown in Figure 6.2, a half-model was used, with six elements through the 

depth of each laminate and three elements through the thickness of the adhesive. 

Solid interface elements, with an initial thickness of 0.015mm were inserted at the 

top and bottom interfaces between the laminate adherends and the adhesive. The 

thickness of the adhesive layer was reduced from 0.15mm to 0.12mm, to maintain a 
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constant total specimen depth. Initial symmetric bond-line cracks were modelled by 

deleting interface elements along the top and bottom interfaces. Nodes representing 

the specimen tabs were constrained in both X and Y directions at the left hand end of 

the specimen and only the Y direction at the right hand end, where load was applied. 

Y 

ý, 
X 

Z 
Symmetry boundary conditions 

applied along one side of 
specimen 

1. / 

Top and bottom surface nodes of 
right tab constrained in Y 

Upper Adherend 

Upper Interface 

012 Adhesive 

_ 
Lower Interface 

Top and bottom surface 
nodes of left tab 

constrained in X and Y 
Lower Adherend 

''0.075 
Initial crack created by deleting 

Constant element length interface elements at edge of bond- 
along bonded region line Symmetric crack inserted at 

opposite end of bond-line by deleting 
an equal number of interface elements 
in upper interface 

Figure 6.2: Single-lap Joint Model 

6.2.2 Strain Energy Release Rate Analyses 

Figure 6.3 shows the strain energy release rate extracted from the crack tip 

element under a linearly increasing applied load, for initial crack lengths of 0mm, 

0.3mm and 5mm. The specimen's load-displacement relationship is also shown to 

highlight the non-linear nature of deformation due to the significant rotation of the 

bonded region. Since symmetric cracks were modelled, strain energy release rate 

results at each end of the bond-line showed negligible difference and only those for 

the left hand end are presented. Results are shown for the baseline clement length of 

0.075mm and a discussion of cohesive zone length and the effects of reduced mesh 
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density (i. e. the number of interface elements within the cohesive zone) is deferred 

until later in this section. 

For each initial crack length, the strain energy release rate increases with 

applied load, until reaching the critical fracture energy of 0.9N/mm, at which point 

the crack tip element fails and the crack propagates. It should be noted that this 

critical fracture energy remains constant for any mode-ratio due to the use of 

identical GIS and G11 values. The stress at which failure of the crack tip element 

occurs is also equal to the specimen's ultimate tensile strength (UTS). This is due to 

increasing strain energy release rate with increasing crack length (see Figure 6.6), 

causing the crack to propagate in an instantaneous manner once failure of the initial 

crack tip element has occurred. With no initial pre-crack, failure of the interface 

element at the edge of the bond-line occurs at an adherend axial stress of 205MPa. 

Quasi-static experimental tests performed on specimens with no initial pre-crack 

recorded a mean UTS of 336MPa90, with failure occurring along the 

adherend/adhesive interface, as simulated in the numerical model. The following 

factors may be responsible for the 164% greater experimental UTS relative to the 

numerical UTS: 

i) Small adhesive fillets were present at the ends of the experimental joint overlap, 

which would relieve the peel and shear stress concentrations. Although 

reference [90] states that square-edge joints were manufactured, even very small 

adhesive fillets at the end of the joint overlap may significantly reduce these 

stress concentrations. In the numerical model, the overlap was perfectly square, 

resulting in the maximum possible stress concentration. 
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ii) The adhesive was modelled as perfectly elastic, hence excluding potential stress 

relief due to plastic deformation. 

iii) Uncertainty concerning the mode II fracture toughness value of the adhesive, 

G, ic as detailed in section 6.2.1. For the interface elements at the left and right 

hand ends of the bond-line (the first two interface elements to fail), the 

instantaneous mode-ratio of the traction-displacement response decreased from 

approximately GI/G7=4/5 at damage initiation to GI/GI=2/3 at failure. As 

previously detailed in chapter 4, the mode-ratio will vary during damage 

development within a single element. ) Despite this predominance of mode I 

loading, an increased Gjic would raise the mixed-mode fracture toughness and 

hence failure load (refer to chapter 4, equation (4.2)). 

Since the main aim of the numerical investigation was to investigate strain energy 

release rate extraction and to compare this with VCCT results, differences between 

the experimental and numerical failure loads were not studied further. 

With symmetric cracks of 0.3mm inserted at both ends of the bond-line, there 

is a slight increase in the gradient of the strain energy release rate curve, causing a 

2.4% reduction in UTS to 200MPa. With symmetric cracks of 5mm, there is a far 

more significant increase in the gradient of the strain energy release rate curve and 

UTS is reduced by 27% to 150MPa. 
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Figure 6.3: Global load-displacement and strain energy release rate results for various initial 

crack lengths in single-lap joint model 
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Although there are no closed form analytical strain energy release rate 

solutions for these cases, Figure 6.4 compares the interface element results with 

those presented by Quaresimin and Ricotta, which they gained using VCCT. 

Considering the two sets of results were obtained using different element types (2D 

plane stress compared to 3D solids) and analysis techniques (VCCT using an implicit 

code compared to interface elements using an explicit code), there is a high level of 

correlation. This suggests that integrating a crack tip interface element's traction- 

displacement response remains a valid technique for extracting total strain energy 

release rate when only very small initial cracks are present. 

Interface Element Results 
0.6 

VCCT Results 
E 
E 
? GT=0.445 

-0.345 
-------- U. 3 

GT- 

GT=0.24 

0 
0246 

Crack Length (mm) 
Figure 6.4: Comparison of total strain energy release rates extracted from interface element 

model with those obtained by Quaresimin and Ricotta91 for an adherend stress of I IOMPa 

The fully developed cohesive zone length at the point of first element failure 

was equal to 3mm for all of the initial crack lengths (measured using the baseline 

element length of 0.075mm). As expected, this falls between the values of 1.1 mm 

and 3.77mm predicted for pure mode I and pure mode II loading respectively in a 

slender body. However, further work is required to define formulae for accurately 
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defining cohesive zone lengths under general mixed-mode load conditions. Figure 

6.5 shows the effects of element length (Lei) on the total strain energy release rate 

and the separate mode I/II components extracted from the crack tip element. Results 

are shown for a pre-crack of 5mm to enable a comparison with a mesh density study 

presented by Quaresimin and Ricotta91 using VCCT (Figure 6.6). It should be noted 

that very similar trends were observed with starter cracks of 0mm and 0.3mm. As 

shown by Figure 6.5, very similar strain energy release rate results were obtained 

using element lengths of 0.075mm, 0.15mm and 0.3mm, which gave 40,20 and 10 

elements respectively within the fully developed cohesive zone length. This suggests 

that, as has previously been shown for large initial crack lengths (chapter 4), strain 

energy release rate results remain reasonably consistent once approximately 10 

elements exist within the fully developed cohesive zone length. Element length was 

not increased beyond 0.3mm due to the need to represent an initial crack length of 

this magnitude in the later fatigue analyses. Also, element length was not reduced 

below the baseline value of 0.075mm, as run-times within LS-Dyna become 

excessively long, and would be unfeasible for large structural models such as the 

NOTS truss joint. 
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Figure 6.6 compares the strain energy release results for element lengths of 

0.075mm and 0.15mm with results presented by Quaresimin and Ricotta for the 

VCCT for an initial crack length of 5mm and applied axial stress of I IOMPa. Whilst 

there is reasonable agreement between results for total strain energy release rate, a 

larger discrepancy exists between the separate mode 1/11 components. This is most 

significant for the mode I component, where interface element results are 

approximately 25% below those from the VCCT. These differences require further 

investigation but are likely to be due to the variation in mode-ratio that an interface 

element experiences during failure, as detailed in chapter 4. Gaining a deeper 

understanding of this process is an important area of future work, since the 

implementation of a Paris Law fatigue model requires the extraction of an accurate 

mode-ratio, in addition to total strain energy release rate. 
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Figure 6.6: Comparison of interface element strain energy release rate results with VCCT 

results91 for various element lengths (initial crack length = 5mm, axial stress = of I IOMPa). 
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Modelling the adhesive layer, as detailed above, adds considerably to 

computational expense due to the need for elements of a very small thickness to 

represent this. Also, for adhesive joints produced using a co-bonding or co-curing 

process, the adhesive layer may be of negligible thickness and impractical to model. 

Therefore, in order to investigate the effects of the adhesive on strain energy release 

rate results, a second set of models were created with the adhesive layer represented 

by a single layer of 0. lmm thick interface elements. Although this resulted in a 

0.05mm reduction in adhesive layer thickness, increasing interface element thickness 

to 0.15mm resulted in instabilities within the numerical analyses. Figure 6.7 shows 

strain energy release rate results extracted from models with and without the 

adhesive material included, for an initial crack length of 5mm. There is very close 

agreement between the two models, both for total strain energy release rate and the 

separate mode VII components. This suggests that for strain energy release rate and 

fatigue life analyses, the adhesive layer can be represented by interface elements 

alone, significantly reducing the model's computational expense. Further research is 

required to investigate whether this finding applies to thicker adhesive layers and in 

cases where plastic deformation of the adhesive is included. 
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Figure 6.7: Strain Energy Release Results extracted from models with and without the adhesive 

material included, for an initial crack length of 5mm 

6.2.3 Crack Propagation Analyses 

A primary aim in developing the interface element fatigue degradation law 

has been to maintain a direct link with the Paris Law, due to its widespread use for 

predicting rates of delamination and bond-line failure in composite materials. This 

has been achieved by combining the technique developed for extracting strain energy 

release rate with a degradation law that accounts for the number of elements within 

the cohesive zone ahead of the numerical crack tip. The direct link with strain energy 
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release rate enables any Paris Law model (i. e. any model for predicting the rate of 

crack growth under mixed-mode load conditions) based on either G or LtG to be 

easily integrated with the degradation law. In chapter 5, a Paris Law model 

developed by Blanco for calculating the mixed mode Paris Law constants, C,,, and 

mm, was implemented. This was selected because it had been developed using 

experimental data for the material (HTA/6376C) and test specimens modelled. 

However, as discussed in chapter 3, there are many alternative Paris Law models 

presented in the literature and the most appropriate model for a specific application 

is dependent on the material, structural geometry and whether any mixed mode test 

data exists. In order to remain consistent with Quaresimin and Ricotta's VCCT 

fatigue life analyses of the single lap joint, a Paris Law model is now implemented 

based on an equivalent strain energy release rate, Gegv, where, 

aN 
CAGeq, m (Eqn. 6.1) 

and Geq, is calculated using, 

G, 
qv = G, + 

G" 
G (Eqn. 6.2) 

G, +G� 

Using this approach, constant values for the Paris Law constants, C and m are 

applied regardless of mode-ratio and the effects of mode-mixity on crack 

propagation rate are instead accounted for in the calculation of Gegv. As shown in 

Figure 6.8, under pure mode I or mode II loading Gegv, is equal to G1 and Gil 

respectively. Under mixed-mode loading, Gegv is less than the total strain energy 

release rate, reaching a minimum of 0.75GT at a mode-ratio of 0.5. 
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Figure 6.9 extends the previous comparison of strain energy results gained 

using interface elements with those obtained using the VCCT, by including results 

for Gegv. The Gegv values obtained from the two techniques show a similar level of 

correlation to those for GT, agreeing to within approximately 10% for an clement 

length of 0.075mm. 
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Figure 6.9: Comparison of Geq, from interface element and VCCT models9' for various element 

lengths (crack length = 5mm, axial stress = 11OMPa). 
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By integrating the Geq� Paris Law with the interface element fatigue damage 

formulation, the predicted fatigue life of the single-lap joint at various stress levels 

was analysed. This was performed at an R-ratio of 0 with initial symmetric pre- 

cracks of 0.3mm inserted at both ends of the adhesive bond-line. In the Gegv, Paris 

Law model, values of 0.003573 (mm/cycle)(N/mm)' and 2.723 were used for Cand 

m respectively, as specified in Quaresimin and Ricotta's study for `average crack 

growth, 90% probability of survival' data. Failure was defined as the point of 

instantaneous crack propagation, when the symmetric cracks reach a length at which 

the crack tip strain energy release rate exceeds the fracture toughness. 

Figure 6.10 illustrates the nature of the cohesive zone both before and after 

the fatigue law becomes active for a cyclic stress of 11OMPa (the maximum stress 

within each fatigue cycle since R= 0). Prior to fatigue law activation, a partially 

developed cohesive zone exists at each end of the bond-line, across which the mixed- 

mode interface element traction decreases from the interfacial strength of 39. IMPa 

to a crack tip value of 33.6MPa. Once the fatigue law becomes active, the strength of 

elements within the cohesive zone is degraded using the crack tip strain energy 

release rate in conjunction with the Gegv, Paris Law model. This enables elements to 

fail and the crack to propagate based on the elapsed number of fatigue cycles. As 

detailed in the previous chapter, the cohesive zone is now considered to consist of 

two distinct regions: 

i) A quasi-static damage length, Lqs, over which the integrated strain energy 

release rate is significantly less than the crack tip value and elements acquire 

predominantly quasi-static damage. 
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ii) A fatigue damage length, Lfat, over which the mean integrated strain energy 

release rate is equal to the crack tip strain energy release rate from a quasi-static 

analysis and elements acquire predominantly fatigue damage. 

Interrogation of the cohesive zone stress distribution indicated that these two 

regions can be considered approximately equal in length, as was previously the case 

for the validation specimens with long initial pre-cracks analysed in chapter 5 (and is 

assumed within the fatigue degradation law for calculating interface element 

degradation rates). As shown in Figure 6.10, the mean integrated strain energy 

release rate, GT, over the fatigue damage length, Ljo,, was calculated as 0.27N/mm for 

a crack length of 0.9mm after 25,000 cycles. This gives close agreement with values 

obtained from both the VCCT and a crack tip interface element under a purely quasi- 

static analysis (see Figure 6.12). It is important to emphasise that the only parameter 

required by the fatigue algorithm to calculate the cohesive zone length under fatigue 

loading, and its component lengths, Lqs and Lfat, is the fully developed cohesive zone 

length, Lcaf, from a quasi-static analysis (refer to details of fatigue damage 

formulation in chapter 5). Due to the further work required to develop equations for 

accurately calculating Lczf under general mixed-mode load conditions, it is currently 

required as a user input. This requires a separate quasi-static failure analysis and 

results in a source of error if Lczf changes as a crack develops, due to mode-ratio or 

specimen depth variations. However, these variations are generally small for typical 

allowable crack growth lengths, as will be demonstrated in the following single-lap 

joint and NOTS truss joint analyses. Once improved predictive formulae for 

cohesive zone length are developed, these can be inserted within the fatigue 

algorithm, allowing Lczf to be continuously updated as a crack develops, using the 

instantaneous mode-ratio. 
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Figure 6.10: Cohesive zone development under fatigue loading 

Figure 6.11 shows how damage progresses with elapsed fatigue cycles up to 

the point of failure. This indicates how the rate of crack propagation increases with 

crack extension due to the rising crack tip strain energy release rate. At zero cycles, 

before the fatigue law is activated, the strain energy release rate extracted from the 

crack tip interface element is equal to that obtained from a quasi-static analysis. All 

subsequent values of GT listed, for increasing elapsed cycles, are those obtained from 

the crack tip element at the point of failure under fatigue degradation. As shown by 

Figure 6.12, these show close agreement with those obtained from the VCCT and 

interface element analyses for a quasi-static applied load of II OMPa on a model with 
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the same crack length. This validates that the fatigue damage formulation is 

producing the required effect on the traction-displacement response, with little 

further increase in the interface element's displacement once the correct integrated 

strain energy release rate is reached. 
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Figure 6.11: Fatigue damage progression in single-lap specimen (adherend stress level = 

11OMPa) 
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interface element analyses with those obtained from the VCCT91 (adherend stress =I IOMPa) 

Figure 6.13 compares fatigue life results from the interface element model 

with those obtained from Quaresimin and Ricotta's VCCT analyses51. For the Paris 

Law constants and specimen geometry used in this investigation, only two fatigue 

propagation lives are stated in Quaresimin and Ricotta's VCCT study, at adherend 

stress levels of 60 and 1l OMPa. These are shown in table 5 of reference [51 ], for a 

square-edged joint with an adhesive overlap of 20mm, using Paris Law constants for 

the `AGeq , average Crack Growth Rate, 50% probability of survival' analyses. 
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The interface element model predicts a number of cycles to failure, which is a 

factor of 2.5 and 2 times the value predicted by VCCT, at stress levels of 60MPa and 

II OMPa respectively. It is unclear why this is the case, but it should be noted that 

due to the steep gradient of the Paris curve, relatively small changes in strain energy 

release rate produce large changes in crack propagation rate. For example, using the 

Paris Law exponent, m, of 2.723, a 30% increase in strain energy release rate 

corresponds with a doubling of crack growth rate. 
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Figure 6.13: Fatigue crack propagation lifetimes predicted by interface element model and 

VCCT at various adherend stress levels 
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6.3 The NOTS Truss Joint 

In the single-lap joint model previously discussed, a single element was used 

across the specimen width and consequently, the crack was constrained to propagate 

in one direction along the length of the bond-line. This enabled a direct comparison 

with Quaresimin and Ricotta's VCCT analysess1'91, which were performed using 2D 

plane stress elements. A primary aim of developing the cohesive zone fatigue model 

has been to analyse cases of increased structural complexity, where cracks can 

propagate in any direction along interfacial planes, depending on the applied load 

state. Analysing these cases using VCCT requires an algorithm to track the 

numerical crack tip, which can become prohibitively expensive, particularly if 

numerous crack fronts exist. The cohesive zone fatigue model avoids this need, 

providing a significant advantage over VCCT for the analysis of complex 3D 

geometries. Its ability to analyse such cases is now investigated using the NOTS 

truss joint. In this case the crack will propagate along the axial direction of the strut 

and therefore the element length in this direction can be taken to be the crack length 

for comparison to the Paris curve. It has not been necessary to consider the more 

complex case of a crack front progressing in an arbitrary direction through a general 

mesh. This is left as further work for future studies. 

183 



CHAPTER 6 

6.3.1 Model Geometry and Setup 

A truss joint model was created to represent the NOTS S2 test specimen 

detailed in chapter 2, the geometry of which is shown in Figure 6.14. 

Figure 6.14: Truss Geometry 

For pure axial loading, it was only necessary to model half the strut length 

and half of the cross-sectional area, as shown in Figure 6.15. To simulate the 

experimental S2 tests, a base plate and barrel nuts were included in the model as 

rigid bodies. These were constrained to move as a single entity, enabling load 

transfer from the base plate to the strut. Due to the tubular geometry, a cylindrical 
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co-ordinate system was applied to the strut, interface elements and cylindrical 

section of the nodal frame, as shown in Figure 6.15. 
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Figure 6.15: NOTS half-length S2 Model and material co-ordinate systems 
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Orthotropic elastic material properties were assigned to the strut and frame, 

as detailed in Table 6.3. These were gained from reference [30], a research thesis 

examining quasi-static design methods for composite truss structures at Oxford 

Brookes University, also part of the NOTS DTI programme. For interfacial 

properties, also listed in Table 6.3, it was only possible to gain a tensile fracture 

toughness value for the XMVR444 resin used in the co-bonded NOTS joint93. In the 

model, this was assumed equal to the mode I fracture toughness and an identical 

mode II fracture toughness to that of HTA/6376C, the prepreg used for the 

benchmark DCB/ENF specimens detailed in chapter 4 was applied. Due to the very 

similar mode I fracture toughness values of the two materials (0.26N/mm for 

HTA/6376C and 0.3N/mm for XMVR444), this was believed to be a reasonable 

assumption. Identical interfacial strengths and elastic moduli to those of HTA/6376C 

were also assumed, but these were less critical, since interfacial failure was fracture 

toughness driven due to the stress concentration at the square-edged overlap. 
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Table 6.3: Material Properties applied in S2 truss model 

Orthotropic Elastic Properties of Strut and Nodal Frame 

Nodal Frame Strut 

El, (MPa) 37600 88000 

E22(MPa) 37600 30000 

E33 (MPa) 10000 30000 

V12 0.29 0.38 

V13 0.29 0.38 

V23 0.29 0.38 

G12 (MPa) 13100 6000 

G13 (MPa) 13100 6000 

G13 (MPa) 13100 6000 

Interface Element Properties 

Gic (N/mm) 0.3 Qmax, l (MPa) 30 K, (N/mm3) 100,000 

Gljc (N/mm) 1.0 6max, 11 (MPa) 60 Kuh (N/mm) 100,000 

In order to allow an accurate analysis of bond-line failure, the mesh was 

refined in the region of the strut-node interface, with a minimum element length of 

0.25mm extending along the first 20mm of the bonded region. This minimum 

element length was selected by applying the predictive formulae developed in 

chapter 4 for cohesive zone length, as previously performed for the single-lap joint 

model. Due to the different material properties and depths of the strut and nodal 

frame, it was necessary to apply the predictive formulae to each component. In the 

slender body equations, values for specimen depth, h, of 6.56mm (nodal frame 

thickness around strut) and 4.4mm (strut thickness) were applied for the frame and 

strut respectively. As shown by Table 6.4, the minimum predicted cohesive zone 
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length was 2.57mm, gained using the strut material properties in the slender body 

equation for pure mode I loading. This motivated the selection of a 0.25mm 

minimum element length, in order to ensure at least 10 elements within the cohesive 

zone for accurate strain energy release rate extraction. As will be shown in the 

following section, the fully developed cohesive zone under a purely quasi-static load 

was 4mm, for a mode ratio of GI/G1=0.73. This indicated that the predictive 

formulae were again successful in selecting an appropriate mesh density. 

Table 6.4: Predicted cohesive zone lengths using the strut and nodal frame properties 

Cohesive Zone Length Formula Strut Frame 
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6.3.2 Quasi-static Damage Progression and Strain Energy Release Rate 

Analyses 

Figure 6.16 and Figure 6.17 show the nature of damage progression along the 

frame/strut interface under a linearly increasing tensile axial load applied to the base 

plate. As shown by Figure 6.16, a fully developed cohesive zone initially forms at 

the sides of the strut circumference closest to the barrel nuts, at an applied load of 

35. lkN (60% final predicted failure load). As load increases further, the crack area 

increases and the cohesive zone develops as shown in Figure 6.17, with damage 

progressing inwards towards the centre of the strut circumference. This occurs in a 

stable manner until a fully developed cohesive zone exists around the entire strut 

circumference, at an applied load of 58.5kN. The crack then propagates in an 

unstable manner, resulting in instantaneous interfacial failure. The numerical UTS of 

58.5kN exhibits close agreement with the mean experimental value of 6lkN, 

indicating that appropriate interfacial properties have been applied. 
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Global Z Direct Stress, 35.1 kN Applied Load (60%UTS) 
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load, the point of first interface element failure 
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48kN Applied Load (82% UTS) 
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Figure 6.17: Cohesive Zone development under increasing axial load 

Figure 6.18 and Figure 6.19 show the strain energy release rate and mode 1/11 

components extracted from elements at the side (element A) and central region 

(element C) of the strut up to the point of final interfacial failure (refer to Figure 6.16 

for exact element locations). Also shown is the global load-displacement relationship 

to indicate how the strain energy release rates correspond with applied load. For 

element A, the first element in the model to fail, producing a fully developed 

cohesive zone at the side of the strut, there is a sharply increasing integrated GT with 
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increasing load. Final failure of the element occurs at an applied load of 35. lkN, at a 

mixed mode fracture energy, Gc, of 0.37N/mm (integrated traction-displacement 

curve) and mode-ratio (integrated GI and GII components) of G1/G7=0.73. For 

element C, the final element to fail before instantaneous crack propagation, there is 

initially a relatively linear increase in integrated strain energy release rate. At the 

point at which element A fails, the integrated strain energy release rate is 

approximately 0.12N/mm, with a mode-ratio of G1/G7=0.5. As damage progresses 

towards the centre of the tube, the strain energy release rate extracted from element 

C continues to increase in an approximately linear manner with mode ratio 

remaining close to 50%. At an applied load of 5OkN, when the fully developed 

cohesive zone is nearing the central region of the strut, there is a sharp increase in 

strain energy release rate, dominated by the mode II component. This results in an 

integrated strain energy release rate, GT, at failure of 0.83N/mm (GI/G70.08), close 

to the mode II fracture toughness value of 1. ON/mm. The integrated mode I 

component is seen to decrease slightly prior to final failure from a peak of 

0.09N/mm to 0.07N/mm. This is due to a decrease in the mode I relative 

displacement of the interface element, which can be attributed to the very large 

change in its mode ratio prior to final failure. 

This analysis was also performed with small initial starter cracks of 0.5mm 

and lmm. These showed negligible differences in either the failure load or strain 

energy release rates extracted. Since the eventual aim is to integrate the fatigue 

degradation law with a crack initiation law, which can account for the effects of 

features such as adhesive fillets, only results with no initial starter crack are 

presented. This model setup, with no initial pre-crack inserted was also maintained 

for the subsequent fatigue analyses. 
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Figure 6.18: Strain Energy Release Rate extracted from sides and centre of strut in relation to 

global load-displacement relationship 
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6.3.3 Fatigue Analyses 

Due to the absence of Paris Law crack growth data for the NOTS co-bonded 

joint, properties used for the benchmark test specimens detailed in chapter 5 (section 

5.3, table 1) were applied, in conjunction with Blanco's mixed mode Paris Law 

model. Figure 6.20 shows how fatigue damage develops under applied loads of 40% 

and 60% UTS, for an R-ratio of 0. For an applied load of 40% UTS, the cohesive 

zone is not fully developed prior to fatigue onset. When the fatigue law is activated, 

elements at the sides of the strut are the first to fail due to the longer cohesive zone 

length in these regions (i. e. greater strain energy release rate). Damage then 

progresses inwards towards the central region and after 170,000 fatigue cycles, a 

crack exists around the entire tube circumference. At 60% UTS, the rate of damage 

progression is much greater due to the higher applied load. At fatigue onset, failed 

elements already exist at the sides of the strut and the cohesive zone is fully 

developed in these regions. When the fatigue law becomes active, damage 

progresses extremely quickly as a large number of elements have integrated strain 

energy release rates close to their quasi-static fracture toughness limits. For this 

greater fatigue load, only 3400 cycles are necessary for a crack to exist around the 

entire tube circumference, 2% of the number of cycles required under a fatigue load 

of 40% UTS. 
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Figure 6.20: Interfacial Damage Progression under fatigue load levels of 40% and 60% UTS 

The above analyses have demonstrated how the fatigue model can be used to 

simulate damage progression. This technique is now extended to include a residual 

strength check after a given number of elapsed fatigue cycles at a specified fatigue 

load. In order to remain consistent with the test procedure performed for the S2 

experimental specimens, 100,000 fatigue cycles were applied, before de-activating 

196 



CHAPTER 6 

the fatigue law and applying a linearly increasing load until failure. Figure 6.21 

shows the residual strength after 100,000 cycles, R=O, for fatigue load levels of 40%, 

45% and 50% UTS. The damage state of the interface after 100,000 cycles is also 

shown, which highlights the crack area resulting from fatigue loading. At a load 

level of 40% UTS, although a significant amount of damage develops around the 

sides of the strut circumference during fatigue loading, residual strength is not 

significantly reduced. At 45% UTS, there is a large increase in fatigue damage, and 

after 100,000 cycles, a crack of approximately 10mm in length exists around the 

entire strut circumference. However, there remains only a minor reduction in 

residual strength. At 50% UTS, a crack of approximately 40mm in length develops 

during fatigue loading and residual strength is now significantly reduced to a value 

of 48.5kN (17% strength reduction). It is not possible to provide a detailed 

comparison with the experimental tests due to the very limited amount of 

experimental data obtainable. However, the numerical analyses do appear to show 

reasonable agreement, with no reduction in residual strength at fatigue load levels of 

40% UTS, but a significant strength reduction for load levels above 50% UTS. 
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7. Conclusions and Future Work 

A detailed literature review, coupled with involvement in the NOTS project, 

highlighted the nodal joint as a critical failure location in composite truss structures. 

A well designed adhesively bonded joint offers the potential to avoid the stress 

concentrations introduced by mechanical fasteners, hence providing a more 

structurally efficient, light-weight design. Before bonded joints can gain widespread 

use in composite truss structures and other safety-critical structures, reliable 

techniques are required for predicting the onset and growth of fatigue damage along 

adhesive bond-lines. Cohesive Zone Modelling using interface elements has become 

a widespread technique for analysing interfacial failure under purely quasi-static 

loads, and is ideally suited to joints for the following reasons: 

i) The inclusion of strength and fracture based failure criteria enables analysis of 

both crack initiation and propagation within a single coherent simulation 

ii) Damage propagation can occur from numerous crack fronts, along any plane 

containing interface elements, without the need for crack path following 

algorithms. 

This research project has demonstrated how these advantages can be 

extended to fatigue analyses, through the development of an interface element 

fatigue crack propagation law. The law can be used to evaluate whether the crack tip 

strain energy release rate is sufficient for crack growth to occur and if so, to simulate 

the rate and direction of growth. The extraction of strain energy release rate from the 

cohesive zone enables a direct link with the Paris Law and experimental parameters 

obtained from standard fracture toughness specimens such as the DCB and ENF. 
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Whilst such an approach has been presented by previous authors, the novelty of the 

current work lies in the following areas: 

i) A detailed analysis of the length and stress distribution of the cohesive zone, 

both under quasi-static loading and with the fatigue law active. This is essential 

for the accurate extraction of strain energy release rate and application of the 

required interface element failure rate under fatigue loading. 

ii) Development of the law within the explicit FE code, LS-Dyna, which explicitly 

accounts for the strain energy release over the entire cohesive zone thus 

allowing a physical link to Paris type curves which are essentially rooted in 

linear elastic fracture mechanics. 

iii) Application of the fatigue law to analyse interfacial crack propagation in a 3-D 

nodal truss joint, representative of a structural component for which large 

amounts of physical testing become prohibitively expensive. The ability to 

analyse the rate of damage progression and evaluate residual strength after a 

given number of fatigue cycles has been demonstrated. 

Main achievements of the research presented and important areas of future work are 

now discussed in more detail. 

7.1 The Numerical Cohesive Zone and Strain Energy Release Rate Extraction 

Detailed analyses of numerical cohesive zone length and stress distribution 

have identified that crack tip strain energy release rate can be extracted by 

integrating the traction-displacement response of interface elements directly adjacent 

to the crack tip. As shown by Figure 7.1, for a bi-linear traction-displacement law, a 

minimum of 10 interface elements must exist within the fully developed cohesive 

zone length for a reasonably accurate value of strain energy release rate to be 
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extracted. This requires a significantly finer mesh than is necessary purely to 

perform a global load-displacement analysis, for which only 2-3 elements must exist 

within the fully developed cohesive zone length. 
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Existing formulae for predicting cohesive zone length and hence, design an 

appropriate finite element mesh, were found to give significant errors. Based on 

numerical analyses of standard fracture toughness specimens, modified versions of 

these formulae have been developed, providing improved accuracy. Further work is 

required to refine these formulae using detailed fracture mechanics analyses. This 

represents a major challenge due to the influence of structural depth, in addition to 

material properties, on the cohesive zone length in slender structures. Work is also 

required to develop such formulae for alternative traction-displacement relationships, 

such as the exponential and trapezoidal laws. 

7.2 Fatigue Law Development 

The techniques developed for extracting strain energy release rate have been 

used in the development of a fatigue model for simulating crack propagation under 

high cycle fatigue loading. This has been developed within the explicit FE code LS- 

Dyna, where a cycle jump strategy is used to link the number of elapsed cycles to 

each model time-step. Figure 7.2 highlights the main features of the fatigue model 

and the required user inputs. 

By directly extracting strain energy release rate from the cohesive zone, a 

Paris Law model can be easily embedded within the damage formulation. This 

means that the user must supply only a small number of experimental parameters, 

obtained from standard fracture toughness specimens, for crack propagation rate to 

be calculated at any given mode-ratio and R-ratio. The most suitable Paris Law 

model is material dependent and the ability to insert this as a discrete component of 

the damage algorithm is of significant benefit in providing flexibility of application. 

Within this thesis, two distinct Paris Law models have been implemented within the 
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obtained from a quasi-static analysis to the same maximum load level. Elements 

in this region acquire predominantly fatigue damage. 

These lengths are automatically calculated by the fatigue law using the user-defined 

fully developed cohesive zone length, combined with the strain energy release rate 

and quasi-static fracture toughness extracted from the model. 
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damage algorithm and used in conjunction with the strain energy release rate 

extracted from the cohesive zone in order to analyse crack propagation. 

It has been shown that in order to avoid the need for a crack path following 

algorithm, the fully developed cohesive zone length under a quasi-static load must be 

known. Due to the further work required to develop improved predictive formulae 

for cohesive zone length, this parameter is currently supplied as a user input and 

must be gained from a quasi-static analysis prior to fatigue law application. Although 

the fully developed cohesive zone length can change as a crack propagates due to 

mode-ratio variations, only if these are very large will significant inaccuracies occur. 

Once improved predictive formulae for cohesive zone length are developed, these 

can be included within the fatigue damage algorithm, allowing the cohesive zone 

length used within the calculations to be continuously updated as a crack advances. 

When the fatigue degradation law is active, the cohesive zone can be divided 

into two distinct regions: 

i) A quasi-static damage length, Lqs over which the integrated strain energy release 

rate is significantly less than the crack tip value and elements acquire 

predominantly quasi-static damage. Due to the absence of a crack path 

following algorithm, interface elements have no way of knowing their position 

in relation to the crack tip and some unwanted fatigue damage within this region 

cannot be prevented. This unwanted damage is corrected for by monitoring the 

difference between the quasi-static traction-displacement response and the 

traction-displacement response with the fatigue law active. 

ii) A fatigue damage length, Lfat, over which the mean integrated strain energy 

release rate is equal to the crack tip strain energy release rate that would be 
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7.3 Fatigue Law Applications 

The ability to utilize the fatigue law as a potential design tool for both 

analysing damage progression with elapsed fatigue cycles and evaluating residual 

strength has been demonstrated. A single-lap joint and nodal truss joint have been 

used as case studies, but the techniques presented are equally applicable to any 

structural component where bond-line failure and/or delamination are key failure 

concerns. An important area of future work will be to integrate the crack propagation 

law with a crack initiation law, applicable in cases where no initial stress 

concentration exists. Efforts should also be made to develop accompanying fatigue 

models for intralaminar damage mechanisms, so that their effects on material 

properties and consequent impact on interfacial damage initiation/progression can be 

accurately modelled. 

Figure 7.3 highlights the potential use of the fatigue law within the design 

process, enabling improved design optimisation and a reduced physical test 

requirement. For the full benefit of modelling the fatigue damage propagation to be 

gained, a damage tolerant design approach is necessary, where some crack growth is 

allowed, provided this does not compromise overall structural integrity. The ability 

to apply such an approach is dependent on both material properties and the 

availability of in-service damage monitoring technologies. For example, the very 

steep gradient of the Paris crack growth curve for many composite resins often 

necessitates a no-growth design philosophy, since relatively small increases in strain 

energy release rate can result in extremely large increases in crack growth rate. 

Therefore, in addition to further fatigue law development, research is also required to 

develop improved materials and damage monitoring technologies, so that a damage 

tolerant design approach can be more confidently applied. 
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APPENDICES 

Appendix A: Corrected Beam Theory Equations 

(a) Mode I DCB 

Considering the DCB specimen as two single cantilever beams, of length 

equal to the crack length, a, simple beam theory can be applied to give: 

2Pa3 
d, =3E111 

where, 

Al = Vertical separation of cantilever beam tips 

P= Point load applied to the free end of each cantilever 

E» = Young's Modulus of each cantilever along its length 

(A. 1) 

I= Second Moment of Area of each cantilever (=Bh3/12, where B and h are the 

specimen width and half-depth respectively, as defined in Figure 4.2) 

In order to correct the displacement for shear deformation and for local 

deformations that occur around the crack tip, a corrected beam theory method can be 

used, in which equation (A. 1) becomes: 

2P(a + xh)3 A, = 3E,, I 

where, 

X= Correction Parameter 

h= cantilever depth 

(A. 2) 

A value of X can be determined both experimentally and analytically, but in this 

study, the analytical value presented by Reeder et a!. 37 is used, where: 
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Ell r2 
x 11G 

3-2I1 
r, 

) 
(A. 3a) 

l3 

and 

I' =1.18 
JEIIE22 

(A. 3b) 
G13 

The mode I strain energy release is given by37: 

P2(a+xh) 2 
(A. 4) GI - BE1II 

Under a linearly increasing tip displacement, the load (P) increases until the point 

where G1 = GIc and the crack begins to propagate. The subsequent load-displacement 

relationship for each increment of crack extension is found by combining equations 

(A. 2) and (A. 4) with GI set equal to GIc. 

(b) Mode 11 3ENF 

The same principles apply for the 3 point ENF (see Figure 4.3(b)), in which the 

displacement and mode 11 strain energy release rate before initial crack propagation 

are given by37: 

= 
3P(a+0.42xh)3+2PL3 

All 
96E�I (A. 5) 

G° _ 
3(a+0.42xh)2P2 

64BE�1 (A. 6) 

The second moment of area, 1, in equations (A. 5) and (A. 6) remains equal to that 

calculated for the DCB specimen, using half the specimen depth and the length, L, is 

as defined in Figure 4.3(b). 
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(c) Mixed-Mode FRMM 

For the FRMM specimen (see Figure 4.3(c)), the upper cantilever tip displacement 

and separate mode I and mode II strain energy release rate components are given 

by38: 

d= PN [7(a 
+ 0.42xh)3 + (L + 2, Xh)1 (A. 7) 

2Bh3E, l 

G= 3FP2(a+%h)2 (A. 8) 
' BZh'E 11 

G= 9FP2(a+0.42xh)1 (A. 9) 
4B2h3E� 

where F and N' are correction factors for large displacements and the length, L, is as 

defined in Figure 4.3(c). Due to the small displacement of approximately 3mm at the 

point of initial crack propagation, F and N' were assumed equal to unity for the 

FRMM specimen used in Chapter 4. Under a linearly increasing upper cantilever tip 

displacement, the analytical load, P, at which initial crack propagation occurs was 

calculated using the power law failure criterion given by Equation (4.2), with a= 1. 
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Appendix B: Calculation of Elastic Modulus for Cohesive Zone 

Length Equations 

The elastic constant E' that appears in equations (4.4) and (4.5) is dependent 

on the mode of loading, whether plane stress or plane strain conditions exist and 

whether the specimen can be considered as slender or infinite. 

For a mode I crack in an infinite body under plane stress conditions83: 

1_ b11b33 b33//1+ 2b31 +bss (B. 1) 
2 b� 2b� 

where the by are Voigt elastic constants defined by: 

ei =Eb; ucsj, j=I 
(B. 2) 

with c1= -'If, ... 9 e6 m CIS cri 31 C», , .., 06 = C12. For a specially orthotropic specimen 

(axes of orthotropy aligned with the axes of symmetry of the specimen), the Voigt 

elastic constants are related to the engineering elastic constants by: 

b» =1/E». b, 2 =-v, 2/E, 1, b66 =1/G, 2, 

b22 =1/E22, b23 = -v23/E22, b55 =1/G31, (B. 3) 

b33 = 1IE33, b31= - v31/E33, b44 = JIG23, 

where E;; is the Young's modulus in the x1 direction, vy is a Poisson's ratio and Gy is 

an engineering shear modulus. For the alignment of the specimen in Figure 4.2, the 

engineering constants involved in EI are E», E33, G31 and v31. 

For a crack in an infinite body that is loaded in shear, the elastic constant 

becomes: 
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1 
Ell = b� /2 (blIb33)1'2 +(b3, +b55 /2) (B. 4) 

In a slender body, a different elastic constant appears. For example, in a thin 

plate or beam containing a mid-plane crack propagating in the x, direction and 

loaded in mode II, the elastic constant that appears in results for the cohesive zone 

length is the reduced Young's modulus: 

_ 
Ell F'llslender 

- 
1-V13 v31 

(B. 5) 
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