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Abstract 

The skeletal system accumulates microscale fatigue damage with everyday use. Bone 

has the ability to repair fatigue damage; however, the effectiveness of the repair 

mechanism can deteriorate with age and disease leading to an accumulation of damage. 

An increase in fatigue microdamage with age is thought to contribute to the occurrence of 

fragility fractures in the elderly. However, the mechanisms that are responsible for the 

interaction of fatigue damage and the fracture resistance of bone are not well understood. 

Therefore this thesis aims to analyse the mechanisms of interaction between accumulated 

fatigue damage and the fracture resistance of cortical bone (i.e. fatigue fracture interaction 

mechanisms). This aim is achieved by the application of engineering fracture mechanics 

theory to investigate the effects of accumulated fatigue damage on the fracture resistance 

of cortical bone. 

This thesis consists of two main components: 1) experimental studies and 2) numerical 

modelling. The experimental component is separated into three separate experiments, 

each designed to analyse the effects of fatigue damage on the fracture resistance of 

cortical bone. The first experiment analysed the effects of tensile fatigue damage on the 

longitudinal fracture resistance of cortical bone; the second experiment analysed the 

effects of tensile fatigue damage on the longitudinal and transverse fracture resistance of 

cortical bone; and the third experiment analysed the effects of tensile and compressive 

fatigue damage on the transverse fracture resistance of cortical bone. The general 

methodology used for these experiments included splitting specimens into control and 

damaged groups then ex-vivo fatigue loading the damaged group specimens. All 

specimens were then fracture resistance tested and the fracture behaviour of the control 

and damaged groups was compared. The results of these experiments were used to 

propose conceptual models of fatigue fracture interaction. In general the results showed 

that fatigue microdamage in the form of linear microcracks is detrimental to the fracture 

resistance of cortical bone. 

The second component of this thesis was the numerical modelling of the toughening 

mechanisms in cortical bone and their contribution to the overall fracture resistance 

behaviour. The specific mechanisms that were modelled include: uncracked ligament 

bridging, crack deflection and microcracking. The results from the numerical modelling 

were then combined with the experimental data to develop a model of toughening 

behaviour in bone.  

 



 
II 

Overall, the results of this thesis show that fatigue microdamage is detrimental to the 

fracture resistance of cortical bone. In addition to this, microstructural changes with age 

or disease may exacerbate the detrimental effects of fatigue microdamage on the fracture 

resistance of cortical bone. Therefore the results of this thesis suggest that fatigue 

microdamage may be a contributing factor to clinical fractures.  
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1 Introduction 

1.1 Background 

The fracture (or more correctly “failure”) of bone, as seen from an engineering perspective 

has three main contributing factors, the external loading, the bone macrostructure, and 

the bone tissue material properties. Loading is applied to a bone by muscle action through 

connecting tissues, such as tendons. The bulk geometry (or macrostructure) of the bone 

determines how the loading is transmitted through it and the stresses generated from this 

loading. Bone tissue material properties characterise the mechanical behaviour of bone 

tissue independent of its bulk geometry. This includes various properties that describe 

how resistant the material is to deformation and how resistant it is to failure. The dominant 

failure mode in bone is by crack growth (Behiri and Bonfield, 1984; Nalla et al., 2004a; 

Norman et al., 1995a). Crack growth in bone can occur from a single traumatic loading 

event (referred to as fracture in clinical literature). In addition, low level repeated loading 

(known as fatigue in engineering), can cause the accumulation of microscale cracks 

(Frost, 1960; O’Brien et al., 2003; Schaffler et al., 1995; Zioupos et al., 1996). It is thought 

that fatigue microcracks play an important role in the age related decrease in bone 

toughness which leads to clinical failures such as stress and fragility failures. The general 

goal of this research is therefore to better understand bone tissue material behaviour, 

specifically with regard to the fatigue and fracture behaviour and interactions between 

these two failure mechanisms. 

The mechanical behaviour of any material is inherently linked to its physical structure and 

the base components that form the material. Bone is a hierarchical composite with unique 

material characteristics from the macro (whole bone level) to the nano level (base 

components of the composite) (see Figure 1.1).  

 

Figure 1.1: Schematic representation of hierarchical structure of cortical bone (figure 
adapted from Rho et al. (1998)). 

(a) Macrostructure (b) Microstructure (c) Nanostructure 

Macrostructure 
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The three main phases of the bone composite include: the protein or organic phase 

(primarily collagen type I); the mineral or inorganic phase (calcium hydroxyapatite); and 

water (Rho et al., 1998). At the macro scale (Figure 1.1 (a)), a typical long bone, such as 

the femur, consists of two distinct types of bone. These are the solid cortical bone that 

makes up the main shaft and the ‘sponge like’ trabecular bone in the proximal and distal 

ends of the bone (which are also covered by a thin layer of cortical bone) (Tortora and 

Derrickson, 2008). At the microscale (Figure 1.1 (b)) the cross section of the cortical bone 

consists of laminated sheets of bone material known as lamellae. These lamellae form in 

rings around the whole shaft of the bone and in much smaller concentric circles within the 

bone shaft, known as osteons, through which blood vessels pass. The lamellae and 

osteons are orientated parallel to the long axis of the bone ±10-20° (Martin and Burr, 

1989). At the nanoscale (Figure 1.1 (c)), each of these lamellae sheets are made from 

collagen fibrils tightly packed together. The fibrils consist of long collagen protein chains 

with flat and ‘plate like’ calcium hydroxyapatite crystals placed in and around them (Rho 

et al., 1998).  

The failure processes in bone are dependent on the hierarchical structure of the tissue as 

well as the arrangement of the constituent phases. Cracks in the bone tissue initiate at 

the nano scale and grow to microscale lengths. They then interact with features of the 

microstructure, such as lamellae boundaries or osteons, which can cause cracks to 

deflect, branch, or even arrest (O’Brien et al., 2005a; Poundarik et al., 2012; Vashishth, 

2007a). Understanding of these crack growth toughening mechanisms is important for 

understanding fracture in bone and the factors that alter the overall toughening behaviour 

such as fatigue microdamage. 

Fatigue microdamage is an important contributor to the overall fracture behaviour of 

cortical bone. Fatigue microdamage is caused by repetitive loading of the skeletal system 

due to everyday activities (Burr et al., 1985). Normally fatigue damage is repaired by 

cellular action in-vivo; however, this process has been shown to be inhibited with aging 

leading to an accumulation of damage with age (Diab et al., 2006; Schaffler et al., 1995; 

Zioupos, 2001a). Thus, the accumulation of fatigue damage is thought to be a contributing 

factor to the age related decrease in the toughness of human bone (Diab and Vashishth, 

2005; Norman et al., 1998; Parsamian and Norman, 2001). Fatigue damage is also linked 

to the occurrence of clinical fractures such as fragility fractures in the elderly and stress 

fractures in the young. Fragility fractures are thought to be the result of reduced bone 

quality while stress fractures are normally the result of a sharp increase in physical activity. 

Both of these clinical fractures are thought to be due to an accumulation of fatigue 

damage. For fragility fractures the accumulation of fatigue damage is caused by 
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degradation of bones’ material properties. For stress fractures, it is the increased 

magnitude and/or frequency of that loading which causes an increase in fatigue damage. 

While fatigue damage has been implicated as a factor in both of these types of clinical 

fractures, the microscale mechanisms that cause the fatigue induced damage to 

contribute to the overall final fracture are not well understood. To further understand the 

mechanisms of failure in bone and the mechanisms that cause fatigue damage to interact 

with the failure processes in bone, an engineering analysis technique such as fracture 

mechanics can be applied. 

As crack growth is the dominant failure mechanism in bone, current research has focused 

on the use of fracture mechanics to understand these failure processes (Granke et al., 

2015; Zimmermann et al., 2011). Fracture mechanics is an engineering technique that 

accounts for flaws and defects in a material to predict strength via resistance to crack 

growth. The most commonly used prediction parameter is the Stress Intensity Factor 

(SIF), which describes the severity of the stresses at a crack tip due to the applied loading 

and geometry of the crack (Anderson, 2005). The SIF is then compared to a critical value 

known as the fracture toughness. If the SIF for a particular crack is higher than the fracture 

toughness, that crack will grow and cause eventual failure of the material. Another fracture 

prediction parameter is the J-Integral. The J-Integral is a strain energy based measure 

that can also account for non-linear material effects (unlike the stress intensity factor). The 

J-Integral is therefore more appropriate for use with bone material as it exhibits non-linear 

fracture mechanisms such as plasticity, microcracking and other non-linear fracture 

toughening mechanisms (Yang et al., 2006a; Yan et al., 2007).  

For a composite material such as bone a single value fracture toughness measure is not 

sufficient to capture the full crack growth resistance behaviour. The reason for this is that 

the fracture toughness of bone rises with increasing crack length (Koester et al., 2008; 

Vashishth, 2004). The resistance of a material to crack growth as a function of crack length 

is known as the fracture resistance curve and for cortical bone the fracture resistance 

curve increases with increasing crack length. This increasing fracture resistance in bone 

is caused by the presence of various toughening mechanisms acting on the crack as it 

propagates, such as microcracking, ligament bridging and crack deflection (Vashishth, 

2004; Zimmermann et al., 2011). Each of these mechanisms increases the apparent 

toughness of cortical bone by either shielding the crack from the applied load or by altering 

the stress field around the crack tip. Thus, experimental and modelling techniques used 

in fracture mechanics can be applied to cortical bone to provide further insight into the 

contributions of fatigue microdamage to the overall fracture resistance behaviour and the 

toughening mechanisms that cause this behaviour. 
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The overall purpose of this project is to combine the use of engineering fatigue and 

fracture theory to investigate the effects of accumulated fatigue damage on the fracture 

resistance of cortical bone. This project will limit its scope to analysis of bone tissue 

material properties. Specifically, this will include the microscale behaviour of fatigue 

damage and how this interacts with the crack growth mechanisms in cortical bone. This 

project will involve experimental analysis of ex-vivo induced fatigue microdamage on the 

rising fracture resistance curve and the toughening mechanisms that cause this 

behaviour. From the experimental data, conceptual models will be developed to describe 

the effects of the fatigue damage on the fracture toughening mechanisms. These 

conceptual models and the toughening mechanisms responsible for them will then be 

analysed using the computer modelling techniques known as Finite Element Analysis 

(FEA). Overall, the combination of experimental and numerical fracture mechanics will 

provide insight into the effects of fatigue microdamage on the fracture resistance of 

cortical bone and the mechanisms that cause this interaction. The results of this work will 

have important implications for the understanding of the material level mechanisms that 

are responsible for clinical fractures such as fragility and stress fractures, which are linked 

to the occurrence of fatigue damage in bone. 

1.2 Motivation 

While this project will focus on the material level (microscale) behaviour of fatigue and 

crack growth in bone, the overall motivation of this work is to increase the understanding 

of clinical failures related to fatigue loading. There are two main types of failure observed 

in bone that are directly related to fatigue and fatigue damage accumulation. These are: 

‘stress’ fractures and ‘fragility’ fractures (Burr, 1997). Stress fractures are common in 

military recruits and athletes who subject their skeletal structure to intensive periods of 

repetitive loading (Giladi et al., 1991; Iwamoto and Takeda, 2003). Stress fractures are 

caused by the growth and coalescence of fatigue cracks. They normally occur due to a 

sharp increase in physical activity that does not allow enough time for the body to repair 

or adapt to the new loading (Forwood and Burr, 1993; Taylor and Kuiper, 2001). Unlike 

stress fractures, fragility fractures can occur due to everyday loading, such as walking. 

Fragility fractures are the result of weakened bone material and structure, which makes it 

susceptible to failure (Danova et al., 2003; Diab et al., 2006). One factor thought to play 

a significant role in fragility fractures is the accumulation of fatigue microdamage (Norman 

et al., 1998; Vashishth, 2007a; Zioupos, 2001a). This can occur if the body’s natural ability 

to repair fatigue damage is hindered by age or disease (Lee et al., 2012; Schwartz and 

Sellmeyer, 2007; Zioupos, 2001b). The purpose of this project is to improve the 

understanding of the underlying fracture mechanisms related to the clinical fatigue failures 
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described above. This is achieved by applying engineering fracture analysis techniques 

to understand the material properties of bone. Further understanding of bone tissue 

material properties will also allow clinicians to develop new methodologies to identify 

those at risk of fracture and reduce the incidence rates of stress and fragility fractures.  

 

1.3 Aims and Objectives 

Global Aim: Analyse and develop conceptual models of the effects of accumulated 

fatigue damage on the fracture resistance and crack growth toughening mechanisms in 

cortical bone. 

Specific Objectives: 

1) Develop experimental techniques that combine fatigue damage accumulation and 

fracture mechanics testing methods ex-vivo, including:  

a) Fracture specimen configurations that allow for both fatigue and fracture testing 

b) Methods for assessing the fatigue damage before fracture testing 

c) Optical methods for analysing the interaction of fatigue damage with the crack path 

toughening mechanisms  

2) Conduct experiments to cause the accumulation of fatigue damage ex-vivo before 

subsequent fracture resistance testing, including: 

a) Conduct ex-vivo fatigue loading to cause the accumulation of fatigue microdamage 

b) Use control and fatigued specimens for fracture resistance tests and compare the 

results of these groups based on the fracture resistance curve and the fracture 

toughening mechanisms 

c) Compare large and small scale crack growth in both the longitudinal and 

transverse crack growth directions 

d) Analyse the effects of different types of fatigue damage (tensile diffuse damage 

and compressive microcracks) on the transverse fracture behaviour of cortical 

bone 

3) Develop conceptual models of fatigue fracture interaction from the experimental data, 

including models for analysing: 

a) The effects of and difference between fatigue induced damage and microdamage 

formed during crack growth in bone 

b) The effect of fatigue induced damage on the fracture resistance curve and the 

crack path toughening mechanisms  
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4) Analyse the toughening mechanisms in cortical bone using Finite Element Analysis 

(FEA), including finite element models for: 

a) Analysing the assumption of using the standard equations used to process the 

fracture resistance data for the non-standard specimen configurations developed 

as part of the first objective 

b) Isolate and explicitly model the microscale toughening mechanisms in bone 

including: microcracking, ligament bridging and crack deflection 

5) Combine the results of the experimental and finite element modelling work to propose 

models of fracture behaviour in bone and the effect that fatigue induced damage has 

on normal fracture behaviour 

1.4 Scope 

The scope of this project will be limited to the material level mechanisms responsible for 

fracture in cortical bone in the absence of the normal biological repair mechanisms. 

Fatigue damage in bone can be repaired by cellular action through a process known as 

remodelling. The timescale for bone to begin the remodelling process is generally in the 

order of weeks (Burr et al., 1990, 1985; Milgrom et al., 1985). In contrast to this, fatigue 

damage occurs directly during the loading event and accumulates with each ongoing load 

cycle (Mori and Burr, 1993). In the case of aged or diseased bone, the repair mechanism 

can be inhibited leading to an even larger timescale for repair to occur (Burr, 2003, 1993; 

Schaffler, 2003). This can lead to increased accumulation of fatigue damage due to 

normal loading, such as walking (Diab et al., 2006; Diab and Vashishth, 2007; Taylor and 

Lee, 2003). While remodelling and repair is an important process in the aetiology of fatigue 

failure of bone; the relative timescale of the repair process allows for the crack growth 

mechanisms (i.e. material properties) to be separated from the repair mechanism. Thus, 

the scope of this project is limited to the analysis of crack growth mechanisms in cortical 

bone without including the effects of bone repair.  

1.5 Outline of Thesis 

The following is an outline of all experiments and modelling conducted as part of this 

research. The first chapter begins by detailing engineering fatigue and fracture theory 

along with a literature review of the application of both of these theories to cortical bone. 

The literature review concludes with identified knowledge gaps and how the aims and 

objectives of this project intend to address these knowledge gaps.  

Following the literature review the experimental work is presented in three separate 

chapters with each experimental study separated based on the methodology used and 

the specific project objective that the experiment addresses. The first experimental study 
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used a circular notched compact tension or ‘C(T)’ fracture specimen configuration with a 

tensile fatigue method used to generate microdamage ahead of the circular notch. The 

C(T) configuration allows for the analysis of large scale crack growth (crack growth greater 

than 1mm) in the longitudinal direction (crack growth parallel to the long axis of a bone). 

The first experiment will address the objective of analysing the effects of fatigue damage 

on the large scale longitudinal fracture resistance behaviour of cortical bone. The second 

experimental study uses a uniform 3 point bend specimen for fatigue testing, which is 

subsequently notched to create a Single Edge Notched Bend or SEN(B) specimen for 

fracture resistance testing. The use of a SEN(B) fracture specimen allows for analysis of 

small scale crack growth (crack growth less than 1mm) and analysis of the longitudinal 

and traverse (parallel and perpendicular to the long axis of the bone respectively) fracture 

resistance of cortical bone. The second experiment relates to the objective of analysing 

the effects of fatigue induced damage on the transverse and longitudinal fracture 

behaviour of small scale crack growth. The third experimental study uses a circular 

notched SEN(B) specimen for both the bending fatigue and fracture testing in both the 

longitudinal and transverse crack growth directions. The third experiment addresses the 

objective of analysing the effects of both tensile diffuse damage and compressive 

microcracks on the fracture resistance of cortical bone. Each of the experimental chapters 

describes the specific methodology used in the experiment, the results of the experiment 

and discussion of the results leading to the development of conceptual models of fatigue 

fracture interaction. 

The experimental chapters are then followed by two chapters detailing the finite element 

models used in this work. The first finite element modelling chapter details the analysis of 

the circular notched fracture specimen configuration used in the first and third 

experiments. The purpose of this analysis is to verify that the assumption of using the 

standard equations for non-conventional geometry does not alter the statistical 

comparisons given in the first and third experiments. The second finite element modelling 

study analyses the main toughening mechanisms present in cortical bone including: 

microcracking, ligament bridging and crack deflection. The results of the individual finite 

element models for each of these toughening mechanisms are then used to analyse the 

relative contribution of each mechanism to the overall fracture resistance behaviour of 

cortical bone. The results from each of the toughening mechanism finite element models 

are also compared to the experiments presented in this thesis to provide further insight 

into the conceptual models proposed by the experimental results. 
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The overall findings of the experimental and finite element modelling work of this project 

are synthesised and discussed as part of the last section of the final finite element 

modelling chapter. This is followed by the conclusion, which summarises the main findings 

of all work presented in this thesis and the significance that the results of this research 

has for future research. 
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2 Literature Review  

The following literature review is divided into several sections: the first section describes 

the biomechanical properties of bone that can be derived from monotonic tests. The next 

three sections discuss engineering fatigue theory, the accumulation of fatigue damage in 

cortical bone and the application of fatigue theory to cortical bone. Sections five and six 

discuss fracture mechanics theory and the application of this theory to cortical bone, 

respectively. In section seven the existing knowledge on the effects of accumulated 

fatigue damage on the fracture behaviour (also referred to as fatigue fracture interaction) 

of cortical bone is discussed. This chapter is then concluded by summarising the 

knowledge gaps identified in the literature review and how the global aim and specific 

objectives will address these gaps. 

2.1 Monotonic Properties of Cortical Bone 

Before discussing the fatigue and fracture behaviour of cortical bone it is useful to 

understand the material properties of bone that can be derived from a monotonic tensile 

or compressive test. Due to the composite structure of cortical bone it has directionally 

dependent elastic properties; that is, cortical bone is orthotropic. Typically, if a cortical 

bone sample is taken from a long bone such as the femur or tibia, a specimen orientated 

parallel to the long axis of the bone (approximately parallel to the osteon direction) will 

have a higher elastic modulus than either the circumferential or radial directions. Note that 

specimens orientated parallel to the long axis are termed ‘longitudinal’ while the radial and 

circumferential directions show similar elastic properties and are often grouped together 

and termed ‘transverse’. The typical tensile elastic properties of bone are outlined in Table 

2.1 below for both human and bovine bone.  

Table 2.1: Summary of typical tensile elastic properties of secondary human and bovine 
bone in both the longitudinal and transverse directions. Data presented as mean ± 
standard deviation. The values presented as the transverse direction relate to the 
circumferential direction. Values taken from Reilly and Burstein (1975). 

 Human  Bovine  

Property Longitudinal Transverse Longitudinal Transverse 

Elastic 

Modulus 

(GPa) 

17.7±3.6 12.8±3.0 23.1±3.2 10.4±1.6 

Yield Stress 

(MPa) 

114±7.1 - 141±12 - 

Failure Stress 

(MPa) 

133±15.6 53±10.7 150±11 54±5.8 
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Cortical bone also has different material properties (i.e. monotonic properties) when 

loaded in compression or when loaded in tension. The main difference between the 

compressive and tensile properties is the yield and fracture strengths (Cezayirlioglu et al., 

1985), with the yield and fracture strengths being much higher in compression. The reason 

for this is that under compressive loading, bone fails via a shear based mechanism 

causing it to break at an angle to the primary axis of loading (see for example the images 

in Caler and Carter (1989)). This is caused by the sliding of lamellar sheets at the angle 

of maximum resolved shear stress. Conversely, under tensile loading bone fails by the 

breakage of collagen fibres and osteon pull out (Hiller et al., 2003). Note that the 

compressive elastic modulus in the longitudinal and transverse directions for bovine 

cortical bone are similar to those shown in Table 2.1.  

Another factor that affects the elastic behaviour of bone is the microstructural arrangement 

of the osteons. When bone is initially formed it is termed primary bone and it has an 

irregular pattern of primary osteons (Enlow, 1962). As ageing occurs in human bone the 

primary bone is replaced by secondary osteons through a process known as remodelling. 

This leads to a more porous and less dense microstructure with different mechanical 

properties to primary bone (Diab and Vashishth, 2007; Hoc et al., 2006; Nalla et al., 2006). 

The process of remodelling is also linked to the repair of damage formed in-vivo and this 

is discussed further in section 2.3.2. The data presented in Table 2.1 is for secondary 

osteonal bone in both humans and bovine. 

While the properties of bone derived from a monotonic tensile test are useful in terms of 

understanding the bulk material behaviour; they do not capture the underlying failure 

mechanisms in the material due to crack growth or the effects of more complicated loading 

patterns such as cyclic fatigue. The engineering theory for fatigue and fracture analysis 

and the applications of these theories to bone will be discussed in the following sections. 

2.2 Fracture Properties of Cortical Bone 

2.2.1 Engineering Fracture Mechanics Theory 

As the dominant failure mode in bone is crack growth, the most appropriate theoretical 

framework through which to analyse this failure mechanism is fracture mechanics. 

Fracture mechanics is used to investigate and predict how and if a material will fail by 

assuming the presence of cracks or crack like defects and flaws. The foundation of 

fracture mechanics stems from the theoretical stress singularity (infinite stresses) that 

occurs at the tip of a sharp crack. The severity of the singularity is dependent on several 

factors including the geometry of the crack (and local structure) and remote loading 

conditions. Around the crack tip, an area of plastic deformation is usually formed to 
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alleviate the theoretically infinite stresses. However, if the zone is small then just outside 

of the crack tip the material behaves in accordance with the linear elastic fracture theory, 

commonly known as Linear Elastic Fracture Mechanics (LEFM) (Anderson, 2005).  

There are three different loading modes that can be applied to a crack. The three different 

loading modes are termed mode I, mode II and mode III. Mode I loading is the result of a 

tensile opening applied to the crack face; mode II is caused by shear loading on the crack 

faces; and mode III loading is caused by out of plane forces and is also known as the 

tearing mode. Each of these loading modes is shown schematically in Figure 2.1. It is also 

possible for fracture to occur in a material due to a combination of loading modes known 

as mixed mode loading.  

 

Figure 2.1: Loading modes that can be applied to a crack. 

There are several parameters used to characterise the initiation of crack growth (including 

stable and unstable crack propagation). The main two alternative parameters are the 

strain energy release rate ‘G’ and stress intensity factor ‘K’. Critical values for these 

quantities are measured experimentally and are referred to as the fracture toughness of 

the material (Janssen et al., 2004). If the strain energy release rate or stress intensity 

factor for a given crack (due to the applied loading) is above this critical value, then the 

crack will grow and can result in failure of the structure. The most commonly used method 

of measuring the fracture toughness and predicting fracture of a material is the stress 

intensity factor. 

The stress intensity factor ‘K’ directly describes the stress field that surrounds a crack tip 

and the severity of the stress singularity that occurs at a sharp crack tip. The stress field 

near the crack tip is expressed as a power series expansion using polar coordinates 

centred on the crack tip (see Figure 2.2). The power series expression for the stress field 

about the crack tip is often simplified to only include the first term as follows: 

 

Mode I Mode II Mode III 
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 𝜎𝑧𝑧 =  0 (𝑃𝑙𝑎𝑛𝑒 𝑆𝑡𝑟𝑒𝑠𝑠) 𝑜𝑟 𝜐(𝜎𝑥𝑥 +  𝜎𝑦𝑦) (𝑃𝑙𝑎𝑛𝑒 𝑆𝑡𝑟𝑎𝑖𝑛) (2.4) 

   

 𝜏𝑥𝑧 , 𝜏𝑦𝑧 = 0 (2.5) 

 

where the stress components ‘σxx’, ‘σyy’, ‘σzz’, ‘τxz’ and ‘τyz’ are defined in Figure 2.2. ‘KI’ is 

the mode I stress intensity factor, ‘r’ is the radial distance of the stress element from the 

crack tip and ‘θ’ is the angular location of the stress element as defined in Figure 2.2. 

 

Figure 2.2: Crack tip coordinate system definition for equations 2.1 to 2.5, note that the 
positive z axis is defined coming out of the page. 

This assumption is made as the first term of the power series shows that the stress is 

inversely proportional to the square root of the distance from the crack tip (𝜎 ∝  1 √𝑟⁄ ). 

Therefore, near the crack tip (𝑟 → 0), this term is dominant and completely describes the 

local stress and displacement fields. At the crack tip (𝑟 = 0) the first term of the equation 

approaches infinity, giving the stress singularity. The stress intensity factor (denoted as 

‘K’) is the coefficient of this singular term: 𝜎 ∝  𝐾𝐼 √𝑟⁄  with the subscript denoting the 

loading mode as shown in Figure 2.1. The magnitude of the stress intensity factor 

describes the severity of the stress singularity at the crack tip.  
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For a given material there will be a critical value of the stress intensity factor known as the 

fracture toughness. If the applied stress intensity factor for a given crack equals or 

exceeds this critical value then crack growth will occur. The theoretical formulation of the 

stress intensity factor assumes an infinitely sharp crack with linear elastic deformation. 

Real materials plastically deform at the crack tip forming an area known as the process 

zone. If the plastic zone is small compared to the overall specimen or structure then the 

stress intensity factor describes the stress field just outside this process zone. 

Experimentally the fracture toughness of a material is determined by loading notched 

specimens of a specific geometry. There are two common types of specimen geometry; 

the Compact Tension or C(T) specimen and the Single Edge Notched Bend SEN(B) 

specimen. To determine a single fracture initiation toughness value a specimen is 

monotonically loaded in displacement control while measuring the force. The 

displacement is increased until crack growth starts, which is shown by either a sudden 

drop in load for unstable crack growth or a steady non-linearity in the load-displacement 

curve for stable crack growth. From this load-displacement curve a critical loading is 

determined using the procedures detailed in a fracture testing standard such as ASTM 

E1820 (2011). This critical load and the specimen geometry are then used along with the 

specifications for the relevant specimen configuration to determine if the test was valid so 

that the fracture initiation toughness can be calculated. Further details for fracture 

toughness testing are outlined in ASTM standard E1820 (2011). 

Fibre composite materials with directionally dependent properties show unique fracture 

toughness behaviour depending on the orientation of the crack with respect to the fibres 

in the composite material. This is especially evident in fibre composites where the fracture 

toughness is significantly higher when the crack is orientated such that it is transverse to 

the fibre direction as opposed to breaking along the fibre direction (Chong et al., 2007; 

Jacobsen and Sørensen, 2001; Pegoretti et al., 1996; Sinclair et al., 2004). The reason 

for this is that in a fibre composite sheet the fibres have high strength along their tensile 

axis. Therefore, a crack travelling transverse to the fibres must break the fibres or leave 

the fibres remaining in the crack wake supporting load that would otherwise propagate the 

crack. In contrast to this, when the crack is propagating in parallel to the fibres the crack 

can propagate along the weak interface between the fibres and the matrix (Pegoretti et 

al., 1996). For crack growth parallel to the fibre direction the fibres do not need to be 

broken and the toughness is significantly lower than transverse crack growth. These 

fracture toughening mechanisms in fibre composites lead to significant non-linear 

behaviour which cannot be fully accounted for using LEFM. 
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For materials with significant non-linear behaviour or materials with large plastic zones; 

the use of the stress intensity factor and LEFM is not suitable. Thus, another method has 

been developed to characterise the toughness of non-linear materials known as the J-

integral (or non-linear strain energy release rate). The advantage of the J-integral method 

is that it can be used in situations where there is a larger amount of plasticity at the crack 

tip. The J-integral is an energy measure that considers the amount of energy consumed 

during crack growth, per unit crack area formed. The J-integral ‘J’ was first derived by Rice 

(Rice, 1968):  
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by considering the potential energy ‘π’ of a two dimensional cracked body along a contour 

denoted ‘Γ’ with surface tractions Ti. Where ‘W’ is the strain energy density and ‘ui’ is the 

displacement vector. The parameters for these equations are shown diagrammatically in 

Figure 2.3. For the linear elastic case the stress intensity factor ‘K’ and the J-integral ‘J’ 

are related using: 

 
𝐽 =  𝐺 =  

𝐾2

𝐸′
 

(2.8) 

 

For the purely linear elastic case the J-integral ‘J’ is equivalent to the strain energy release 

rate, G, with E’ = E/(1-ν2) for plane stress and E’ = E for plane strain.  

 

Figure 2.3: Representation of crack tip and coordinate system with the parameters 
defined as in equations 2.6 and 2.7. The closed contour path encircling the crack tip is 
denoted as Γ while the traction vectors along the path are denoted as T. 
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Experimentally, the J-integral is measured in a similar manner to the stress intensity factor 

based fracture toughness. However, the J-integral calculation includes an energy term 

based on the plastic area under the load-displacement curve for the test. The equations 

used to experimentally determine the J-integral fracture toughness are:  

 

 𝐽 =  𝐽𝑒𝑙 +  𝐽𝑝𝑙 (2.9) 

 

 
𝐽𝑒𝑙 =  

𝐾2 

𝐸′
 

(2.10) 

 

 
𝐽𝑝𝑙 =  

𝜂𝐴𝑝𝑙

𝐵𝑏
 

(2.11) 

 

where ‘K’ is the stress intensity factor and E’ is defined as in equation 2.8. In equation 

2.11, ‘B’ is the specimen thickness; ‘b’ is the uncracked ligament length; ‘Apl’ is the plastic 

area under the load displacement curve and ‘η’ is factor dependent on the specimen 

configuration defined in ASTM standard E1820. 

Experimental fracture mechanics is inherently destructive as it requires that a crack is 

grown in the material being analysed whereas finite element modelling allows for non-

destructive analysis of cracks in a component. Therefore, it is beneficial to apply the theory 

of fracture mechanics to numerical modelling techniques such as Finite Element Analysis 

(FEA). A further advantage of FEA is that a model can be parametrised and solved for 

various characteristics of the crack geometry without having to conduct a prohibitive 

number of experimental tests. Early work on application of FEA in fracture mechanics 

focused on deriving the solutions for static stress intensity factors for various common 

crack geometries (Byskov, 1970; Tracey, 1971). More recent applications of FEA to 

fracture mechanics include the analysis of complex three dimensional crack geometries 

and the modelling of crack paths and propagation (Liu et al., 2012; Roe and Siegmund, 

2003; Ural et al., 2011; Xu and Yuan, 2009).  

2.2.2 Fracture Analysis of Cortical Bone 

Initial work on the fracture testing of bone focused on the use of single value fracture 

toughness tests using LEFM. As cortical bone is an orthotropic material it shows distinctly 

different crack growth behaviour and fracture behaviour in the longitudinal and transverse 

directions. Typical fracture toughness values for bovine cortical bone range from 
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3.2MPa√m in the longitudinal direction to 6.5MPa√m in the transverse direction (Behiri 

and Bonfield, 1989). While a single fracture initiation toughness value can be instructive 

in terms of crack initiation in a material, it does not account for stable crack growth 

following initiation. To account for stable crack growth the fracture toughness must be 

considered as a function of crack length, known as the fracture resistance curve. 

For brittle materials a single fracture toughness value is adequate to describe its 

behaviour as following crack initiation the crack continues to grow in an unstable manner. 

However, for ductile materials and for composite materials like bone there is a significant 

portion of stable crack growth and the full fracture resistance curve needs to be 

considered. Bone tends to increase its resistance to crack growth as a crack propagates 

through the material (Malik et al., 2003; Nalla et al., 2004b). This behaviour can be 

described by the use of a fracture resistance curve that shows the variation of the fracture 

toughness with increasing crack growth as shown in Figure 2.4. A material that increases 

its resistance to crack growth as the crack propagates through it is said to have a rising 

resistance curve (Anderson, 2005). 

 

Figure 2.4: (a) Compact tension fracture specimen showing points of applied load and 
crack extension measurement Δa. (b) Rising fracture resistance curve behaviour typical 
of cortical bone. 

There have been several toughening mechanisms proposed for bone that lead to its rising 

resistance curve behaviour. A summary of the relevant knowledge in relation to the 

toughening of cortical bone is given by Ritchie et al. (2009) in which they describe the 

toughening mechanisms in bone. These include: crack deflection, uncracked ligament 

bridging and microcracking. Each of these toughening mechanisms acts to shield the 

crack tip from the applied loading or absorbs energy that would otherwise be used to 

propagate the crack. Figure 2.5 shows a schematic of these toughening mechanisms. 

Note that all of these toughening mechanisms are present in bone for cracks growing in 
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both the longitudinal and transverse orientations with respect to the long axis of the bone 

(Nalla et al., 2004b; Vashishth et al., 2003). For cracks growing in the transverse direction 

(breaking across collagen fibres), it has been shown that crack deflection is more 

prevalent when compared to the longitudinal direction (splitting the collagen fibres) 

(Koester et al., 2008). 

 

Figure 2.5: Representation of the crack path toughening mechanisms present in bone. 

The toughening mechanisms shown in Figure 2.5 to significant non-linear fracture 

behaviour in bone and thus the use of LEFM is limited in its application to bone (Yang et 

al., 2006a, 2006b). In addition to these toughening mechanisms, cortical bone also 

undergoes irreversible plastic deformation in the form of fibril sliding and microdamage 

formation that leads to non-linearity (Yang et al., 2006a; Yan et al., 2007). To account for 

this non-linear behaviour it is necessary to apply Elastic Plastic Fracture Mechanics 

(EPFM) in the form of the J-integral (Yang et al., 2006b). The J-integral includes a more 

complete analysis of the fracture behaviour of cortical bone as it includes both linear 

elastic effects (similar to the SIF) and a plastic non-linear term that accounts for plastic 

phenomena such as microdamage formation and plastic slip of collagen fibres. As yet this 

technique has not been applied to the analysis of the effects of fatigue induced damage 

on the fracture resistance of cortical bone. It is likely that the application of the J-integral 

to fatigue fracture interaction will provide further insight into the effects of fatigue induced 

damage on both the linear and non-linear components of the J-integral fracture resistance 

of bone. It can be hypothesised that fatigue induced damage will interact with the plastic 

behaviour (i.e. collagen slip and microdamage formation during crack growth) of cortical 

bone and may have a more significant effect on the plastic (non-linear) component of the 

J-integral. 
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While most of the fracture mechanics work in relation to cortical bone has focused on 

experiments there are also a limited number of works that have used FEA analysis to 

analyse the fracture behaviour of cortical bone. Thus far, finite element analysis 

techniques have been used to analyse the effects of age and porosity on the SIF based 

resistance curve of cortical bone (Tang and Vashishth, 2011; Ural and Vashishth, 2006). 

Other finite element modelling studies have analysed the growth of microcracks in the 

cortical bone microstructure (Donaldson et al., 2014; Jonvaux et al., 2012; Mischinski and 

Ural, 2013, 2011). Some studies have focused on recreating the overall fracture 

resistance curve for cortical bone tests specimens using FEA (An et al., 2011; Ural and 

Vashishth, 2007, 2006). However, these studies did not analyse the individual 

contributions of the various toughening mechanisms in cortical bone (i.e. ligament 

bridging, deflection and microcracking) and collapsed all of these mechanisms into a 

single fracture law. Therefore, not only have the individual contributions of toughening 

mechanisms such as ligament bridging, crack deflection and microcracking not been 

analysed for cortical bone, but there is no analysis of mechanisms of fatigue fracture 

interaction using FEA. 

2.3 Fatigue Properties of Cortical Bone 

2.3.1 Engineering Fatigue Theory 

The most common approach to analysing the fatigue behaviour of a material is the stress-

life approach. This is a stochastic approach by which many (ideally defect free) samples 

are cycled at different stress ranges to obtain the number of cycles to failure. The resulting 

data is then presented as a Basquin (1910) power law expression; typically a function of 

the applied stress range as given by: 

 

 

In this expression, the applied stress range is: Δσ = σmax - σmin with Δσ/2 being the applied 

stress amplitude, and the number of cycles to failure is, Nf. The constants σf’ and b are 

unique to the material being analysed (Suresh, 1998). In this equation it is also common 

to substitute the applied stress range with an applied strain range. A typical stress-life 

curve is shown in Figure 2.6. This curve shows that as the stress range is increased the 

number of cycles to failure will decrease up to the point of monotonic failure.  
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Figure 2.6: Schematic representation of the stress-life fatigue curve for typical 
engineering materials. 

The stress-life fatigue behaviour of a material can be analysed using various loading 

controls with typical fatigue tests being conducted under load or strain control. The most 

common loading regimes for uniaxial tests are: tensile-tensile, compression-compression 

and fully reversed loading. For both fully tensile and fully compressive loading the 

specimen is loaded to a specified maximum stress value and then unloaded based on the 

loading ratio R = σmin/σmax. The loading ratio for full tension or compression is often set at 

R = 0.1 or 10% of the maximum loading value. In contrast to this, fully reversed loading 

cycles a specimen between a specified maximum tensile and maximum compressive 

stress. The loading ratio used for fully reversed loading is R = -1 and the loading ratio R= 

1 is given for monotonic loading. It is also possible to analyse the fatigue behaviour of a 

material in either bending or torsional loading. Torsional loading allows the analysis of 

(almost) pure shear loading and can also be combined with axial loading to analyse mixed 

mode fatigue. Bending fatigue is normally conducted using either three or four point 

bending, which creates a tensile stress on one surface of the beam and compressive 

stress on the opposing stress on the opposing surface with zero axial normal stress at the 

neutral axis. Apart from the loading ratio and loading mode there are other parameters 

that affect the fatigue life of a given material, described below. 

Other factors affecting the fatigue life of a material include: test temperature, surface finish 

and loading frequency. The first factor, material temperature, can have a significant effect 

on the fatigue life of a material especially for polymers, which have relatively low melting 

points (Hertzberg et al., 1975; Radon and Culver, 1975; Sauer and Richardson, 1980). 

However, this effect can also be observed in some metals, which become more brittle with 

decreasing temperature, such as low and medium carbon steels (Ritchie, 1999; 

Rosenfield and Shetty, 1983). In general, decreasing temperature causes a material to 
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become more brittle and decreases fatigue life. The second factor, surface finish, affects 

the fatigue life of a material as a rough surface finish creates more regions of stress 

concentration that can initiate fatigue cracks leading to fatigue failure in less cycles than 

a smoother surface finish (Bayoumi and Abdellatif, 1995; Itoga et al., 2003).  

The third factor, loading frequency, is coupled to another material behaviour known as 

creep. Creep is the behaviour of a material in response to a given load over time. That is, 

if a constant load is applied to a material the measured displacement will increase 

exponentially over time through creep processes. In contrast to this, fatigue is the 

response of a material to a given number of loading cycles independent of the time the 

specimen is held at a given loading. For some materials it is difficult to determine if there 

is a truly cyclic damage processes or if the damage process in the material is time 

dependent. For metals there is a truly cyclic fatigue process that is linked to shear slip and 

dislocation motion. If the material is failing via cyclic processes then increasing test 

frequency will have minimal effect on the number of cycles to failure. For polymeric 

materials test frequency is important as polymers store some of the energy during cycling 

as heat (Hertzberg et al., 1975; Sauer and Richardson, 1980). This leads to a 

phenomenon known as stress softening. If the polymer is cycled at high frequencies 

(>10Hz) this can lead to a large accumulation of heat that can cause the polymer to 

partially melt and fail (Radon and Culver, 1975; Sauer and Richardson, 1980). Depending 

on the composition, composite materials can show a cyclically dependent fatigue process 

that leads to the accumulation of microscale damage. Specifically, this takes the form of 

debonding and delamination in fibre composites with a polymeric matrix. 

There are various material level mechanisms by which damage accumulates during 

fatigue loading. For a typical metal, fatigue damage forms due to plastic slip and 

movement of dislocations in the metallic lattice. The accumulation of these dislocations 

leads to an accumulation of plastic strain and eventual cracking along the shear slip 

planes (Lankford and Kusenberger, 1973; Miller, 1993; Tanaka and Mura, 1981). In 

composite materials the damage mechanism is variable based on the constituent phases 

of the composite. For general plastic/fibre composites (e.g. carbon fibre or fibre glass) 

plastic slip of polymer chains eventually causes delamination and debonding along the 

weak interfaces between the different phases of the composite (Harris et al., 1975; 

Mizutani et al., 2000). Cortical bone shares some similar characteristics with fibre 

composites and hence it has some similar damage mechanisms, such as the formation 

of microscale damage (Diab and Vashishth, 2007; Schaffler et al., 1995; Zioupos, 2001a). 
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During the fatigue cycling process a material accumulates damage until eventual failure. 

The accumulation of damage leads to various changes in apparent material properties 

from those measured at the start of the test. Note that the microscale material properties 

of the fatigue specimen do not change throughout the fatigue test however, the 

accumulation damage or discontinuities throughout the specimen causes the ‘apparent’ 

material properties for the bulk specimen to change. The most common material 

characteristic to measure the accumulation of damage during a fatigue test is the elastic 

modulus or the specimen stiffness for polymeric materials and composite materials such 

as bone (Diab and Vashishth, 2005; Zioupos et al., 2001). Note that other material 

characteristics such as the apparent yield stress and apparent work to fracture do change 

during the fatigue life of a material. However, the measurement of stiffness during a fatigue 

test is non-destructive and can be measured at set intervals during the test without having 

to interrupt the test. The stiffness loss curve for a particular specimen can be determined 

by analysing the linear region of the load displacement waveform at each cycle and curve 

fitting a line to this region with the slope of the line giving the specimen stiffness. 

More recent approaches to the analysis of fatigue in materials have focused on applying 

the analytical techniques of fracture mechanics to analyse the mechanisms of fatigue in 

different materials. For the purpose of fatigue analysis the crack growth processes in a 

material can be divided into three main stages: stage I, nucleation and development of 

microscale cracks; stage II, stable macrocrack growth and stage III, unstable crack growth 

and catastrophic failure. The most common form of fracture mechanics based fatigue is 

the Paris Law, which analyses stable macroscopic crack growth due to cyclic loading (i.e. 

stage II crack growth) (Paris et al., 1961). The Paris Law characterises the crack growth 

rate with respect to the number of cycles in terms of the stress intensity factor. As the 

purpose of this research project is to analyse the effect of microscale damage (i.e. stage 

I fatigue processes) on the fracture behaviour of cortical bone, fracture mechanics 

approaches to fatigue (such as Paris Law fatigue crack growth) will not be considered. 

2.3.2 Fatigue Damage Accumulation and Repair in-vivo  

The skeletal system of the human body naturally accumulates fatigue damage with use 

(Burr, 2003; Martin, 2003; Schaffler et al., 1995; Zioupos, 2001a). The first evidence of 

this was given by Frost (1960) who developed an experimental method for staining human 

rib bones in basic fuchsin to identify damage using an optical microscope. Frost showed 

that human rib bones had a natural population of microcracks that could be attributed to 

the cyclic loading due to breathing. Subsequently it was shown that other bones, such as 

the femur and tibia, also have an inherent amount of microdamage due to fatigue 

(Schaffler et al., 1995).  
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There are two main types of damage present in the bone microstructure; microcracks and 

diffuse damage. Microcracks are classified based on their length relative to the diameter 

of an osteon structure (200-300μm), short microcracks appear between lamellar sheets 

and are 100-200μm in length. Long microcracks are classified as being >300μm and 

interact with osteon boundaries that can act to arrest their growth (Vashishth, 2007a). 

Unlike microcracks, diffuse damage is large areas of sub-microscale cracks that are 

approximately 1-3μm. Analysis of bone has found that microdamage can be induced ex-

vivo by fatigue cycling and that different loading modes produce different types of fatigue 

damage (Caler and Carter, 1989; O’Brien et al., 2003; Zioupos et al., 1996). 

 

Figure 2.7: (a) Optical micrograph of a micro crack and (b) a zone of diffuse damage in 
cortical bone. Figure adapted from Vashishth (2007a). 

Bone tissue is unique when compared to engineering materials in that it has the capability 

to repair accumulated fatigue damage. This repair process can be subdivided into two 

main categories: modelling and remodelling (Frost, 1969). Bone modelling is the process 

by which bone tissue is added or removed from the external or internal surface of the bone 

leading to changes in geometrical cross section (i.e. changes in bone macrostructure). In 

contrast to this, remodelling occurs in existing bone leading to microstructural changes. 

In particular, bone remodelling is thought to occur as a targeted mechanism of resorption 

(via osteoclasts) and formation (via osteoblasts) whereby a region of damaged material is 

removed and replaced with a secondary osteon structure. This is function of a group of 

cells, including osteoblasts and osteoclasts, known as a basic multicellular unit (Bruce 

Martin and Burr, 1982; Burr, 2003; Burr et al., 1985; Martin, 1992; Mori and Burr, 1993). 

An experiment by Mori and Burr (1993) using a canine model showed significant 

remodelling activity beginning 8 days after fatigue loading, but not immediately after 

loading. In this same study it was shown that the microcracks generated due to the fatigue 

loading occurred directly during the loading event.  

(a) Microcrack (MC) (b) Diffuse Damage (DD) 
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The timescale for full repair of fatigue damage in cortical bone is in the order of weeks, 

while the fatigue damage is accumulated during the application of loading (e.g. over a few 

hours of intense exercise). In a study involving military recruits by Milgrom et al. (1985), 

33% of stress fractures were found to occur within the first two weeks of military training. 

In another study using a rabbit model of stress fracture, Burr et al. (1990) found that within 

three weeks 72% of test subjects had developed a stress fracture. Note that these studies 

used bone scintigraphy to detect the presence of a stress fracture. This method detects 

the cellular activity present when bone is healing; however, it does not detect the fracture 

itself (Finestone and Milgrom, 2012).  

For fragility fractures it has been shown that remodelling rates can be significantly 

decreased with ageing and disease and this leads to an accumulation of microdamage, 

which can cause failure (Diab et al., 2006; Mohsin et al., 2006; O’Brien et al., 2005a; 

Schaffler et al., 1995). Thus, the study of fatigue failure in cortical bone also needs to 

consider processes by which the damage accumulates in the material and eventually 

causes failure. As the damage is accumulated during a loading event with the repair 

process taking place in a number of weeks the damage accumulation process can be 

partially decoupled from the repair process. This allows for the analysis of the fatigue 

behaviour of bone using ex-vivo testing and engineering fatigue theory. 

2.3.3 Fatigue Testing of Cortical Bone 

Stress-life fatigue theory has been extensively applied to bone ex-vivo including testing 

under many different loading modes, such as tension (Caler and Carter, 1989; Zioupos et 

al., 2001), compression (Taylor et al., 1999), and torsion (Turner et al., 2001; Vashishth 

et al., 2001). Some of the first researchers to extensively analyse large sample sets of 

stress-life fatigue data for cortical bone include Carter and colleagues (Carter et al., 1976; 

Carter and Caler, 1985; Carter and Hayes, 1977, 1976). Carter and Caler (1985) analysed 

creep fatigue interaction in cortical bone. This work attempted to determine if the time to 

failure (creep) or the number of cycles to failure (fatigue) is an important parameter for 

predicting failure of bone. Note that time dependent and cycle dependent failure 

processes are important to consider in for many materials as cyclical failure processes 

can be extremely different to time dependent failure (such as dislocation build up in 

metals). After considering an extensive sample size Carter and Caler (1985) showed that 

in tension, above a stress range of 60 MPa creep (time dependent) effects were dominant, 

while below this stress range cyclic fatigue was dominant. They also showed that for 

compressive loading a cyclic mechanism was more dominant, while in tension a creep or 

time dependent mechanism was more dominant. Other experiments by Carter also 

investigated parameters that affect the fatigue life of bone including temperature, density 
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and microstructure (Carter et al., 1976; Carter and Hayes, 1976). This work showed that 

increasing test temperature from 21°C to 45°C caused a significant decrease in the fatigue 

life of the specimens. It was also shown that specimens with a higher density showed an 

increased fatigue life. Similarly, a secondary osteonal microstructure exhibited a 

decreased fatigue life due to the porous microstructure. 

The initial work on the stress-life fatigue of cortical bone has been extended by many 

researchers to include an analysis of the types of damage that are associated with various 

fatigue loading modes (Diab et al., 2006; George and Vashishth, 2005; O’Brien et al., 

2003; Taylor et al., 2003). In tension bone tends to form diffuse damage, which is 

characteristic of a time (creep) dependent mechanism. From the areas of diffuse damage 

microcracks initiate perpendicular to the loading direction, eventually causing failure of the 

specimen (Boyce et al., 1998; George and Vashishth, 2005). In compressive fatigue tests, 

microcracks form parallel to the loading direction with a length of 100-200μm (Fleck and 

Eifler, 2003; O’Brien et al., 2003; Taylor et al., 1999). These compressive microcracks are 

formed due to shear slip. Finally, torsional loading causes a fatigue mechanism that is 

time dependent with microcracks that are >300μm in length that interact with the osteon 

boundaries in bone (Taylor et al., 2003). Despite the large amount of data available for 

the stress-life fatigue of bone in various loading modes; the data still shows significant 

inter study variability making it difficult to make comparisons between data from different 

studies (Taylor, 1998; Taylor et al., 1999). This issue was partly resolved by Taylor (1998) 

who proposed a ‘stressed volume’ or ‘Weibull’ approach to resolve scatter in fatigue data. 

Essentially this approach is based on the assumption that a given volume will fail at its 

weakest point or where the worst defect exists. It is also assumed that the distribution of 

defects in a material is not dependent on the volume size. Thus, a larger volume is more 

likely to have a critical defect and will fail before a smaller volume. It follows that the 

relatively small test specimens will fail after a much larger number of cycles compared to 

a whole bone due to the number of critical defects being lower.  

The use of the stress-life fatigue approach in cortical bone allows for the analysis of the 

number of cycles to failure. However, it does not provide any information on the 

mechanisms by which fatigue cracks grow and cause eventual failure of the material. To 

analyse the material level mechanisms of crack growth the use of fracture mechanics 

theory is required. Normally this analysis would be conducted using a Paris Law fatigue 

approach to analyse the mechanisms of crack growth in the material (Nalla et al., 2005; 

Shelton et al., 2003). For the purpose of this project however, the Paris Law fatigue 

approach is not suitable as only the microscale fatigue crack accumulation will be 

analysed with relation to the fracture resistance behaviour of cortical bone. 
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2.4 Fatigue Fracture Interaction 

The accumulation of fatigue damage in-vivo is thought to contribute to the occurrence of 

clinical failures such a fragility fracture in the elderly and stress fractures in the young 

(Burr et al., 1997, 1990; Diab et al., 2006). Thus, there has been considerable interest in 

the effects of fatigue damage on the fracture behaviour of bone due to its contribution to 

clinical failures. The interaction of fatigue damage with the fracture behaviour of bone is 

termed fatigue fracture interaction. It is thought that the increase in microdamage with age 

is a significant contributor to the prevalence of fragility fractures (Diab et al., 2006; 

Schaffler et al., 1995; Vashishth, 2007a). However, there is disagreement in published 

work on the mechanisms by which fatigue damage affects fracture behaviour in cortical 

bone. Some of the proposed mechanisms postulate that microdamage formation during 

dominant crack growth as well as the presence of existing fatigue damage is beneficial 

due to stress redistribution and activation of other toughening mechanisms. Other 

proposed mechanisms suggest that microdamage formation leads to a decrease in 

toughness and a deterioration of mechanical properties with age. It is not currently clear 

under which circumstances microdamage is beneficial or detrimental to the fracture 

behaviour of bone. 

There are several detrimental effects of microdamage accumulation that have been 

shown by previous studies. The most obvious is the analysis of aged bone that shows 

significantly decreased toughness, which can be partly attributed to the presence of 

fatigue damage (Schaffler et al., 1995; Zioupos et al., 1996; Zioupos and Currey, 1998). 

A number of previous fatigue fracture interaction studies have taken aged bone and 

determined the level of microdamage that was present in-vivo before mechanical testing 

to determine its strength (Norman et al., 1998; Yeni et al., 1997; Yeni and Norman, 2000). 

These studies typically show a reduction in strength and fracture toughness with age and 

microdamage accumulation. However, as the body ages the properties of the bone 

constituents (i.e. of the collagen and mineral) also deteriorate (Paschalis et al., 2004; 

Vashishth, 2007b; Wang et al., 2002; Zimmermann et al., 2011). This makes it difficult to 

discern the true role of the microdamage. Other studies have induced fatigue damage ex-

vivo by cycling specimens at constant load amplitude (Martin et al., 1997; Parsamian and 

Norman, 2001; Yeni and Fyhrie, 2002). Several works show that after the development of 

microdamage in bone the strength and fracture toughness decreases. Although, Martin et 

al. (1997) showed that after considerable stiffness loss due to fatigue damage in equine 

bone there was a non-significant effect on the strength. This is despite the prevalence of 

stress fractures in race horses.  
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While there are detrimental effects of microdamage there are also benefits in terms of the 

toughening behaviour of cortical bone. In a study by Parsamian and Norman (2001), the 

authors propose that there is an initial increase in fracture toughness due to the presence 

of diffuse damage in bone, although after this the fracture toughness drops rapidly with 

increased damage. The results of Parsamian and Norman (2001) are limited by their small 

sample size with no replicates performed at each given amount of damage. Further, 

Parsamian and Norman (2001) did not compare their damaged specimens to a control 

(i.e. not damaged) group. Therefore it is possible that the results of Parsamian and 

Norman (2001) are only representative of noise in the data with no effect of diffuse 

damage on the overall fracture behaviour. Thus, considerable further work is required to 

understand the effects of diffuse damage on the fracture behaviour of cortical bone. A 

more recent work has led to the suggestion that the formation of microcracks during crack 

growth contributes to the toughening of cortical bone and its rising resistance curve 

behaviour (Zimmermann et al., 2011). Specifically it is has been suggested that the 

microcracks formed during crack growth may provide initiation sites for the crack growth 

toughening mechanisms, such as ligament bridging and crack deflection (Koester et al., 

2011; Zimmermann et al., 2011). Note that no direct evidence is provided for this proposed 

mechanism and it is not clear if fatigue induced microcracks interact with or alter this 

behaviour in any way. Despite this suggestion the effect of fatigue induced damage on 

the normal fracture resistance behaviour of cortical bone has not been investigated. While 

there are some studies that have used experimental fracture mechanics to analyse the 

effects of fatigue induced damage on the fracture behaviour of bone there are no studies 

that use finite element modelling techniques to analyse this behaviour. 

The main limitation of previous published work investigating the effect of microdamage on 

the fracture behaviour of bone is that it has used a standard fracture toughness test based 

on LEFM (Norman et al., 1998; Parsamian and Norman, 2001; Yeni and Fyhrie, 2002; 

Yeni and Norman, 2000). As mentioned previously the fracture resistance of bone 

increases as a crack grows, due to its inherent toughening mechanisms. It is possible that 

the presence of fatigue induced microdamage interacts with the toughening mechanisms 

in cortical bone and alters the normal fracture resistance behaviour. As the amount of 

fatigue induced microdamage increases with age in humans it is possible that the 

interaction of fatigue damage with the fracture toughening mechanisms partially explains 

the degradation in toughness with age. Furthermore, the LEFM approach has the 

limitation that it is unable to fully account for non-reversible plastic deformation such as 

microdamage formation and plastic slip between collagen fibrils. Therefore the use of a J-

integral based resistance curve method can provide new insights into the effects of 

toughening due to the presence of microdamage.  
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Table 2.2 summarises previous studies directly related to the aim of this thesis. This 

summary clearly shows that there are minimal studies analysing the effects of fatigue 

damage on the fracture behaviour of cortical bone. Several previous studies have 

analysed the effects of aging on fracture toughness but they have not isolated the effects 

of fatigue damage. In addition to this, many of the studies have only used LEFM which 

cannot fully account for non-linear fracture mechanisms in cortical bone. Thus, there is a 

need to apply non-linear fracture resistance theory (i.e. J-integral) to gain further 

understanding of the mechanisms of fatigue fracture interaction in cortical bone. This will 

also provide further understanding of the contribution of fatigue microdamage to failure 

mechanisms in aged bone. 

Table 2.2: Summary of previous work applying fracture mechanics theory to analyse 
failure mechanisms in cortical bone. 

Authors Year Species Specimen 

Type1 

Test 

Type 

Test 

Condition 

Results 

Vashishth et 

al. 

1997 Human / 

Bovine 

C(T), L KR None N/A 

Norman et al. 1998 Human C(T), L GIC Age2 GIC↓ as 

microdamage ↑ 

Parsamian 

and Norman 

2001 Human C(T), L KIC Ex-vivo 

Fatigue 

Ambiguous 

Yeni and 

Fyhrie 

2002 Bovine SEN(B), T KIC Ex-vivo 

Fatigue 

KIC↓ as 

microdamage ↑ 

Nalla et al. 2004 Human C(T). L KR Age K0, KR ↓ as age ↑ 

Diab and 

Vashishth 

2005 Bovine SEN(B) T KIC Ex-vivo 

Fatigue 

KIC↓ as 

microdamage ↑ 

Koester et al. 2008 Human SEN(B), T JR None N/A 

Koester et al. 2011 Human SEN(B), 

L/T 

JR Age J0, JR ↓ as age ↑ 

1 C(T): compact tension specimen, SEN(B): singled edge notched bend specimen, L: longitudinal 
orientation, T: transverse orientation, 2 Fatigue damage density and microcrack length was measured and 
correlated with fracture toughness in this study.  
 
 

2.5 Summary of Literature Gaps 

From the preceding literature review the following research gaps can be identified: 

1. It is not clear under what circumstances fatigue induced microdamage or 

microdamage that forms during dominant crack growth are beneficial or 

detrimental to the fracture resistance behaviour of bone 
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2. The mechanisms of fatigue fracture interaction are not well understood and there 

are no conceptual models explaining the effects of fatigue induced damage on the 

fracture resistance of cortical bone 

3. Current experimental work on fatigue fracture interaction is limited by: 

o Use of a single value toughness measurement that does not consider the 

effects of microdamage on the full fracture resistance curve 

o Use of Linear Elastic Fracture Mechanics (LEFM), which cannot fully 

account for the non-linear fracture behaviour in bone, such as plasticity and 

microdamage formation 

4. There is no numerical or finite element modelling of fatigue fracture interaction in 

cortical bone 

The aim of the research presented in this thesis is to analyse the effects of fatigue induced 

microdamage on the fracture resistance behaviour of cortical bone. This research will use 

combined experiments and numerical modelling to propose mechanisms of fatigue 

fracture interaction that explain the conditions under which fatigue induced microdamage 

has no effect on the fracture behaviour or when it has a positive and/or negative effect. 

The experiments will analyse full resistance curves for cortical bone based on the J-

integral as this will fully describe non-linear and plastic effects that result from the 

interaction of fatigue induced microdamage with new damage that is formed during crack 

growth. Further analysis will be conducted using crack path imaging in combination with 

the fracture resistance curve results to provide further evidence for the fatigue fracture 

interaction mechanisms proposed in this thesis. The fracture mechanisms discussed as 

part of the experimental work will then be parametrically analysed utilising finite element 

analysis techniques. The use of finite element modelling will allow each for each of the 

major toughening mechanisms in cortical bone (i.e. ligament bridging, crack deflection 

and microcracking) to be decoupled such that their individual contribution to the overall 

toughening behaviour can be under
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3 Experiment 1: Longitudinal fatigue fracture interaction 

in cortical bone 

This experiment has been published as a journal article entitled ‘Effects of fatigue induced 

damage on the longitudinal fracture resistance of cortical bone’ (Fletcher et al., 2014). 

 

3.1 Introduction 

The purpose of the experimental component of this research is to analyse the effects of 

fatigue induced damage on the fracture resistance of cortical bone. For this type of 

experiment the test specimens are split into equal groups of control and fatigue damaged 

specimens. The damaged group specimens then undergo cyclic loading to induce the 

formation of fatigue damage while the control specimens remain undamaged (apart from 

any damage due to machining or that was present in-vivo). Both the control and damaged 

specimens are then fracture tested and the fracture behaviour is compared between both 

groups. There have been several previous studies that have used a similar experimental 

approach however, these studies were limited by the application of a linear elastic fracture 

analysis that only considered the fracture initiation toughness and not the full fracture 

resistance curve (Parsamian and Norman, 2001; Yeni and Fyhrie, 2002). The following 

introduction will analyse the results and limitations of two key previous fatigue fracture 

interaction studies (Parsamian and Norman, 2001; Yeni and Fyhrie, 2002). The limitations 

and findings of these previous studies will then be used to justify the methodology for the 

present experimental work. 

A similar experiment to the present study of this chapter was conducted by Parsamian 

and Norman (2001). This study used compact tension fracture specimens which were 

cyclically loaded before fracture toughness testing using a linear elastic fracture approach. 

The main findings of this study showed that there may be a toughening effect of diffuse 

damage in cortical bone. However, the results of Parsamian and Norman (2001) need to 

be considered with some caution as they did not include a control group to compare with 

their fatigue damaged specimens and they did not have multiple specimens which 

accumulated the same amount of fatigue damage (i.e. no replicates). Parsamian and 

Norman (2001) proposed that the fracture initiation toughness is a fourth order polynomial 

function of the diffuse damage density; that is, a small amount diffuse damage provides 

an initial increase in the fracture toughness while increasing the amount of diffuse damage 

causes a decrease in the fracture initiation toughness. It is difficult to provide evidence for 

this type of finding as there were no replicates performed at each of the diffuse damage 
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levels and there was no control group to compare the result of the damaged group with. 

Therefore, as no replicates were performed and a small sample size was used the 

observed fourth order polynomial shape may not actually be a trend in the data and could 

be a result of scatter. Further to this the study by Parsamian and Norman (2001) did not 

analyse the crack path in their samples and the relationship of the crack path with the 

fatigue induced damage. 

A study by Yeni and Fyhrie (2002) also analysed the effects of fatigue damage on the 

fracture behaviour of cortical bone. This study used four point bending fatigue of uniform 

specimens before notching and fracture testing in a three point bending configuration. The 

study by Yeni and Fyhrie analysed the fracture initiation toughness using a linear elastic 

fracture approach and showed that the accumulation of fatigue microdamage caused a 

significant decrease in the fracture initiation toughness of cortical bone for their fatigue 

damaged group when compared to a control group. This study also showed that the load-

displacement curve for the damaged group was similar to the control group but it was 

shifted by a small amount in the positive direction of the displacement axis (x axis) and by 

a larger amount in the negative direction of the load axis (y axis). The translation along 

the load axis leads to a decrease in the critical fracture load and hence the fracture 

initiation toughness in the presence of fatigue microdamage.  

Apart from the work of Parsamian and Norman (2001) and by Yeni and Fyhrie (2002) 

there has been minimal further work on the effects of fatigue microdamage on the fracture 

behaviour of cortical bone. However, there has been significant increase in the knowledge 

of the fracture behaviour of ‘normal’ cortical bone, this includes: the use of a fracture 

resistance curves and the use of a non-linear fracture approach (such as the J-integral). 

As mentioned previously the studies by both Parsamian and Norman (2001) and Yeni and 

Fyhrie (2002) used a linear elastic fracture approach. This type of fracture model has been 

shown to not fully account for the non-linear fracture processes in cortical bone including 

the plastic slip of collagen fibrils and the formation of microdamage during crack growth 

(Yang et al., 2006a; Yan et al., 2007).  

The studies by Parsamian and Norman (2001) and by Yeni and Fyhrie (2002) only 

analysed the fracture initiation toughness of cortical bone in the presence of fatigue 

damage and did not consider the effects on the full fracture resistance curve. Fatigue 

microdamage has been shown to be detrimental to the fracture initiation toughness of 

cortical bone it is highly likely that it alters the crack propagation behaviour and resistance 

curve of the material. Also, the translation of the load-displacement curve proposed by 

Yeni and Fyhrie suggests that the resistance curve will be altered in the presence of 

fatigue microdamage. Furthermore, it is not known how fatigue induced microdamage 
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effects the ability of bone to form new microdamage during crack propagation and how 

fatigue induced damage effects the fracture toughening mechanisms in bone such as 

crack deflection and ligament bridging. Therefore it is reasoned that applying a non-linear 

fracture model such as the J-integral will provide increased understanding of the effects 

of fatigue damage on the fracture behaviour of cortical bone. Combining a non-linear 

fracture model, such as the J-integral, with a fracture resistance curve approach will allow 

for the interaction of the fatigue induced damage with the crack path toughening behaviour 

to be analysed. Combining non-linear fracture resistance testing with optical analysis of 

the interaction of the crack path with the fatigue induced damage will lead to the 

elucidation of the material level mechanisms of fatigue fracture interaction in cortical bone. 

The aim of this first experimental study is to use a non-linear fracture resistance (J-

integral) approach to characterise the effects of fatigue induced microdamage on the 

fracture behaviour of cortical bone. This will include an analysis of the fracture resistance 

curves for control and fatigue damaged bovine compact tension fracture specimens as 

well as comparison of the elastic and plastic components of the J-integral. The crack paths 

will also be analysed using fluorescence microscopy to determine the effects of 

microdamage on the toughening mechanisms such as ligament bridges and crack 

deflection. The fracture resistance curves and crack path image results will then combined 

to propose mechanisms of fatigue fracture interaction in cortical bone. The scope of this 

chapter will be limited to the longitudinal or splitting mode of fracture in bovine cortical 

bone due to the restrictions of the compact tension specimen configuration. In-vivo bone 

fracture is a complex process where a crack path may progress with both longitudinal and 

transverse propagation due to the composite microstructure and multi-directional loading. 

Understanding of the effects of fatigue induced microdamage on the longitudinal fracture 

mode of cortical bone is the first step in gaining a complete understanding of fatigue 

fracture interaction mechanisms in cortical bone. 

3.2 Materials and Method 

3.2.1 Specimen Preparation 

The femur of a single bovine animal (approximate age 12-18 months) was obtained fresh 

from a meat wholesaler, immediately wrapped in PBS (Phosphate Buffered Saline) 

soaked gauze and stored at -20°C until machining. The specimens were sectioned along 

their length using a band saw into 30 mm slices. Each segment was then cut into four 

pieces by cutting through the diameter of the segment at a 45° angle to the frontal plane 

of the bone then taking cuts at 90° about the circumference of the bone segment from the 

initial cut. These segments were then wet machined to the final compact tension specimen 

shape as shown in Figure 3.1 using a low speed diamond saw. The holes were machined 
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in the specimen using a custom made jig and a cordless drill. The initial starter notch was 

aligned in the longitudinal direction (parallel to the long axis of the bone and approximately 

the same direction as the collagen fibre orientation). The nominal characteristic 

dimensions of the specimens (based on ASTM standard E1820 (2011)) were: initial crack 

length a = 4mm, thickness B = 2 mm and W = 12 mm. Refer to Figure 3.1 for a diagram 

of a machined compact tension specimen showing its orientation and the characteristic 

dimensions ‘a’ and ‘W’.  

A total of 20 compact tension specimens were machined from the bovine femur used in 

this study. Each specimen had a circular based starter notch drilled using a 2mm drill bit 

and custom made jig. It was assumed that the non-standard circular notch geometry 

would not alter the comparison of fracture resistance results as it was consistent between 

control and damaged groups. This assumption is verified using finite element modelling 

techniques later in Chapter 6. After machining each specimen is then wet polished using 

increasingly fine grades of silicon carbide paper followed by a final polish using 0.5μm 

aluminium oxide slurry. After polishing the specimens were wrapped in gauze soaked in 

PBS and stored in individual airtight containers at -20°C until testing. The specimens were 

allocated to the control or fatigue damaged group using a stratified random sampling 

technique to ensure the specimens from different segments along the length or positions 

around the circumference of the bone were evenly distributed between groups. Each 

group was assigned a total of 10 specimens. 

 

Figure 3.1: (a) Orientation of the compact tension specimens used in this study with 
respect to the longitudinal axis of the bone. (b) Compact tension specimen showing the 
characteristic dimensions ‘a’ and ‘W’. 

3.2.2 Mechanical Testing Overview 

The mechanical testing for this study consisted of two stages 1) cyclic loading to generate 

fatigue microdamage ahead of the notch without initiating a main fracture and 2) non-

linear fracture resistance tests to grow a dominant crack through the fatigue damaged 

bone. Figure 3.2 schematically outlines the general methodology for this study. 

a 
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Figure 3.2: Overview of the experimental methodology. (a) Fatigue testing of the 
damaged group to induce the formation fatigue induced microcracks and (b) fracture 
testing of both the control and damaged groups (b). 

3.2.3 Fatigue Damage Testing 

All specimens were submerged in a solution of PBS and 0.001 M Calcein prior to any 

mechanical testing to label any damage that was already present in the specimen. The 

specimens were immersed in the stain overnight (14 hours) at 4˚C. The specimens were 

then imaged using a fluorescent microscope (Leica DM6600) at a magnification of 100x 

under blue light excitation (I3 filter cube, λ = 450-490 nm). Images were taken in a grid 

pattern ahead of the circular notch that consisted of 3x2 images to give a total imaged 

area of approximately 4mm x 2mm in size (as shown in Figure 3.3).  

 

Figure 3.3: Schematic of the grid pattern imaging area used for microdamage detection. 

The specimens allocated to the damaged group were then fatigued using a Test 

Resources 800LE4 screw driven mechanical test machine. All mechanical testing was 

conducted at room temperature (nominally 22°C) with the specimens fully immersed in a 

bath of PBS. The fatigue tests were conducted in load control using a sine waveform with 

a frequency of 2Hz and a load ratio R = Pmin/Pmax= 0.1 (where ‘P’ is the magnitude of 

applied load). The applied load was measured using a ±400N load cell and the load line 

displacement was measured via a 1mm Linear Variable Displacement Transducer 

(LVDT) from the machine crosshead.  

Cyclic Loading Fatigue Damage Crack Growth Ramp Loading 

(a) Fatigue Loading 
10x damaged specimens 

(b) Fracture Testing 
10x control specimens 
10x damaged specimens 
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The monotonic failure load of the circular notched specimens was measured to be 

92.85.2N (mean± standard deviation (SD)) with a sample size of nine specimens. All 

specimens were fatigued at a maximum load of Pmax = 55N, which is approximately 60% 

of the monotonic failure load. The fatigue tests were stopped after the specimen had 

experienced a 5% stiffness loss or 40000 cycles had elapsed (whichever occurred first). 

Note that these limits were chosen based on the results of pilot testing which showed that 

macrocracks would nucleate from the microdamage after this point in the loading protocol 

with complete failure occurring at approximately 10% stiffness loss. The specimen 

stiffness was monitored in-situ at intervals of 500 cycles using the output from the load 

cell and LVDT. The specimen was then removed from the machine, immersed in 

fluorochrome stain, and imaged using the protocol described above to detect any fatigue 

damage. If microcracks were detected then the fatigue test was stopped. If no microcracks 

were present the fatigue test was continued in blocks of an additional 20000 cycles until 

the specimen had undergone a further 5% stiffness loss or microcracks were observed 

via fluorescent microscopy. It should be emphasised that the fatigue loading was only 

stopped once fatigue damage was observed optically. Note that the control specimens for 

each damaged group were removed from the freezer, thawed and held at room 

temperature for the maximum fatigue test time for each damaged group. 

3.2.4 Fracture Resistance Testing 

The fracture resistance curve was obtained for each specimen in terms of the J-integral, 

‘J’, as a function of crack extension, ‘Δa’, using the unloading compliance method. The J-

integral fracture resistance curve tests were conducted using the same test machine and 

sensors described in the fatigue testing protocol. Specimens were partially wrapped in 

PBS soaked gauze during fracture resistance testing and continuously hydrated using an 

eye dropper. The fracture resistance tests were conducted in displacement control with a 

ramping rate of 0.015mm/s (Fletcher et al., 2012). The compliance of the machine load 

line was determined using aluminium calibration specimens (compact tension) of similar 

stiffness to the bone specimens. The displacement values measured during the bone tests 

were then corrected based on the machine compliance. Prior to testing, the starter notch 

of each specimen was sharpened by sliding a flat scalpel blade over the base of the 

circular notch tip.  

In addition to the compliance based crack length measurements, a stereo zoom 

microscope and an attached digital camera (Amscope SM-1TNZ) was mounted in the test 

frame to measure the crack length optically. To increase the contrast of the crack image 

the surface of the specimen ahead of the crack tip was shaded using a graphite pencil. 

An image was taken during each unloading portion of the test to correct the specimen 
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compliance based measurement of the crack length. The J-integral resistance curve was 

calculated according to procedures outlined in ASTM Standard E1820 using the following 

relationships:  

 

 𝐽 = 𝐽𝑒𝑙 + 𝐽𝑝𝑙 (3.1) 

 

 
𝐽𝑒𝑙 =  

𝐾2

𝐸
 

(3.2) 

 

 
𝐽𝑝𝑙 =  

𝜂𝐴𝑝𝑙

𝐵𝑏
 

(3.3) 

 

In equation 3.1 the J integral is separated into two components: the elastic component 

(equation 3.2) and the plastic component (equation 3.3). In equation 3.2 ‘K’ is the stress 

intensity factor and ‘E’ is the elastic modulus. For these calculations the elastic modulus 

was taken as 11 GPa for bovine bone in the fibre splitting (radial or circumferential) 

direction (Reilly and Burstein, 1975). In equation 3.3 ‘Apl’ is the incremental plastic area 

under the load displacement curve, ‘B’ is the specimen thickness, ‘b’ is the uncracked 

ligament length and η = 2+0.522 b/W (ASTM Standard E1820, 2011). The elastic 

component of the J-integral accounts for the linear fracture behaviour of bone while the 

plastic component accounts for non-linear behaviour such as plasticity and microdamage 

formation during crack propagation.  

Following the fracture tests the specimens were again immersed in the Calcein solution 

to mark the crack path using the same immersion time and stain concentration for the 

fatigue damage detection (14 hrs in 0.001 M). This allowed for confirmation of the final 

crack length with the in-situ stereo microscope images as well as allowing visualization of 

toughening mechanisms along the crack path. All data processing and statistical analysis 

was performed using custom Matlab programs (Mathworks, Version R2012b). 

3.3 Results 

3.3.1 Fatigue Damage Detection 

All damaged specimens showed evidence of microdamage around the circular notch 

following fatigue testing. A custom program was developed in Matlab (Mathworks, Version 

R2012b) to process the image data and assess the microdamage for each of the 

specimens. The primary form of damage observed in this study was linear microcracks. 
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For all specimens the microcrack density and the average microcrack length were 

determined (a typical imaged specimen is shown in Figure 3.4). The damage density was 

taken as the number of cracks observed in the imaged area divided by the imaged area 

(imaged area is shown in Figure 3.3).  

 

Figure 3.4: (a) Grid pattern fluorescent microscope imaging of a damaged specimen 
(scale bar: 500µm). Magnified views of damaged regions are shown in insets (b), (c) and 
(d) (scale bars: 50µm). White arrows indicate areas of fatigue damage. 

The average crack density for the control specimens was 0.0990.010 cracks/mm2 

(meanstandard deviation), for the damaged specimens it was 1.890.65 cracks/mm2. 

Note that the crack density for the control group is representative of the ‘background’ level 

of fatigue damage present in the specimens prior to fatigue loading. This crack density for 

the damaged specimens is towards the upper bound of damage observed in-vivo and is 

representative of damage densities observed in the elderly who are more susceptible to 

fragility fractures (Schaffler et al., 1995). The average microcrack length for the control 

specimens was 8512μm. The average microcrack length for the damaged specimens 

was 9616μm. The damage zone size was also assessed for each specimen; this was 

defined as the distance from the edge of the circular notch parallel to the starter notch 

(nominal direction of crack growth in the resistance curve tests) to the furthest microcrack. 

The damage zone size was 0.990.25mm. This is of interest as any interaction between 

the existing damage and the main fracture is likely to occur within this range of the starter 

notch. Figure 3.4 shows the fatigue damage observed on a typical specimen following 

cyclic loading. 

(a) 

(b) 

(c) (d) 
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3.3.2 Fracture Resistance Curve Data 

The resistance curve data and all statistical analysis were processed using custom Matlab 

programs (Mathworks, Version R2012b). Resistance curves for all specimens within the 

control group are shown in Figure 3.5 (a). The curves were obtained using a power law fit 

to the data for each individual specimen. The correlation coefficients, or ‘r2’ value, ranged 

from 0.67 to 0.97 for both the control and damaged groups (note that an individual curve 

with scatter is shown in Figure 6.10). It can be seen in Figure 3.5 that the fracture 

behaviour of all specimens within the group is relatively consistent .The same was 

observed for the damaged group. The control and damaged group curves are compared 

in Figure 3.5 (b), using the scatter bands for the overall fit to the group data. This 

comparison shows that the damaged group has decreased toughening behaviour and the 

decrease in toughness is most significant near the starter notch (0 < Δa < 1mm). 

 

Figure 3.5: (a) All fracture resistance curves for the control group and (b) comparison of 
the fracture resistance curves for the control and damaged group using upper and lower 
scatter bands. 

Note that the method of presenting the resistance curve data was chosen as it more 

accurately represented the shape of the fracture resistance data. Specifically, the 

resistance curves tend to have less scatter near the initiation point (Δa = 0) and then 

increased scatter as the crack grows. The reason for this behaviour is that the initial point 

on the resistance curve is dependent on the local material resistance which in turn is 

dependent on where the crack initiates in the microstructure. This behaviour is relatively 

consistent between specimens. Therefore the scatter near the initiation point is reduced 

compared to the overall resistance curves. The rest of the resistance curve after the 

initiation point is dependent on both the local material resistance and toughening 

mechanisms that form along the crack path. Both of these characteristics are dependent 

on the microstructural features that are encountered by the crack as it grows. As each 
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crack follows a unique path through the microstructure there is a unique combination of 

toughening mechanisms. Therefore the scatter would be expected to increase for the 

overall resistance curve as the crack grows due to the unique combination of toughening 

mechanisms.  

The scatter bands for the resistance curve data were calculated by taking the set of all 

(Δa,J) points from each resistance curve. This set of points point was then broken into a 

thousand discrete steps based on increments in crack extension. The minimum and 

maximum data point was taken for each discrete step in crack length and the sets of 

minimum and maximum points were then fitted with power law curves. The proportion of 

data points within the scatter bands was calculated, if the proportion of data points within 

the bands was greater than 95% the scatter bounds were accepted. If the proportion of 

data points within the scatter bands was lower than 95% the number of discrete steps in 

crack length was decreased and the process continued iteratively until 95% or more of 

the data points were within the bounds. 

The overall resistance curve was further broken down into the elastic and plastic 

components (as described in equations 1-3). The curves for the elastic and plastic 

components of the J-integral are shown in Figure 3.6 (a) and (b) respectively. The elastic 

component of the J-integral accounts for the local crack tip stress field in terms of the 

stress intensity factor. The plastic component of the J-integral accounts for energy 

absorbed during crack propagation due to plasticity and microcracking. Analysis of the 

elastic component of the J-integral shows that the damaged group has significantly 

reduced linear toughening behaviour. The damaged group has a reduced plastic 

component within the damage zone (a < 1mm) and approaches a similar value to the 

control group as the crack extends away from the damage zone. 

 

Figure 3.6: Scatter bands for: (a) the elastic component of the J-integral resistance curve 
for the control and damaged groups and (b) the plastic component of the J-integral 
resistance curve for the control and damaged groups. 
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The following table (Table 3.1) compares the J-integral resistance curve data for the 

control and damaged groups. The resistance curve was analysed based on three 

parameters: J0 the fracture initiation toughness taken as the value of the resistance curve 

as Δa→0 and dJ/da the slope of the resistance curve at the point aQ (as defined in ASTM 

Standard E1820 (2011)). Note that the value of aQ was extremely consistent between 

specimens, for the control group aQ = 0.23±0.004mm and for the damaged group aQ = 

0.22±0.006mm. Both J0 and dJ/da are single value parameters that are used to 

characterise the behaviour of a non-linear fracture resistance curve. The value of dJ/da is 

included here so that the results are comparable to tests conducted using ASTM standard 

E1820 and previous work conducted on the fracture resistance of bone (Barth et al., 2010; 

Koester et al., 2011). All data was tested for normality using the Shapiro-Wilk test, all p > 

0.05, therefore the data was assumed to be normal. T-tests were then conducted between 

the control and damaged group for each parameter measured in Table 1 with significance 

level ‘α’ of 0.05. The results of this study show that fatigue induced microdamage 

significantly decreases the fracture initiation toughness ‘J0’ (p = 0.031) and causes no 

significant difference for the growth toughness ‘dJ/da’ at the point aQ (p = 0.16). 

Table 3.1: Fracture resistance curve data for the control and damaged groups including 
average toughening rate ‘dJ/da’ within (Δa < 1mm) and outside (Δa > 1mm) the damage 
zone. All data is presented as mean±standard deviation. The p values for the t-tests 
between the control and damaged group are also included with ‘*’ denoting a significant 
test. 

 J0 (kJ/m2) dJ/da, aQ, 
((kJ/m2)/mm) 

dJ/da, 
Δa<1mm, 
((kJ/m2)/mm) 

dJ/da, 
Δa>1mm, 
((kJ/m2)/mm) 

Control 1.23±0.21 1.18±0.49 1.55±0.58 0.25±0.30 
Damaged 0.96±0.29 0.85±0.38 1.07±0.26 0.11±0.38 
T-test  
(p value)  

0.031* 0.16 0.030* 0.27 

 

As mentioned previously analysis of the fluorescent microscopy images revealed that the 

damage zone extended ~1mm from the edge of the circular notch. To analyse the effect 

of how the fracture resistance changes within and outside of the fatigue damage zone, 

the data within the range 0 < Δa < 1mm (‘near’ region) was assessed and compared to 

the growth outside of this region (‘far’ region). Table 3.1 shows a comparison of the slope 

of the resistance curves (average toughening rate) over the first 1 mm and final sections 

of crack growth. This data shows that there is significant difference in the average 

toughening rate in the damage zone for the damaged group (p = 0.030). Outside of this 

damage zone both groups decrease in toughening rate when compared to inside the 

damaged zone and show no significant difference in toughening rate (p = 0.27). 
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3.3.3 Crack Path Imaging and Damage Interaction 

The following figures show crack path images for both the control (Figure 3.7) and 

damaged (Figure 3.8) groups. The control specimen shows toughening behaviour that is 

typical in cortical bone including crack deflection (Figure 3.7 (d)) and uncracked ligament 

bridging (Figure 3.7 (c) and (d)). The damaged specimen (Figure 3.8) shows fatigue 

induced damage marked by white lines, which indicates that the majority of microcracks 

formed during fatigue did not directly interact with the main fracture. 

 

Figure 3.7: (a) Crack path of a typical control specimen showing various toughening 
mechanisms along the crack path: (b) microcracking ahead of the tip of the main crack, 
(c) several ligament bridges and (d) deflection and ligament bridge formation. Scale bar 
for (a) is 250µm and for (b)-(d) 50µm. 

 

Figure 3.8: Typical damaged specimen following resistance curve testing. The 
approximate location of the fatigue induced microcracks are marked using white lines. 
Scale bar in the bottom left hand corner is 250µm. 

(a) 

(b) 

(c) 

(d) 
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Further analysis of the crack path images was undertaken on all specimens to 

characterise the presence of ligament bridges along the crack length. A ligament bridge 

was defined as a region of material in the crack wake that remained uncracked. Ligament 

bridges are thought to be the primary cause of toughening behaviour in bone (Nalla et al., 

2004b). Both groups showed similar total numbers of ligament bridges along the crack 

path. The control group had an average of 5.3±1.2 bridges/specimen while the damaged 

group had an average of 5.0+1.1 bridges/specimen. However, the damaged group had a 

reduced occurrence of ligament bridges within the damage zone (average of 1.4±0.7 

bridges/specimen) compared to outside the damage zone (average of 3.3±0.8 

bridges/specimen). The control specimens exhibited similar numbers of ligament bridges 

within (average of 2.7±1.3 bridges/specimen) and outside of the near notch (Δa<1mm) 

region (average of 2.6±1.2 bridges/specimen). Further to this it was observed that five of 

the ten control specimens formed large ligament bridges (width > 50 µm) within near the 

starter notch while none of the fatigued specimens formed large ligament bridges near the 

starter notch.  

 

3.4 Discussion 

The results of this study are consistent with previous findings showing a decrease in 

fracture toughness of bone due to the presence of microcracks (Diab and Vashishth, 

2005; Norman et al., 1998). The percentage decrease in fracture initiation toughness for 

this study is ~20% which agrees with the previous results (Diab and Vashishth, 2005; 

Norman et al., 1998). This reduction in toughness is expected due to the accumulation of 

damage in the region in which the crack initiates acting to weaken the material structure. 

Bone derives some of its toughening behaviour due to the dissipation of energy from the 

formation of microcracks in the process zone of the main propagating crack (Vashishth et 

al., 2003). If damage has already formed, this decreases the ability of bone to form further 

damage and dissipate energy, thus leading to a decrease in fracture initiation toughness. 

This is due to the weak interfaces in the microstructure already having formed 

microdamage due to fatigue loading and therefore during crack growth it is difficult for new 

damage to form. Analysis of the plastic component of the J-integral provides further 

evidence for this as the damaged group shows a significant reduction in the plastic 

component (related to fibril plasticity and microdamage formation) within the damage zone 

(Δa < 1mm). This mechanism is similar to the damage saturation mechanism proposed 

by Diab and Vashishth (2005). 
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Further analysis was undertaken to assess the average toughening rate within the 

damage zone (Δa < 1mm) and outside the damage zone (Δa > 1mm). This was used to 

characterise the effects of damage on the toughening behaviour of bone. The average 

toughening rate within the zone of microdamage shows that the growth toughness is 

decreased by the presence of fatigue induced microcracks. In contrast to this, the average 

toughening rate outside the damaged region for both the control and damaged specimens 

is similar. The toughening rate of bone due to microcracking is highly dependent on the 

position and location of damage with respect to the main fracture.  

There are three main mechanisms by which microcracks can affect the crack propagation 

behaviour of bone, these include: 1) microcracks located in the vicinity of the main 

propagating fracture, but not linking with the main crack path; 2) microcracks linking with 

the main crack path and aligned with the main fracture; and 3) microcracks linking with 

the crack path but misaligned or offset with the main fracture. The net effect of fatigue 

induced microcracks on the toughening behaviour is the summation of these three 

mechanisms. Each of these cases is outlined schematically in Figure 3.9. The most 

prevalent in the current experiments is the first case where the damage is located in the 

vicinity of the main crack but is not linking (see Figure 3.8). Despite this mechanism being 

more prevalent, it is not clear which mechanism has the most significant effect on the 

overall fracture resistance. Furthermore, non-linking microcracks may also affect the local 

stress field providing either a net shielding or concentration at the main crack tip, which 

will influence the stress intensity factor (i.e. the Jel component). Note that the interaction 

of non-linking microcracks can be analysed using finite element modelling; this will be 

discussed in chapter 7. 

 

Figure 3.9: Representation of the three mechanisms of fatigue fracture interaction. 
Mechanism 1: microcracks in the vicinity of the main crack but not linking. Mechanism 2: 
microcracks linking with the main crack and aligned with the optimal direction of crack 
propagation. Mechanism 3: microcracks linking with the main crack and misaligned with 
the optimal direction of crack growth leading to crack deflection or ligament bridging. 

Direction of crack growth 

Mechanism 1: 

Microcrack not interacting 
with main crack 
 

Mechanism 2: 

Microcrack aligned with 
crack growth direction 

Mechanism 3: 
Microcrack misaligned with 
crack growth direction 
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For the first case, if there are microcracks located in the vicinity of the propagating fracture 

but not along its path these will act to reduce the ability of bone to form new damage and 

dissipate energy leading to a reduction in the rate of toughening. This is due to the weak 

interfaces in the microstructure already having formed damage which increases the 

energy required to form new damage or propagate the existing damage. A similar 

mechanism has previously been shown in the growth of fatigue microcracks where cracks 

have initiated at weak areas in the microstructure and arrested at microstructural 

boundaries requiring a higher driving force to continue growing (O’Brien et al., 2005b). 

This is also the same mechanism that acts to reduce the fracture initiation toughness in 

the presence of microdamage. For the second case, if a microcrack is orientated in the 

direction of optimal driving force then this will allow the main crack to link with it and 

advance through the already broken material at a lower energy ‘cost’ leading to a reduced 

rate of toughening. For the third case, if the microcrack is misaligned or offset from the 

direction of crack propagation this can cause deflection and/or ligament bridging leading 

to an increased rate of toughening.  

In the longitudinally orientated specimens tested in this study the microcracks were 

preferentially aligned in the same direction as the main crack (see Figure 3.7). Thus, when 

the main fracture encounters a microcrack on its path it is more likely to allow the main 

crack to link and advance through the already damaged material. As the fatigue induced 

microcracks are orientated in the direction of crack propagation any deflection caused by 

fatigue induced cracks will be minimal. The fatigue induced microcracks along the path 

will also act to reduce the ability of bone to dissipate energy by forming new damage. 

Thus, the overall effect is a reduction in the rate of toughening. In contrast to this when 

testing in the transverse direction, microcracks may not be orientated in the direction of 

crack growth due to the microcracks preferentially following the weak interfaces in the 

longitudinal direction. Therefore, when the main crack encounters a microcrack 

misaligned with the direction of crack propagation it can cause a large deflection from the 

optimal path of loading along the fibre direction of bone. It is likely that this will cause an 

overall increase in the rate of toughening due to the large deflection from the optimal 

loading path. Thus, it would be expected that in the transverse direction the third 

mechanism of fatigue fracture interaction would become more influential.  

Bone derives its toughening behaviour from its composite structure. Crack growth in 

cortical bone follows the path of least resistance. That is, the crack will follow a path where 

there is sufficient local driving force to overcome the material resistance in a particular 

direction. Previous studies have shown that the formation of microdamage is highly 

dependent on the microstructure and hence the preferred planes or directions of failure of 
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cortical bone (Boyce et al., 1998; Fleck and Eifler, 2003; O’Brien et al., 2007). Microcracks 

will preferentially form at the weak interfaces in the microstructure, the fact that ligament 

bridging or crack deflection occurs at a similar location is likely due to the weak interface 

in the microstructure and may not be a consequence of fatigue induced microcracks. This 

is evident when comparing the toughening mechanisms between control and damaged 

specimens (see Figure 3.7 and Figure 3.8), the control and damaged specimens show 

similar numbers of ligament bridges along the whole crack path however, the damaged 

specimens form less ligament bridges within the damage zone. This would suggest that 

fatigue induced microcracks inhibit the formation of ligament bridges. Thus, the 

microcracks that form as a result of crack propagation (i.e. not fatigue induced damage) 

in bone provide toughening through energy dissipation and are responsible for the 

formation of ligament bridges and crack deflection. Whereas the effect of fatigue induced 

damage is to reduce the rate of toughening by reducing the ability of bone to dissipate 

energy through the formation of microdamage. Ultimately the toughening behaviour of 

bone is a direct consequence of the microstructure and the interaction of the main fracture 

with weak interfaces in the structure. 

Further analysis of the elastic and plastic components of the J-integral showed that both 

components were reduced within the damaged group. For the elastic component the 

toughening rate is significantly reduced in the damaged group when compared to the 

control. A possible explanation for this is that the damaged group showed a decreased 

number of ligament bridges within the damage zone when compared to the control. 

Reduced ligament bridging at the start of the main crack for the damaged group would 

reduce the applied load required to propagate the main crack. This is because there would 

be less bridges to support the load applied to the crack thus, reducing the elastic 

component of the J-integral. The plastic component shows that within the damage zone 

the damaged specimens have reduced toughness (Δa < 1mm). As discussed previously 

this is due to the fatigue induced damage inhibiting the ability of bone to form new damage 

during crack propagation effectively reducing the ability of bone to plastically deform by 

forming microdamage. Outside the damaged zone the damaged group can form new 

damage during crack propagation and the plastic J-integral approaches a similar value to 

the control group. 

3.5 Conclusion 

This study demonstrates the influence of fatigue microdamage on the fracture behaviour 

of cortical bone. The accumulation of fatigue microcracks resulted in a decrease in fracture 

initiation toughness due to the decreased ability of bone to dissipate energy by forming 



Chapter 3: Experiment 1 

 
 

 
51 

new microcracks. The results also show that fatigue induced microcracks lead to a 

decrease in the rate of toughening by three mechanisms of fatigue fracture interaction: 

1. Microcracks in the vicinity of the main crack and not linking: this inhibits the ability 

of bone to form new microcracks during crack propagation reducing the plastic 

component of the J-integral 

2. Microcracks aligned with the optimal direction of crack growth and linking with the 

main crack: this causes a decrease in toughening as the main crack can propagate 

through the broken section of material with less energy 

3. Microcracks misaligned with the optimal direction of crack growth and linking with 

the main crack: this can cause the formation of a ligament bridge or allows the 

crack to deflect from the optimum path leading to an increase in toughness 

The net effect of fatigue induced microcracks on the fracture toughening behaviour of 

bone is the summation of these three mechanisms. In this study, the majority of fatigue 

induced microcracks did not link with the main crack. Furthermore, fatigue induced 

microcracks reduce the formation of ligament bridges and lead to a significant decrease 

in the toughening behaviour of bone. Thus, the overall effect of fatigue induced 

microcracks is to reduce the fracture initiation toughness and growth toughness of cortical 

bone. 

3.6 Limitations and Future Work 

This study has several limitations including the use of bovine bone as an analogue for 

human bone and the use of relatively large initial crack lengths. While the microstructure 

of bovine bone is different to human bone (bovine bone tends to have a plexiform 

structure, while human bone is secondary osteonal (Lipson and Katz, 1984; Rho et al., 

1998) the toughening mechanisms present along the crack path are the same (as shown 

Figure 3.7). Thus, it is expected that the absolute values for fracture resistance curves will 

be different between human and bovine bone however, the decrease in fracture initiation 

toughness and average toughening rate in the damage zone will still be present as the 

mechanisms of fatigue fracture interaction will be the same. Furthermore, the microcrack 

densities observed in the fatigue damaged specimens are similar to those observed in 

elderly individuals at risk of fractures (Schaffler et al., 1995).  

It would also be desirable to test the effect of microdamage accumulation on the fracture 

resistance of cortical bone using a small scale fracture testing procedure. Cracks in the 

order of 1-2mm are closer to the size scale of failures observed in-vivo (Koester et al., 

2008). At this smaller scale microcracks are closer to the size scale of the main 

propagating failure and are more likely to interact with the main fracture and effect 
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toughening behaviour. Another limitation of the present study is that only the longitudinal 

(parallel to the long axis of the bone) crack growth direction was tested. Fracture in-vivo 

is generally due to complex mixed mode loading with crack growth in both the transverse 

and longitudinal directions. Thus, the resultant fracture behaviour is the superposition of 

each fracture mode. Cortical bone shows significantly different fracture toughness in the 

transverse direction and toughening mechanisms such as crack deflection become more 

dominant (Behiri and Bonfield, 1989; Koester et al., 2011). Therefore it would be desirable 

to test the effects of fatigue damage on the transverse fracture resistance of cortical bone. 

The purpose of the second experimental study (Chapter 4) will be to improve on and 

address some of the limitations of the first experimental study (Chapter 3). The limitations 

that will be addressed in the second study include: analysis of fatigue fracture interaction 

at small scales (Δa ~1mm) and in the transverse crack growth direction 

.
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4 Experiment 2: Longitudinal and transverse fatigue 

fracture interaction in cortical bone 

This experimental work has been published as a conference paper in the proceedings of 

the 8th Australasian Conference of Applied Mechanics (Fletcher et al., 2015). 

 

4.1 Introduction 

The aim of the second experimental study was to investigate the effects of fatigue induced 

damage on the fracture behaviour of cortical bone at 1) small crack length scales (Δa ~ 

1mm) and 2) different fracture orientations (i.e. longitudinal and transverse). Both small 

scale fracture and fracture orientation are important for in-vivo failure of cortical bone. 

Specifically, for in-vivo fatigue failures such as stress fractures small scale crack growth 

is extremely important as these failures are normally small in size (Burr et al., 1985; Spitz 

and Newberg, 2002). For more catastrophic failures, such as those from a single high 

magnitude loading event the resultant loading on the fracture is normally mixed mode and 

is not normally orientated completely aligned or perpendicular to the collagen fibres. 

However, it is important to understand the crack growth processes in bone for both primary 

orientations (i.e. longitudinal and transverse) as the more complex loading conditions can 

be analysed as a superposition of the primary orientations. 

In order to test both small scale fracture behaviour and different fracture orientations a 

different fracture specimen configuration to the one used in the first experimental study is 

required (note that the C(T) configuration was used in the first study). The reason for this 

is that it is impractical to machine a C(T) fracture specimen with a small initial crack length 

(Δa = 1-2mm) as a compact tension specimen with a 2mm initial crack length has a 

characteristic dimension W = 4 mm, giving outer dimensions of 5x4.8mm. Secondly, when 

fracture testing in the transverse direction using a compact tension specimen, the crack 

will deflect to the fibre direction without the use of side grooves, which would be extremely 

impractical to manufacture on a specimen with W = 4 mm. In addition, machining side 

grooves suppresses the crack deflection toughening mechanism and is not representative 

of the true toughening behaviour of cortical bone. There are several recommended 

fracture specimen configurations that can be used for non-linear resistance curve testing 

(as per ASTM standard E1820). The standard compact tension specimen was utilised in 

the first study of Chapter 3. A similar configuration is the disc shaped compact tension 

specimen. This configuration can be immediately discounted for use in the current study 

as it suffers from the same limitations as the standard compact tension specimen.  
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Another alternative specimen configuration is the Single Edge Notched Bend specimen 

(SEN(B)). This specimen geometry allows for small initial crack lengths for relatively large 

beam specimens and can be used for transverse fracture testing. Specifically, the 

geometric configuration of the SEN(B) specimen allows for an initial crack length of a0 = 

2.25 mm, a characteristic dimension of W = 4.5mm (Note that for a SEN(B) specimen ‘W’ 

is the height), a length of 20 mm and a support span of S = 18mm, which is within the 

practical bounds of machining. This specimen geometry will allow for crack growth in the 

small scale region of Δa ~1mm. The SEN(B) specimen is also suitable for testing cortical 

bone in the transverse direction without the use of side grooves (Koester et al., 2008).  

While the SEN(B) configuration has several advantages in terms of fracture resistance 

testing, the method of fatigue damaging the specimens also needs to be considered. One 

option for fatiguing a specimen of this geometry would involve machining the specimen 

without the notch and then using any of the following loading modes for fatigue testing: 

uniform tension, uniform compression or three/four point bending. Both uniform tension 

and compression testing require that the specimen is clamped at its ends. For a uniform 

beam specimen this would cause fatigue damage to concentrate near the clamps causing 

failure at this region. For this reason the three point bending fatigue approach is 

advantageous as the maximum stress and thus, the fatigue damage, will concentrate at 

the mid span of the beam.  

There have been two previous studies that have used a bending fatigue approach 

followed by notching and fracture testing. These are  the study by Yeni and Fyhrie (2002) 

and the study by Diab and Vashishth (2005). The methodology used in each study was 

similar in that a four point bending fatigue approach was used with a long slender bend 

specimen (slenderness ratio: length/width>10). Following fatigue testing these specimens 

were notched and fracture toughness tested. In both of these studies the fracture 

toughness was characterised using a single value for the fracture initiation toughness and 

using linear elastic fracture theory to determine the stress intensity factor. The advantage 

of a long slender beam geometry is that it allows for fatigue testing that is directly 

comparable to literature data (see for example: Boyce et al.(1998)). However, a long 

slender beam geometry is not suitable for fracture resistance testing as the small width of 

the beam does not allow enough uncracked ligament for any significant amount of crack 

growth. Further to this, both of the studies by Yeni and Fyhrie (2002) and Diab and 

Vashishth (2005) did not perform post fracture test analysis to determine the location of 

the fatigue damage relative to the crack path in the specimen. Therefore the studies by 

Yeni and Fyhrie (2002) and  Diab and Vashishth (2005) could not give direct evidence for 

the mechanisms that caused the decrease in fracture toughness observed in both studies.  
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To further the knowledge of fatigue fracture interaction mechanisms in cortical bone It 

would be desirable to analyse the full fracture resistance curve for fatigue damaged 

specimens along with crack path analysis to determine the mechanisms of interaction 

between the fatigue damage and the main crack path. Therefore the purpose of this study 

is to investigate the mechanisms of fatigue fracture interaction in both the transverse and 

longitudinal direction using a small scale fracture approach. This study will use a SEN(B) 

fracture specimen configuration that will allow analysis of the non-linear fracture 

resistance curves in both the longitudinal and transverse crack growth directions. Further 

analysis of the crack paths in the longitudinal and transverse specimens will elucidate the 

role of the fatigue damage on the fracture behaviour of cortical bone. 

4.2 Materials and Method 

4.2.1 Specimen Preparation 

Two bovine femurs (from different animals) were obtained fresh from a meat wholesaler 

(approximate age 12-18 months). The proximal and distal epiphyses of each femur were 

removed using a bandsaw before sectioning the shaft of the bone into two equal length 

segments. Each segment was then cut into four pieces by cutting through the diameter of 

the segment at a 45° angle to the frontal plane of the bone then taking cuts at 90° about 

the circumference of the bone segment from the initial cut. The final specimen shape was 

then wet machined using a low speed diamond saw (Model 660, South Bay Industries). 

The first femur was used to machine three point bending specimens with nominal 

dimensions: width ‘W’ = 4.5mm, thickness ‘B’ = 2.25mm and length ‘L’ = 20mm (as shown 

in Figure 4.1). These dimensions were chosen such that the specimen could be notched 

and fracture tested following fatigue loading. The dimensions conform to the requirements 

of the Single Edge Notch Bend (SEN(B)) fracture specimen geometry as detailed in ASTM 

E1820 (2011). The specimens from the first femur were cut such that once the specimen 

was notched for fracture testing the crack growth direction would be approximately parallel 

to the fibre direction or long axis of the bone (longitudinal direction). 

 

Figure 4.1: (a) Orientation of longitudinal and (b) transverse fracture specimens with 
respect to the long axis of the bone. (c) Specimen showing the characteristic dimensions. 
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A total of thirty two specimens were obtained from the first femur with ten being assigned 

to the control group and ten being assigned to the fatigue damaged group. Note that the 

remaining specimens from each femur (those not assigned to the control or damaged 

group) were used for monotonic pilot tests and pilot tests for the fatigue loading protocol. 

The second femur was used to cut three point bending specimens of the same nominal 

dimensions as those described above. However, the specimens were orientated such that 

once the specimen was notched for fracture testing the crack growth direction would be 

approximately perpendicular to fibre direction or long axis of the bone (transverse 

direction). A total of thirty two specimens were obtained from the second femur with ten 

being assigned to the control group and ten being assigned to the damaged group. All 

specimens were polished using increasingly fine grades of silicon carbide cloth to a 2µm 

surface finish before a final polish using a 0.5µm aluminium oxide slurry to aid in the 

fluorescence microscopy analysis of the fatigue damage and crack path following fracture 

testing. After machining, all specimens were stored in Phosphate Buffered Saline (PBS) 

soaked gauze at -20°C. All specimens were thawed and rehydrated overnight in a bath of 

PBS at 4°C before mechanical testing. Immediately prior to mechanical testing all 

specimens were stored in a bath of PBS at room temperature (nominally 22°C) for 2 hours.  

4.2.2 Mechanical Testing Overview 

The mechanical testing for this study consisted of two sequential parts: 1) cyclic loading 

to generate fatigue microdamage in the damaged group specimens of the longitudinal and 

transverse groups and 2) fracture resistance testing of both control and damaged 

specimens from the longitudinal and transverse groups. This is outlined schematically in 

Figure 4.2 below. 

 

Figure 4.2: Outline of experimental methodology including: (a) fatigue loading to generate 
microdamage in the damaged specimen and (b) fracture testing of both control and 
damaged group specimens. 

(a) Fatigue Loading 
Longitudinal: 
10x damaged specimens 
 
Transverse: 
10x damaged specimens 

(b) Fracture Testing 
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10x control, 10x damaged specimens 
 
Transverse: 
10x control, 10x damaged specimens 

Cyclic Loading Ramp Loading Crack 
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4.2.3 Fatigue Damage Detection and Fatigue Damaging Protocol 

Prior to any mechanical testing all specimens were immersed in a fluorochrome stain 

(Calcein) and imaged to identify any existing damage due to the machining process. The 

specimens were immersed in a solution of PBS and 0.001M Calcein overnight (14 hours) 

at 4°C. All imaging of fatigue damage was performed using a Leica DM6600 fluorescence 

microscope with the specimen exposed to blue light at a magnification of 100x. The 

specimens were imaged in a 5x2 grid pattern (5.1x2.7mm images) from the tensile edge 

along the height of the specimen at its mid span. Following the fatigue testing protocol all 

specimens were again immersed in the calcein stain and the damaged specimens were 

subsequently imaged using the protocol described above. The crack path for all 

specimens was then imaged following the fracture resistance testing. 

All specimens allocated to one of the damaged groups were fatigue loaded using a Test 

Resources 800LE4 screw driven materials testing machine. The output load was 

measured using a ±400N load cell and the load line displacement was measured using a 

±1mm LVDT mounted against the cross head of the test machine actuator. The purpose 

of the cyclic loading was to cause fatigue damage to accumulate in the specimen without 

causing complete failure. The tests were continued until the specimens had undergone 

5% stiffness loss (pilot testing showed that failure occurred at approximately 10% stiffness 

loss). All specimens were fatigue loaded in three point bending with a support span of ‘S’ 

= 18mm (the distance between the lower anvils) with a contact roller radius of 1mm. Each 

specimen was fatigued at a maximum load that would correspond to a maximum outer 

fibre stress at the mid span of 70MPa for the longitudinal specimens and 130MPa for the 

transverse specimens (this stress range was chosen based on pilot testing and represents 

a compromise between test time and physiological loading). Fatigue testing was 

conducted in load control using a sine waveform. The loading frequency was 2Hz with a 

constant loading ratio R = Pmin/Pmax = 0.1. All fatigue tests were conducted at room 

temperature (nominally 22°C) with the specimen submerged in a bath of PBS. Note that 

the control specimens for each damaged group were removed from the freezer, thawed 

and held at room temperature for the maximum fatigue test time for each damaged group. 

4.2.4 Fracture Resistance Testing 

Fracture resistance tests were conducted on the longitudinal and transverse specimens 

following the fatigue loading described above. The specimens were notched using a low 

speed diamond saw such that the initial crack length was a0 = 2.25mm (a/W = 0.5) or 

greater (as specified in ASTM E1820). The notch was then sharpened using a flat bladed 

scalpel. The fracture resistance tests were conducted using the same mechanical test 

machine and sensors as described in the fatigue testing section above.  
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The fracture specimens were orientated in the three point bending fixture, such that the 

crack would grow towards the edge of the specimen that had undergone tensile loading 

during the fatigue protocol. The unloading compliance method was used to determine the 

J-integral fracture resistance, with corresponding crack length measurements made in-

situ using a stereo microscope. For the purpose of processing the resistance curve data 

the crack length was inferred from the standard compliance equations. The initial crack 

length was corrected based on the optical crack length similar to the method used by Nalla 

et al. (2004a). The reason for this is that the crack paths in the transverse specimens 

include large amounts of deflection and in-situ methods of measurements of crack length 

can become unreliable. Conversely, the use of a compliance-based crack length is more 

consistent compared with optical methods and gives an indication of the crack length as 

the equivalent ideal (or straight) crack length. The longitudinal specimens show much 

straighter crack paths and can be processed using the in-situ crack length data. However, 

for the two groups to be compared similar methods of processing need to be used. The 

fracture resistance tests were conducted in displacement control with a constant ramping 

rate of 1mm/min. During the fracture resistance testing the specimens were kept hydrated 

by a gauze wick soaked in PBS with periodic hydration provided using an eye dropper. 

The J-integral was calculated at each unload step using the equations outlined in ASTM 

E1820 (2011) and discussed in Section 3.2.4. All data processing and statistical analysis 

was performed using custom Matlab programs (Mathworks, Version R2012b). 

4.3 Results 

4.3.1 Fatigue Damage Localisation 

The fatigue damage images were analysed for both the longitudinal and transverse 

groups. Figure 4.3 shows typical fatigue damage patterns in both the longitudinal and 

transverse specimens. For the longitudinal specimens fatigue damage tended to form on 

the tensile edge of the specimen with long slender microcracks mostly aligned with the 

fibre direction of the bone, as shown in Figure 4.3 (a). For most of the longitudinal 

specimens, the damage formed on the compressive side (underneath the top anvil) was 

minimal compared to the fatigue damage formed on the tensile side. For the transverse 

group fatigue damage formed equally on both the tensile and compressive edges of the 

specimens. The compressive damage side of a typical transverse specimen (Figure 4.3 

(c)) shows some damage from indentation of the top anvil with distinct microcracks 

radiating away from the anvil contact point. The tensile edge of the transverse specimens 

shows similar fatigue microdamage morphology to the longitudinal specimens. However, 

the orientation of the damage is less dependent on the fibre direction (see Figure 4.3 (a) 

and (c)).  
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Figure 4.3: (a),(b) Fatigue damage images for a typical longitudinal specimen and (c) to 
(e) show fatigue damage in a transverse specimen. Note that the fatigue damage has 
concentrated at the top and bottom quarter of the specimen. Scale bars for (a), (c) and (d) 
are 250 µm and the close up insets (b) and (e) are 100µm. 

The analysis of the fatigue damage patterns in Figure 4.3 shows that the fatigue for a 

uniform specimen concentrates at the outer edges of the specimen. Thus, the fatigue 

damage concentrates in a region far from central portion of the specimen that is used for 

crack growth in the fracture resistance tests. Therefore it is unlikely that the fatigue 

damage will directly interact with the crack path toughening behaviour. 

4.3.2 Fracture Resistance Curves 

Fracture resistance testing was performed on all specimens in the longitudinal and 

transverse groups. Table 4.1 details the fracture resistance data for all test groups. 

Normality was tested for each of the variables analysed in Table 4.1 using the Shapiro-

Wilk test with normality being assumed for all variables with p > 0.05. T-tests were 

performed between the control and damaged group for both the fracture initiation 

toughness (initial value or y-intercept of the resistance curve) and growth toughness 

(slope of the resistance curve at aQ). Note that for the longitudinal specimens, aQ = 

0.22±0.008mm and for the transverse, aQ = 0.22±0.01mm, (mean±standard deviation). A 

statistical test for the variables given in Table 4.1 was considered significant if p < 0.05/3 

or p < 0.0167, using the Bonferroni correction for multiple comparisons. No statistically 

significant differences were observed between any of the test groups. Note that while 

there is no significant difference between control and damaged groups within each 

specimen orientation, there is a significant difference between the results for the 

longitudinal and transverse fracture groups. 

Fibre 
Direction 

Fibre 
Direction 

Longitudinal Transverse 

(a)  (b)  

(d)  
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Table 4.1: Fracture resistance data for both longitudinal and transverse groups. Statistical 
comparisons are shown for the control and damaged groups as well as the longitudinal 
and transverse control groups. The data is presented as mean ± standard deviation with 
‘*’ denoting a significant test. 

 Longitudinal  Transverse  

 J0, 
(kJ/m2) 

dJ/da, aQ, 
((kJ/m2)/mm) 

J0, 
(kJ/m2) 

dJ/da, aQ, 
((kJ/m2)/mm) 

Control 0.65±0.25 1.82±0.64 2.02±0.83 9.79±4.3 

Damaged 0.63±0.27 1.51±0.48 2.20±0.77 10.6±4.6 

T-test (p value) 

Control vs Damaged 

0.89 0.58 0.91 0.73 

T-test (p value)     

Long vs Trans 

0.0004* 0.0002*   

Figure 4.4 shows all of the fitted resistance curves for both (a) the longitudinal and (b) the 

transverse control groups, this figure gives an indication of the overall variance in fracture 

resistance curves between specimens. The damaged specimens from each group 

showed a similar distribution of resistance curves. The correlation coefficients for the fitted 

resistance curves of all specimens ranged from ‘r2’ = 0.87 to 0.99. 

 

Figure 4.4: All fracture resistance curves for the control groups (a) longitudinal control 
and (b) transverse control specimens. 

Figure 4.5 shows a comparison of the scatter bands for (a) the overall fracture resistance 

curves of the longitudinal groups and (b) the transverse groups. The numerical data 

presented in Table 4.1 is reflected in the analysis of the scatter bands for the overall 

fracture resistance curves. The scatter bounds for the curves shown in Figure 4.5 show 

significant overlap for both longitudinal and transverse groups indicating minimal 

difference between control and damaged specimen for each primary orientation. 

0 0.5 1
0

1

2

3

4

5

Crack Extension, a (mm)
(a)

F
ra

c
tu

re
 R

e
s
is

ta
n
c
e
, 
J
 (

k
J
/m

2
)

0 0.5 1
0

5

10

15

20

Crack Extension, a (mm)
(b)

F
ra

c
tu

re
 R

e
s
is

ta
n
c
e
, 
J
 (

k
J
/m

2
)



Chapter 4: Experiment 2 

 
 

 
63 

 

Figure 4.5: (a) Overall fracture resistance curves for the longitudinal and (b) transverse 
groups, the scatter bands for both the control and damaged group are shown in each 
case. 

Figure 4.6 (a) compares the scatter bands for the elastic component of the J-integral for 

the longitudinal and (b) transverse groups. Figure 4.7 compares the plastic component of 

the J-integral for the longitudinal (a) and transverse (b) groups. The scatter bounds for the 

elastic and the plastic components of the J-integral are similar for the tensile and 

compressive damaged groups when compare to their respective control. Similar to the 

comparison of the overall fracture resistance curves the curves for the elastic and plastic 

components of the J-integral show minimal differences when comparing the damaged to 

control specimens. 

 

Figure 4.6: Comparison of scatter bands for the elastic component of the J-integral 
fracture resistance curve ‘Jel’. (a) Shows the results for the longitudinal group and (b) 
shows the results for the transverse group. 
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Figure 4.7: Comparison of scatter bands for the plastic component of the J-integral 
fracture resistance curve ‘Jpl’. (a) Shows the results for the longitudinal group and (b) 
shows the results for the transverse group. 

 

4.3.3 Crack Path Imaging 

The fracture resistance curves showed no statistically significant differences between 

control and damaged specimens for both either longitudinal or the transverse specimens. 

Thus, it would be expected that the crack path toughening mechanisms for the control 

and damaged groups would be similar. While there were no differences between the 

control and fatigue damaged specimens there are significant differences in crack path 

toughening when comparing the longitudinal and transverse control groups. Analysis of 

the crack path toughening mechanisms for the longitudinal and transverse fracture 

specimens shows that the toughening behaviour is significantly dependent on collagen 

fibre orientation. Crack path images are shown for a typical longitudinally orientated 

specimen in Figure 4.8 and a typical transverse fracture specimen Figure 4.9. Note that 

the crack path for the longitudinal specimen is primarily aligned with the fibre direction. 

While the longitudinal specimen shows minimal crack deflection it does show a significant 

amount of uncracked ligament bridging, which can be seen in Figure 4.8 (b). In contrast 

to this the transverse fracture specimen shows significant amounts of crack deflection with 

the main crack path following a ‘stair step’ pattern though the ‘brick like’ microstructure in 

the bovine bone (Currey, 1960, 1959) (see Figure 4.9). Comparison of the crack path 

images with images of the fatigue damage showed that the fatigue induced damage did 

not interact with the main crack path directly.  
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Figure 4.8: (a) Crack path for a longitudinal control specimen. (b) Close up view of an 
uncracked ligament bridge with the crack tips marked using white arrow heads. (c) 
Microdamage formation at the crack tip. The main crack path has been marked with a 
dashed white line to improve clarity. Scale bar for (a) is 250µm and scale bars for (b) and 
(c) are 100µm. 

 

 

Figure 4.9: (a) Crack path for a typical transverse fracture specimen showing significant 
amounts of crack deflection. (b) Magnified view of stair step deflection region. (c) Crack 
tip microdamage. Scale bar for (a) is 250µm and scale bars for (b) and (c) are 100µm. 
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The crack path images (Figure 4.8 and Figure 4.9) show distinct patterns of staining. For 

both figures pools of lighter green stain indicate the presence of diffuse damage. From 

both of these figures it is clear that the stain is mainly localised near the crack path with 

the intensity reducing further from the main crack path. Also, near the crack path 

microcracks are marked with a light green stain and appear as more distinct breaks in the 

structure. For the transverse crack image the osteon structure are marked with a brown 

stain colour similar to the main crack path. This could be an indication that these regions 

have more mineral exposed for the stain to bind to. 

It is also interesting to note that the microdamage formed during crack growth is similar to 

the induced fatigue microdamage (Figure 4.3) for both the longitudinal and transverse 

groups. Specifically, the longitudinal specimen forms microdamage during crack growth 

that takes the form of long slender microcracks orientated approximately parallel to the 

crack growth direction (approximately parallel to the fibre direction). Also for the 

longitudinal specimens the crack growth microdamage concentrates near the main crack 

path. For the transverse specimens the crack growth microdamage forms in a manner 

that is less dependent on the fibre orientation. The crack growth microdamage for the 

transverse specimens also forms at larger distances from the main crack path compared 

to the longitudinal specimens.  

4.4 Discussion 

4.4.1 Analysis of fatigue fracture Interaction 

For both the longitudinal and transverse damaged group specimens the fatigue testing 

protocol was able to produce fatigue damage without causing failure of the specimen, this 

is shown in Figure 4.3. Both the longitudinal and transverse damaged groups showed 

fatigue damage concentrated along the outer edges of the specimen. Analysis of the 

fracture resistance curves showed no statistically significant difference between the 

fracture initiation toughness and growth toughness for these specimens (see Table 4.1). 

Further to this, the overall fracture resistance curves were very similar when comparing 

the control and damaged specimens from each group. This is evident when considering 

Figure 4.5, which shows significant overlap of the scatter bands for the resistance curves 

of the control and damaged specimens. This similarity in the fracture resistance curves is 

also evident for the elastic and plastic components of the J-integral for control and 

damaged specimens (see Figure 4.6 and Figure 4.7). Overall, there are no significant 

differences in the fracture resistance behaviour shown between the control and damaged 

specimens of each group. 
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This result is different to previous work where ex-vivo fatiguing produced a significant 

decrease in the fracture initiation toughness (Diab and Vashishth, 2005; Fletcher et al., 

2014; Parsamian and Norman, 2001; Yeni and Fyhrie, 2002). A possible explanation for 

the results of the present study is seen when the fatigue damage for the uniform 

specimens is analysed with respect to the crack path of the fracture resistance test. The 

fatigue damage formed in the specimens in both the longitudinal and transverse groups 

concentrated towards the outer edges (outer quarters) of the specimen (see Figure 4.3). 

However, when the fracture resistance test is performed a notch is cut that has a depth of 

half the specimen width. A crack is then grown from this notch for the fracture resistance 

test. For the uniform specimen configuration the fatigue damage is occurring on the outer 

edges while the crack growth for the fracture test is occurring in the middle section of the 

specimen. As the fatigue damage is not located on the crack path for the fracture 

resistance test it is expected that no interaction of the fatigue damage with the crack path 

would be observed and there should be no significant difference in fracture resistance 

between the control and damaged groups as observed in this study. From these results, 

it can be seen that the uniform three point bending specimen that is notched following 

fatigue testing is not a suitable method for analysing fatigue fracture interaction 

mechanisms in cortical bone. This is because the crack growth for the fracture test does 

not occur in the fatigue damaged zone and hence there will be no interaction of the fatigue 

damage with the main crack path. 

Previous studies by Yeni  and Fyrhie (2002) and Diab and Vashishth (2005) did show a 

statistically significant difference in the fracture initiation toughness (single toughness 

value measured using LEFM) for uniform specimens that were notched following fatigue 

testing. There are a number of methodological differences in the study by Diab and 

Vashishth (2005) when compared to the present work that may account for the difference 

in results. These include: use of a non-standard long slender fracture specimen 

(compared to the standard SEN(B) geometry used in the present work) and the use of a 

four point bending fatigue method (compared to the three point bending method used in 

this study). The long slender specimen configuration used by Diab and Vashishth (2005) 

is non-standard and is only suitable for fracture initiation toughness tests not fracture 

resistance tests. For the present study the dimensions of the uniform specimens were 

chosen to conform to the requirements of the SEN(B) configuration for fracture resistance 

testing thus the specimens and had a low aspect ratio (short and wide). This configuration 

allows for an uncracked ligament of suitable length for stable crack growth and therefore 

the full resistance curve can be analysed. The choice of a long slender beam configuration 

in the study by Diab and Vashishth (2005) was to allow for fatigue damage accumulation 

in four point bending similar to other previous fatigue studies in bone (Boyce et al., 1998). 



Chapter 4: Experiment 2 

 
 

 
68 

The use of a four point bending method with an inner span of half the outer span will lead 

to a relatively large fatigue damage zone within the inner span of the specimen. For the 

present study a three point bending method was chosen to concentrate the damage along 

the same axis as the initial notch. 

A limitation of the study by Diab and Vashishth (2005) is that the localisation of the fatigue 

damage and the location of the fatigue damage relative to the crack path was not 

analysed. It is possible that the fatigue damage concentrated on the outer edges of the 

specimen similar to what was observed in the present study. This would cause the fatigue 

damage to not be located near the crack path and hence any interaction of the fatigue 

damage with the crack path is unlikely. Also, as a four point bending fatigue method was 

used by Diab and Vashishth (2005) the damage zone would be relatively large compared 

to the overall specimen dimensions. Thus, the decrease in fracture initiation toughness 

observed in the study by Diab and Vashishth (2005) is more likely due to the large area 

of fatigue damage leading to bulk changes in the specimens’ material properties. That is, 

large fatigue damaged areas may change the overall stress field in the specimen and 

hence change the observed fracture toughness due to these changes rather than by a 

direct crack path interaction mechanism. 

It is worth contrasting the four point bending fatigue method used by Diab and Vashishth 

(2005) with the three point bending fatigue method used in this study. Four and three point 

bending lead to significantly different stress profiles in the specimen undergoing fatigue 

loading and therefore the damage distribution would be expected to be different. The main 

difference between these two loading modes is that the three point bending fatigue 

method leads to the area of maximum stress being concentrated underneath the central 

anvil while four point bending distributes this area between the top two anvils. Therefore 

for a given stiffness loss as a result of fatigue loading the damage from three point bending 

will be concentrated on the edges of the specimen in the plane of the top anvil (as is 

shown in Figure 4.3). For a four point bending fatigue specimen the damage will be 

distributed over the larger area between the top anvils leading to a less dense damage 

distribution. However, as both configurations are under bending loading the beam neutral 

axis (i.e. the longitudinal centre line of the beam) will have zero axial stress. Hence as 

described above the damage will be minimal near the centre of the specimen and will not 

interact with the crack path for a fracture test. 

4.4.2 Comparison of Longitudinal and Transverse Fracture Behaviour 

While the analysis of fatigue fracture interaction was not possible in this study it was 

possible to gain some insight into the difference in fracture behaviour for the longitudinal 

and transverse groups. Analysing the fracture resistance data for the longitudinal 
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specimens shows that the transverse specimens have significantly higher fracture 

initiation toughness and significantly higher growth toughness (toughening rate/slope of 

the resistance curve). A comparison of the longitudinal control group to the transverse 

control group shows that the average fracture initiation toughness of the transverse control 

group was approximately three times higher than the longitudinal control group. The 

average growth toughness of the transverse control group was approximately five times 

higher than the longitudinal control group (see results in Table 4.1). Comparison of the 

overall fracture resistance curves (Figure 4.4 and Figure 4.5) also shows that the 

transverse specimens have higher initiation toughness and a higher rate of toughening.  

The significant difference in fracture resistance curves between longitudinal and 

transverse fracture specimens can be attributed to microstructural effects and contrasting 

crack path toughening behaviour (as shown in Figure 4.8 and Figure 4.9). In the absence 

of any other toughening mechanisms (i.e. ligament bridging, crack deflection) the 

transverse crack growth direction will have a higher resistance to both crack initiation and 

growth. The reason for this is that for the crack to propagate it must break across the 

collagen fibres which requires a larger applied stress than splitting between the fibres. 

This material resistance effect is evident when contrasting the yield stress of cortical bone 

in the fibre breaking (150MPa) and fibre splitting direction (54MPa) (Reilly and Burstein, 

1975).  

A further difference in fracture resistance behaviour between the longitudinal and 

transverse specimens is evident when comparing the elastic and plastic components of 

the J-integral (Figure 4.6 and Figure 4.7 respectively). For both the elastic and plastic 

component of the J-integral the transverse specimens show a higher initiation point and 

higher rate of toughening when compared to the longitudinal specimens. The elastic 

component of the J-integral describes the applied loading and how this interacts with the 

local material resistance to crack growth. Transverse crack growth requires that the crack 

either break across the fibres (high local material resistance) or that the crack deflects 

along these fibres to a non-optimal orientation (reduced driving force). Whereas a 

longitudinal crack has lower local material resistance to crack growth as the crack can 

propagate along the weak interfaces in the microstructure (i.e. between lamellar sheets 

or collagen fibres). Hence, it would be expected that the transverse specimens would have 

a higher elastic component of the J-integral when compared to longitudinal specimens. 

The plastic component of the J-integral results from non-linear crack growth behaviour 

such as plasticity, microdamage formation and energy consumed by toughening 

mechanisms such as crack deflection and ligament bridge formation. At the end of the 

crack growth region the plastic component of the J-integral for the transverse group is 
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approximately ten times that of the longitudinal specimens. This suggests that plastic 

phenomena contribute significantly to the difference between overall resistance curves for 

the transverse and longitudinal specimens. For the transverse specimens it is possible 

that crack deflection consumes a significant amount of energy during crack growth and 

this could account for the significantly higher plastic component of J-integral. In addition 

to the differences in the elastic and plastic components of the J-integral the longitudinal 

and transverse specimens also show different crack growth microdamage and different 

crack path toughening mechanisms. 

The crack growth microdamage for both the longitudinal and transverse specimens shows 

similar morphology to the fatigue damage induced in the damaged group specimens. For 

the longitudinal specimens the crack growth microdamage forms approximately parallel 

to the crack propagation direction (which is approximately parallel to the fibre orientation 

in the microstructure). This microdamage takes the form of long slender microcracks 

approximately parallel to the crack path. The reason both the fatigue microdamage and 

crack growth microdamage form in this manner is due to the orientation of the weak 

interfaces in the microstructure. Specifically, the applied stress is acting to split apart the 

weak interfaces between collagen fibres/lamellar sheets so that microdamage forms along 

these interfaces. For the transverse specimens the crack growth microdamage forms in 

patterns that are less dependent on the orientation of the lamellar sheet or the collagen 

fibre orientation. This is due to the applied stress being orientated along the collagen 

fibres. Where microdamage will form is a competition between the local material 

resistance and the direction of maximum resolved principal stress.  

Apart from the material resistance to crack growth there is also a difference in the crack 

path toughening mechanisms for the longitudinal and transverse specimens. Comparison 

of the crack path images (Figure 4.8 and Figure 4.9) of a typical longitudinal and 

transverse fracture specimen from this study shows that the longitudinal specimen 

exhibits only a minimal amount of crack deflection with the main crack propagating along 

the fibre direction of the bone specimen. In contrast to this the transverse fracture 

specimen shows significant amounts of crack deflection and a ‘stair step’ pattern of crack 

growth following the ‘brick like’ microstructure of the bovine bone. The longitudinal 

specimen shows the formation of large ligament bridges along the crack path rather than 

the deflections observed in the transverse specimen. Analysis of the crack path images 

from this study shows that in the longitudinal fracture specimens ligament bridging is the 

more prevalent toughening mechanism while for the transverse fracture specimens crack 

deflection is the more prevalent toughening mechanism. The orientation dependence of 

fracture initiation toughness in cortical bone has been shown in previous fracture initiation 
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studies using bovine bone (Behiri and Bonfield, 1989) and fracture resistance studies in 

human bone (Zimmermann et al., 2011). It has also been shown previously that bovine 

cortical bone has a higher fracture initiation toughness than human cortical bone (see for 

example: Norman et al., 1995b; Vashishth et al., 1997 and Nalla et al., 2004a; Yeni and 

Norman, 2000). These previous studies and the results of the present study suggest that 

the fracture resistance of cortical bone is highly dependent on the crack growth direction 

and the overall microstructural arrangement of the base components of the cortical bone 

composite. 

The fracture resistance behaviour of a material is highly dependent on its microstructure, 

therefore it would be expected that bovine and human bone would exhibit different 

toughening behaviour based on the differences in their microstructures. This effect is 

especially prevalent when considering the case of transverse crack growth for human and 

bovine bone.  Comparing the microstructure of bovine and human bone shows that bovine 

bone has a ‘brick like’ microstructure (see Figure 4.9) while human bone exhibits a 

secondary osteonal structure (Nalla et al., 2006; Yeni and Norman, 2000). While the 

microstructures of human and bovine are different they both exhibit similar toughening 

mechanisms, such as microcracking, ligament bridging and crack deflection. As the 

mechanisms of fatigue fracture interaction proposed in this study are based on interaction 

with these mechanisms they would be similar but different in magnitude for human bone. 

4.5 Conclusion  

The aim of this experimental work was to investigate the effects of fatigue microdamage 

on the fracture resistance behaviour of cortical bone at a small relative scale and for both 

longitudinal and transverse crack growth. Unfortunately, the experimental results did not 

show any fatigue fracture interaction as the fatigue damage did not occur in the crack 

growth area for the fracture resistance tests. The results of this study suggest that the 

current methodology (fatiguing a uniform beam specimen before notching and conducting 

a fracture resistance test) is not a suitable method for investigating the effects of fatigue 

fracture interaction in cortical bone. However, the comparison of the longitudinal and 

transverse control fracture specimens did provide further insight into the differences in 

fracture resistance behaviour and crack path toughening mechanisms for these crack 

growth directions.  

The current methodology (fatiguing a uniform beam specimen before notching) caused 

the fatigue damage to concentrate towards the outer edges of the uniform bend specimen. 

Therefore no fatigue damage formed in the centre half of the specimen where the crack 

growth for the fracture resistance test takes place. Thus, when the fracture resistance 

tests were performed no interaction between the crack path and fatigue induced damage 
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was observed in the stable crack growth portion of the test. The concentration of fatigue 

damage away from the crack growth zone of the fracture resistance test explains why 

there were no significant differences observed in the fracture resistance curves for the 

control or damaged groups. This indicates that uniform bending fatigue tests are not 

suitable for analysing the mechanisms of fatigue fracture interaction in cortical bone using 

a resistance curve approach.  

Despite the limitations of this study the comparison of the longitudinal and transverse 

control specimens provided insight into the different fracture behaviour observed in each 

of these primary crack orientations. The fracture resistance curves for longitudinal and 

transverse specimens showed significant differences in fracture initiation, growth 

toughness and fracture toughening mechanisms. Comparison of the control specimens 

from both the longitudinal and transverse control groups shows that the ‘brick like’ 

microstructure of bovine bone leads to a ‘stair step’ like pattern of crack deflection in the 

transverse direction, which leads to significant toughening. The comparison between the 

longitudinal and transverse fracture specimens also shows that for longitudinal cracking, 

ligament bridging is the most prevalent mechanism while for transverse cracking, crack 

deflection is the most prevalent toughening mechanism. 

4.6 Limitations and Future Work 

The main limitation of this work is the concentration of fatigue damage away from the 

notch for the fracture resistance tests. Therefore in future experiments the SEN(B) fracture 

specimen geometry will need to be modified to concentrate the fatigue damage in the 

region ahead of the main notch for the fracture resistance tests. A second limitation of the 

present study is that it only analysed the scenario were the specimen was notched such 

that the crack in the fracture test was growing toward the edge that had accumulated 

tensile fatigue damage. Therefore for future experimental work it would be desirable to 

analyse the effects of both tensile and compressive fatigue damage on the fracture 

behaviour of cortical bone. 
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5 Experiment 3: Fatigue fracture interaction in cortical 

bone for different fatigue damage morphologies 

 

5.1 Introduction 

The purpose of Experiment 3 was to analyse the effect of fatigue induced microdamage 

on the transverse fracture resistance of cortical bone using a small scale approach and 

analysing different fatigue damage morphologies. As discussed in Chapter 4 it is desirable 

to analyse the fracture resistance behaviour of cortical bone at relatively small scales (Δa 

~ 1mm) to be relevant with respect to clinical fatigue failures. Further, at this length scale 

the propagating fracture is within an order of magnitude of the characteristic length of the 

fatigue induced damage. Hence, it is likely that for these relatively similar scales the 

fatigue induced microdamage will have a more pronounced effect on the fracture 

resistance behaviour of cortical bone. This experimental study also analysed the effect of 

different fatigue damage morphologies on the fracture resistance of cortical bone. The two 

main types of fatigue damage normally observed in-vivo are both diffuse damage and 

linear microcracks. For young bones the proportion of diffuse damage tends to be higher 

while for older individuals linear microcracks become more prevalent (Burr et al., 1998; 

Diab et al., 2006; Schaffler et al., 1995). Therefore investigation of the effects of diffuse 

damage on fracture resistance will have important implications for the analysis of stress 

fractures in-vivo while the analysis of linear microcracks will be more significant for fragility 

fractures.  

Cortical bone shows two distinct morphologies of fatigue damage when loaded in either 

tension (diffuse damage nucleating linear microcracks) or compression (linear 

microcracks) parallel to the collagen fibre direction (Boyce et al., 1998). Each of these 

types of fatigue damage interacts differently with the cortical bone microstructure. Thus, 

it was expected that the different types of damage would interact differently with the 

fracture resistance of cortical bone. Under tensile loading cortical bone shows a diffuse 

type damage pattern that appears as large areas of stained bone under an optical 

microscope. When analysed under an electron microscope this area of damage appears 

as a web of small 1-3 µm cracks (Diab and Vashishth, 2007; Vashishth, 2007a). With 

continued loading these areas of diffuse damage nucleate distinct microcracks. 

Compressive loading produces microcracks in the bone microstructure of 100 to 300 µm 

length. These microcracks tend to form at the weak interfaces of the cortical bone 

microstructure such as between lamellar sheets. Fatigue microcracks will generally arrest 
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at microstructural barriers such as the cement line of an osteon (Diab and Vashishth, 

2005; Lee et al., 2000; O’Brien et al., 2005b; Vashishth, 2007a; Zioupos, 2001a).  

Diffuse damage and linear microcracks interact with the microstructure of cortical bone 

differently. Diffuse damage tends to form in areas that cross microstructural boundaries 

such as across the cement lines around osteons and across lamellar sheets. Microcracks 

tend to form in the weak interfaces of the microstructure such as between lamellar sheets. 

An area of diffuse damage is formed from many small cracks (~1-3 µm) that do not 

significantly interact with the microstructure of cortical bone (Boyce et al., 1998; Diab et 

al., 2006; Vashishth, 2007a; Zioupos and Currey, 1994). It is unlikely that diffuse damage 

will affect the fracture behaviour of cortical bone as it does not directly interact with 

microstructural features that are responsible for crack path toughening mechanisms (i.e. 

weak interfaces in the microstructure). However, tensile and compressive microcracks are 

on the order of 100 to 300 µm in length, which is within an order of magnitude of the total 

crack extension in a fracture resistance test (Δa < 2 mm). Therefore they are more likely 

to interact with the fracture behaviour of cortical bone. Further to this, microcracks tend to 

form at the weak interfaces in the cortical bone microstructure. These weak interfaces 

play a significant role in the overall fracture behaviour of cortical bone by contributing to 

toughening mechanisms such as microcracking, crack deflection and ligament bridging 

(Koester et al., 2008; R. . Nalla et al., 2005; Vashishth et al., 2003).  

Apart from investigating different fatigue damage morphologies Experiment 3 also 

addressed some of the limitations of the second experimental study (Chapter 4). In the 

second experimental study a Single Edge Notch Bend SEN(B) configuration was chosen 

as it allowed for testing at small crack lengths (crack extension, Δa ~ 1mm) and it allowed 

for fracture testing transverse to the longitudinal axis of the bone. The second 

experimental study used a uniform beam configuration for fatigue damage accumulation 

before being notched and performing fracture resistance tests. This type of test 

methodology has significant limitations for investigating the mechanisms of fatigue 

fracture interaction in cortical bone. The reason for this is that fatigue damage of a uniform 

beam specimen tends to concentrate in the outer quarters of specimen while the fracture 

test is performed such that the crack grows in the middle half of the specimen. Hence 

there was no interaction of the fatigue damage with the crack path of the fracture test 

because the damage was not located near the crack path. As a consequence, no 

significant differences in fracture behaviour were observed between the control and 

fatigue damaged groups. Experiment 3 also aimed to develop a new methodology that 

would allow for the analysis of fatigue fracture interaction mechanisms in the transverse 

crack growth direction and at small crack lengths. For the purpose of developing a new 
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methodology it is desirable to use a Single Edge Notched Bend ‘SEN(B)’ specimen 

configuration as it allows for testing at small crack lengths and transverse fracture testing. 

However, it would not be possible to fatigue damage a standard notched SEN(B) 

specimen as the standard notch geometry would be too sharp leading to macrocrack 

initiation rather than the accumulation of a zone of fatigue damage ahead of the notch. To 

address this limitation it was decided that the standard notch geometry would be replaced 

by a blunt circular notch. This methodology was used in the first experimental study 

successfully with a circular notched Compact Tension specimen configuration.  

The aim of this study was to investigate the mechanisms of fatigue fracture interaction in 

cortical bone, specifically analysing the transverse crack growth direction using a small 

scale fracture approach. This study also analysed the effects of both tensile and 

compressive fatigue damage on the fracture resistance behaviour in order to elucidate the 

role of different types of fatigue damage in the fracture behaviour of cortical bone. This 

study used a circular notched SEN(B) specimen configuration which will allow for the 

accumulation of fatigue damage around the blunt notch before sharpening. The notch was 

then sharpened using a scalpel blade and performing fracture resistance tests were 

performed. Comparison of the fatigue fracture interaction mechanisms for both diffuse 

damage and linear microcracks potentially provides new insight into their contribution to 

the aetiology of clinical failures such as stress and fragility fractures. 

5.2 Materials and Method 

The methodology for this study was based upon that of the previous two experimental 

works presented in Chapters 3 and 4. The protocols used for sectioning the specimens, 

imaging the fatigue damage/crack path and for the fatigue/fracture resistance testing were 

the same as in the previous experiments. The major difference in experimental method 

between this study and the second experimental study (Chapter 4) was the use of a 

circular notch with Single Edge Notch Bend SEN(B) specimen geometry. 

5.2.1 Specimen Preparation 

Two bovine femurs were obtained fresh from a meat wholesaler (approximate age 12-18 

months). The proximal and distal epiphyses of each femur were removed using a 

bandsaw before sectioning the shaft of the bone into two equal length segments. Each 

segment was then cut into four pieces by cutting through the diameter of the segment at 

a 45° angle to the frontal plane of the bone then taking cuts at 90° about the circumference 

of the bone segment from the initial cut. The final specimen shape was then wet machined 

using a low speed diamond saw (Model 660, South Bay Industries). Specimens were 

stored at -20°C wrapped in gauze soaked in Phosphate Buffered Saline (PBS). Both 
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femurs were used to machine circular notched, Single Edge Notched Bend ‘SEN(B)’ 

specimens with nominal dimensions: width W = 4.5 mm, thickness B = 2.25 mm and length 

L = 20 mm (as shown in Figure 5.1). The circular notch was machined using a bench top 

mini-mill such that the initial crack length was a0 = 2.25 mm (a/W = 0.5) or greater (as 

specified in ASTM E1820) with a circular notch diameter, d = 3 mm. It was assumed that 

the non-standard circular notch geometry would not alter the comparison of fracture 

resistance results as it was consistent between control and damaged groups. This 

assumption is verified using finite element modelling techniques in Chapter 6. Note that 

the mill was irrigated using a spray bottle of PBS to maintain specimen hydration and 

reduce degradation from heating. The specimens were orientated such that the notch was 

aligned with the radial direction of the long bone, with the crack growth direction from outer 

to inner fibre, as shown in Figure 5.1. This orientation causes the crack to grow transverse 

to the collagen fibre direction in cortical bone. All specimens were wet polished using 

increasingly fine grades of silicon carbide paper to aid in the imaging of fatigue induced 

damage and crack path analysis. 

 

Figure 5.1: Circular notched Single Edged Notched Bend specimen configuration used in 
this study. (a) Orientation of the specimen with respect to the longitudinal axis of the bone 
and (b) characteristic dimensions of the specimen. 

The first femur was used for the analysis of tensile fatigue damage on the fracture 

resistance of cortical bone. A total of forty seven specimens were obtained from the first 

femur. From these specimens eight were used for monotonic load pilot tests to establish 

the monotonic failure load of the specimens. A further five specimens were used to 

establish the fatigue testing protocol. The remaining thirty four specimens were assigned 

to either the tensile control or tensile damaged group using a stratified random sampling 

technique giving a total of seventeen specimens per test group. The second femur was 

used for the compressive fatigue damage and control groups.  

A total of fifty three specimens were obtained from the second femur. From these 

specimens, eight were used for monotonic load pilot tests to establish the monotonic 

failure load of the specimens. A further five specimens were used to establish the fatigue 

testing protocol. The remaining forty specimens were assigned to either the control or 
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compressive damaged group using a stratified random sampling technique giving a total 

of twenty specimens per group. Note that a stratified random sampling technique was 

used to assign specimens to test groups to ensure that specimens from different locations 

of the bone were equally assigned to the test groups. 

5.2.2 Mechanical Testing Overview 

The mechanical testing for this study consisted of two sequential parts: 1) cyclic loading 

to generate fatigue microdamage in the damaged group specimens 2) fracture resistance 

testing of both control and damaged groups. The overall testing methodology is outlined 

schematically in Figure 5.2. The fracture resistance curves and crack path toughening 

mechanisms are then compared between the damaged and control groups for both the 

tensile and compressive damage groups.  

 

Figure 5.2: (a) Schematic of the testing protocol used for the tensile fatigue damage 
specimens and (b) the compressive fatigue damage specimens. (c) All specimens from 
both the damage and control groups underwent fracture resistance testing. 

5.2.3 Fatigue Damage Testing 

Prior to any mechanical testing all specimens were immersed in a fluorochrome stain 

(Calcein) to mark any existing damage due to the machining process. The specimens 

were immersed in a solution of PBS and 0.001M Calcein overnight (14 hours) at 4°C. All 

imaging of fatigue damage and crack path was performed using a Leica DM6600 

fluorescence microscope with the specimen exposed blue light at a magnification of 100x. 

The specimens were imaged in a 2x3 grid pattern (2.70x4.05mm images) from the circular 

notch to the far edge of the specimen. Following the fatigue testing protocol all specimens 

1) Fatigue Loading: 
(damaged group only) 

2) Fracture Resistance Test: 
(all test groups) Crack Growth 

(c) Fracture Test 

(a) Tensile Fatigue (b) Compressive Fatigue 
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were again immersed in the calcein stain and the damaged specimens were subsequently 

imaged using the protocol described above. The crack path for all specimens was imaged 

after the fracture resistance testing to analyse the interaction of the fatigue damage with 

the crack path and various toughening mechanisms such as ligament bridging and crack 

deflection. 

All specimens allocated to either the tensile or compressive damaged group were fatigue 

loaded using a Test Resources 800LE4 screw driven materials testing machine. Fatigue 

testing was conducted in load control using a sine waveform. The loading frequency was 

2Hz with a constant loading ratio R = Pmin/Pmax = 0.1. The output load was measured using 

a ±400N load cell and the load line displacement was measured using a ±1mm LVDT 

mounted against the cross head of the test machine actuator. Specimens were thawed 

and rehydrated in a bath of PBS at room temperature for 2 hours prior to fatigue testing.  

The purpose of the cyclic loading was to cause fatigue damage to accumulate in the 

specimen without causing complete failure. The fatigue loading for both the tensile and 

compressive specimens was continued until the specimens had undergone 5% stiffness 

loss (pilot testing showed that failure occurred at approximately 10% stiffness loss for both 

the tensile and compressive specimens). The tensile fatigue specimens were loaded in 

three point bending with a support span of S = 18mm and the circular notch underneath 

the central anvil as shown in Figure 5.2 (a). The compressive fatigue specimens were 

loaded in four point bending with an outer support span of So = 18mm and an inner support 

span of Si = 7mm. The anvil roller radius for all testing was r = 1mm. The circular notch 

was aligned between the central span of the upper anvils as shown in Figure 5.2 (b). For 

the tensile damage specimens, fatigue pilot testing showed that a nominal maximum 

stress of 170MPa at the base of the notch would produce fatigue damage in a reasonable 

test time (10,000 – 100,000 cycles) (note that this stress value was calculated using the 

equation for stress in a beam under three point bending ignoring the stress concentration 

effect of the notch). Note that this number of fatigue cycles is representative of an in-vivo 

study on stress fracture in rabbits (Burr et al., 1990) in which most animals suffered a 

stress fracture after 100,800 cycles.  For the compressive specimens fatigue pilot testing 

showed that a nominal maximum stress of 144MPa at the circular notch produced fatigue 

damage in a reasonable test time. All fatigue tests were conducted at room temperature 

(nominally 22°C) with the specimen fully submerged in a bath of PBS. Note that the control 

specimens for each damaged group were removed from the freezer, thawed and held at 

room temperature for the maximum fatigue test time for each damaged group. 
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5.2.4 Fracture Resistance Testing 

Fracture resistance tests were conducted on all specimens following the fatigue loading 

protocol. The base of the circular notch was sharpened using a flat bladed scalpel. The 

fracture resistance tests were conducted using the same mechanical test machine and 

sensors as described in the fatigue testing section above. The unloading compliance 

method was used to determine the J-integral fracture resistance in accordance with ASTM 

E1820 (2011), with corresponding crack length measurements made in-situ using a stereo 

zoom microscope (Amscope SM-1TNZ) For the purpose of processing the resistance 

curve data the crack length was inferred from the compliance equations outlined in ASTM 

E1820. The initial crack length was corrected based on the optical crack length similar to 

the method used by Nalla et al. (2004a) (see further detail in Chapter 4). The fracture 

resistance tests were conducted in displacement control with a constant ramping rate of 

1 mm/min. During the fracture resistance testing the specimens were kept hydrated by a 

gauze wick soaked in PBS with periodic hydration provided using an eye dropper. The J-

integral was calculated at each unload step using the equations outline in ASTM E1820 

(2011). All data processing and statistical analysis was performed using custom Matlab 

programs (Mathworks, Version R2012b). 

5.3 Results 

5.3.1 Fatigue Damage Imaging 

The fatigue protocol and specimen configuration used in this study successfully caused 

the accumulation of fatigue damage in both the tensile and compressive group specimens. 

Figure 5.3 shows a fatigue damage pattern observed in a tensile fatigue specimen. This 

specimen shows diffuse damage radiating out from the circular notch as shown in Figure 

5.3 (c). The edge of the specimen opposite the circular notch (under compressive bending 

stress) shows the formation of distinct microcracks directly under the top anvil. The 

damage formation under the top anvil is probably due to a combination of the indentation 

effect of the top anvil and the compressive bending stress in the specimen. The specimen 

shown in Figure 5.4 exhibits compressive type damage with distinct microcracks in the 

bone concentrated near the circular notch. The far edge of the specimen, underneath the 

circular notch (under tensile bending stress) shows patterns of diffuse damage similar to 

the tensile specimens shown in Figure 5.3. 
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Figure 5.3: (a) Full cross section of tensile fatigue specimen. (b) Close up view of the 
damage at the far edge and (c) damage at the circular notch. (d)-(f) show the distribution 
of damage in several different specimens. Scale bar for (a), (d)-(f) is 500µm and scale 
bars for (b) and (c) are 200µm.  

 

Figure 5.4: (a) Image of fatigue damage pattern of a compressive fatigue damage 
specimen. (b) to (d) close up views of fatigue microdamage. (e)-(g) show the distribution 
of damage in several different specimens. Scale bar for (a), (e)-(g) is 500μm and scale 
bars for (b)-(d) are 100μm. 
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For the tensile and compressive damaged specimens shown in Figure 5.3 and Figure 5.4 

respectively, it can be seen that the intensity of the stain decreases further from the notch. 

This indicates that the fatigue damage density decreases with increasing distance away 

from the region of stress concentration. Therefore, the damage zone size was measured 

for both the tensile and compressive fatigue damage groups. This was done by measuring 

from the base of the circular notch to the furthest edge of the observed fatigue damage in 

the direction of optimal driving force for crack growth. For the tensile damaged specimens, 

the damage zone was (0.60 [0.49,0.68]) mm from the base of the circular notch. The 

compressive damaged specimen had a fatigue damage zone that extended (0.37 

[0.32,0.43]) mm radially from of the circular notch. Note that the data is presented here as 

(median [quartile 1, quartile 3]) to be consistent with the non-parametric analysis used for 

comparison of the fracture resistance data in the following section. Note that the damage 

zone size was measured by taking the largest radial distance from the circular notch to 

the furthest observable fatigue induced damage.  

 

5.3.2 Fracture Resistance Curves 

Fracture resistance testing was performed on all specimens in both control groups and 

both fatigue damaged groups. Normality was tested for each of the variables analysed in 

this study using the Shapiro-Wilk test. For the fracture initiation toughness data normality 

could not be assumed and therefore non-parametric statistical tests were used to analyse 

the data.  

Non-parametric rank sum tests were performed to compare the medians of the control 

and damaged group for the fracture initiation toughness (a test was considered significant 

if p < 0.05). The non-parametric statistical tests used in this study compare the median of 

the results thus the data is represented as: (median [quartile 1, quartile 3). Figure 5.5 

shows the fracture resistance curves for all twenty specimens in the compressively loaded 

control group. The scatter observed in the resistance curves for this group is 

representative of the scatter in the other test groups of this study. The correlation 

coefficients for all fitted resistance curves from all test groups ranged from r2 = 0.84 to 

0.99.  
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Figure 5.5: (a) All twenty resistance curves for the tensile control group and (b) the 

compressive control group. The scatter of resistance curves for these groups is 

representative of the scatter observed in the damaged groups.  

Table 5.1 and Table 5.2 summarise the resistance curve data for the tensile fatigue 

damaged group and compressive fatigue damaged groups respectively. For the tensile 

control group aQ was (0.221 [0.217,0.224])mm and (0.220 [0.216,0.223]) mm  for the 

damaged groups. For the compressive fatigue group aq was (0.221 [0.218,0.226]) mm for 

the control group and (0.220 [0.217,0.228]) mm for the damaged group. The damage zone 

for the tensile fatigue group extended approximately 0.60mm from the circular notch 

hence the average rate of toughening was evaluated within and outside this region of the 

fracture resistance curve. Similarly, for the compressive fatigue group the damage zone 

extended 0.38mm. Hence, the average toughening was evaluated within and outside this 

zone. No statistically significant differences were measured in the rate of toughening for 

either the tensile or compressive fatigue damaged groups when compared to their 

respective control group (see Table 5.1 and Table 5.2 for statistical test results for each 

variable analysed). 

 

Table 5.1: Fracture resistance results for the control and damaged specimens of the 
tensile fatigue group. 

Tensile 
Fatigue  

J0 (kJ/m2) dJ/da, aQ, 
((kJ/m2)/mm) 

dJ/da, 
Δa<0.6mm, 
((kJ/m2)/mm) 

dJ/da, 
Δa>0.6mm, 
((kJ/m2)/mm) 

Control 2.34 [2.02.2.65] 10.4 [6.16,11.0] 10.8 [7.92,12.9] 2.85 [1.47,5.75] 
Damaged 2.37 [1.99,2.80] 7.85 [5.59,9.70] 9.50 [8.13,11.7] 1.53 [0.29,4.01] 
Rank sum 
(p value)  

0.78 0.47 0.78 0.11 
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Table 5.2: Fracture resistance results for the control and damaged specimens of the 
compressive fatigue group.’*’ denotes a statistically significant difference.  

Compressive 
Fatigue 

J0 (kJ/m2) dJ/da, aQ, 
((kJ/m2)/mm) 

dJ/da, 
Δa<0.38mm, 
((kJ/m2)/mm) 

dJ/da, 
Δa>0.38mm, 
((kJ/m2)/mm) 

Control 2.09 
[1.92,2.29] 

9.89 [6.63,12.6] 14.7 [11.5,18.9] 3.08 [1.23,7.30] 

Damaged 1.77 
[1.53,2.05] 

9.83 [7.65,18.0] 16.9 [12.5,22.2] 4.38 [2.23,10.8] 

Rank sum  
(p value)  

0.03* 0.52 0.62 0.30 

 

Figure 5.6 (a) and (b) compares the fracture resistance data for both the tensile control 

and damaged groups. Figure 5.6 (a) shows a comparative box plot of the fracture initiation 

data. Note that the edges of the box plot indicate the 1st and 3rd quartile while the whiskers 

indicate the maximum and minimum data values. The notches on the box plots indicate 

the 95% confidence interval for the median of the data. Figure 5.6 (b) shows the scatter 

bands for the fracture resistance curves of the tensile control (black line) and damaged 

(blue line) groups. For the tensile group there is no significant difference (p = 0.78) 

between the median fracture initiation toughness of the control (2.34 [2.02,2.65]) and the 

damaged group (2.37 [1.99,2.80]). Analysis of the scatter bands for the overall fracture 

resistance curves shows significant overlap. This indicates similar crack growth 

toughening behaviour between the tensile control and damaged groups.  

 

 

Figure 5.6: Comparison of the fracture resistance behaviour of the tensile fatigue control 
(black) and damaged (blue) groups. (a) Comparison of the fracture initiation toughness 
for the tensile control and damaged groups. (b) Scatter bands for the fracture resistance 
curves of control and damaged groups. 
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Figure 5.7 (a) and (b) compares the fracture resistance data for both the compressive 

control and damaged groups. Figure 5.7 (a) shows a comparative box plot of the fracture 

initiation data and Figure 5.7 (b) shows the scatter bands for the fracture resistance curves 

of the compressive control (black line) and damaged (blue line) groups. The median 

fracture initiation toughness of the compressive fatigue damaged group (1.77 [1.53,2.05]) 

is significantly lower (p = 0.03) than the control group (2.09 [1.92,2.29]). However, there 

is large amount of overlap for the scatter bands of the fracture resistance curves after the 

fracture initiation point (see Figure 5.7 (b)). This indicates similar overall toughening 

behaviour during crack propagation but decreased fracture initiation toughness.  

 

 

Figure 5.7: Comparison of the fracture resistance behaviour of the compressive fatigue 
control (black) and damaged (blue) groups. (a) Comparison of the fracture initiation 
toughness. (b) Scatter bands for the fracture resistance curves of control and damaged 
groups. 

 

Further analysis was conducted to compare the contributions of the elastic and plastic 

components of the J-integral. Figure 5.8 compares the scatter bands for the elastic 

component of the J-integral for the tensile and compressive fatigue groups. Similarly, 

Figure 5.9 compares the scatter bands for the plastic component of the J-integral. For the 

tensile damaged group both the elastic and plastic components of the J-integral show 

significant overlap with the control groups. This is also the case for the compressive 

fatigue group, indicating that the components of the resistance curve after the initiation 

point are unchanged by fatigue induced damaged. 
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Figure 5.8: Comparison of the scatter bands for the elastic component of the J-integral. 
(a) Tensile control and damaged group comparison and (b) compressive control and 
damaged group comparison. 

 

Figure 5.9: Comparison of the scatter bands for the plastic component of the J-integral. 
(a) Tensile control and damaged group comparison and (b) compressive control and 
damaged group comparison. 

5.3.3 Crack Path Imaging and Interaction 

For all test groups the crack path was imaged using fluorescence microscopy. This 

allowed for visualisation of the toughening mechanisms and crack-path behaviour 

responsible for the resistance curves of each specimen. Figure 5.10 shows the crack path 

for a typical control specimen from the tensile group (a) and a typical control specimen 

from the compressive group (b). The specimens in all test groups usually exhibit a ‘stair 

step’ crack deflection path that mostly follows the pores in the ‘brick like’ microstructure of 

bovine bone. This characteristic ‘stair step’ crack deflection pattern is shown in Figure 

5.10 (a) and (b). The crack path toughening behaviour observed in the tensile damaged 

specimens is very similar to the tensile control group. 
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Figure 5.10: (a) Crack path images for control specimens from the tensile and (b) 
compressive groups. Typical control specimens exhibited a ‘stair step’ deflection pattern 
similar to (a) and (b). Scale bars for (a) and (b) are 200µm. 

Figure 5.11 shows the crack path for a typical compressive bend specimen (note that this 

is the same specimen as shown in Figure 5.4). The overall crack path of the specimen in 

Figure 5.11 (a) shows that the crack deflects along the ‘brick like’ arrangement of pores 

in the microstructure. Comparing Figure 5.4 and Figure 5.11 it can be seen that for this 

specimen the fatigue induced damage has caused the initiation of multiple macrocracks 

that have linked with the main crack propagating from the starter notch as shown in Figure 

5.11 (c). The macrocrack initiating from a fatigue damage site shown in Figure 5.11 (c) 

links with the main crack at a junction in the ‘brick like’ arrangement of pores in the 

microstructure.  

 

Figure 5.11: (a) Crack path images for the compressive damage specimen shown in 
Figure 5.4. Note that several of the fatigue microdamage sites have initiated macrocracks 
that link with the main crack as shown in inset (c). Inset (b) shows microdamage around 
the crack tip. Scale bar for (a) is 500µm for (b) and (c) it is 200µm. 
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Both groups showed microdamage formation following fracture resistance testing (i.e. 

microdamage formation during macrocrack growth). The crack growth damage 

morphology was similar for both the tensile and compressive groups near the final crack 

tip zone (see Figure 5.10 and Figure 5.11). This crack tip damage morphology was mostly 

diffuse damage forming along the main crack path and ahead of the crack tip across 

microstructural boundaries. The main difference in crack path microdamage morphology 

is in the area near the notch. This results from interaction between the existing fatigue 

microdamage and the microdamage formed during crack growth. Specifically, the tensile 

damage group showed no observable difference when compared to its control group while 

the compressive damage specimens showed sites of multiple macrocrack initiations and 

branching (see Figure 5.11). 

 

5.4 Discussion 

5.4.1 Fatigue Fracture Interaction Mechanisms in the Transverse Direction 

Comparison of the fracture resistance data for the tensile control and damaged groups 

showed that there are no statistically significant differences in the median fracture initiation 

toughness. There is also significant overlap of the scatter bands of the overall fracture 

resistance curves of the tensile control and damaged groups. Similarly, there was 

significant overlap for the scatter bands of the elastic and plastic components of the J-

integral for the tensile damaged group. This suggests that tensile fatigue damage in the 

form of diffuse damage does not significantly alter the transverse toughening behaviour 

of cortical bone.  

A possible explanation for this result is that the dominant toughening mechanism for 

transverse crack growth in cortical bone is crack deflection due to the orientation of the 

weak interfaces in the microstructure (Behiri and Bonfield, 1989; Koester et al., 2011, 

2008; Zimmermann et al., 2010). In comparison, for crack initiation toughness the 

dominant contribution comes from the local material resistance to crack growth or initiation 

at weak interfaces in the microstructure. In essence, diffuse damage does not create 

weaker regions of material than the existing interfaces in the microstructure. Hence the 

toughening behaviour dependent on weak interfaces in the microstructure remains 

unchanged. The deflection mechanism is not affected by the presence of diffuse damage 

as the diffuse damage does not alter the weak microstructural boundaries. Crack 

deflection toughening is highly dependent on weak interfaces in the microstructure such 

as boundaries between osteons or lamellar sheets, which are misaligned with the optimal 

direction of crack propagation (Koester et al., 2011; Zimmermann et al., 2011, 2010).  
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The main crack interacts with these boundaries and will tend to deflect along these weak 

interfaces. This absorbs energy that would otherwise propagate the main crack (reducing 

the non-plastic component of the J-integral). Crack deflection also reduces the driving 

force for crack growth by causing the crack to grow a non-optimal path for maximum 

driving force (reducing the elastic component of the J-integral). 

Typical crack deflection behaviour is evident when analysing the crack path images 

observed in this study such as Figure 5.10 and Figure 5.11. The diffuse damage observed 

in this study does not interact with these microstructural interfaces. This is shown by the 

radial pattern of diffuse damage across microstructural boundaries observed in the tensile 

damaged specimens, such as the specimen in Figure 5.3. Therefore as the diffuse 

damage does not interact with the weak interfaces in the microstructure it is unlikely to 

affect the crack deflection toughening mechanism. Further to this, areas of diffuse damage 

are composed of small 1-3 µm cracks (Parsamian and Norman, 2001; Vashishth, 2007a). 

As these are several orders of magnitude smaller than the main crack it is unlikely that 

they will alter the toughening mechanisms along the crack path. Overall, tensile fatigue 

damage in the form of diffuse damage did not alter the transverse fracture resistance 

behaviour of cortical bone in this study. The results of this study show that diffuse damage 

does not interact significantly with the weak interfaces in the microstructure of cortical 

bone. These weak interfaces are responsible for the crack deflection toughening 

mechanism as well as defining the overall crack path. Therefore no significant difference 

was observed in fracture resistance behaviour. 

When the fracture resistance data for the compressive control and damaged groups is 

compared the fracture initiation toughness was found to be significantly lower for the 

damaged group. However, there was considerable overlap in the scatter bands for the 

fracture resistance curves after the fracture initiation point. There was also significant 

overlap for the elastic and plastic components of the J-integral for the compressive group. 

This suggests that fracture initiation is reduced in the presence of microcracks but this 

does not alter the subsequent fracture toughening mechanisms as the crack grows (i.e. 

the whole resistance curve). 

The decreased fracture initiation toughness is probably due to interaction of the existing 

fatigue microcracks with crack initiation sites in the microstructure. Crack initiation in 

cortical bone is dependent on the local stress field, microstructure near the initiation point 

and the local material resistance to crack initiation. It is therefore likely that fatigue induced 

damage alters the local stress field or the local material resistance to fracture initiation 

resulting in an overall decrease in fracture initiation toughness. The reason for this is that 

compressive fatigue microcracks form at the weak microstructural interfaces in bone such 



Chapter 5: Experiment 3 

 
 

 
91 

as between lamellar sheets, which are the same sites that can lead to crack initiation 

(O’Brien et al., 2007). Also, if there is fatigue induced damage near the initiation point, this 

fatigue damage will occupy the existing weak interfaces in the microstructure thus 

inhibiting the formation of new microdamage during crack initiation and growth. This will 

lead to overall reduced plasticity and microdamage formation at the point of crack initiation 

leading to reduced toughness. The lower fracture initiation toughness of the compressive 

damaged group may be summarised as follows: Fatigue induced microcracks tend to form 

at the weak interfaces in the microstructure, which has two main effects on the fracture 

initiation toughness, 1) Changes in the local stress field and reduction in the local material 

resistance to crack initiation; and 2) If there are already microcracks at these weak 

interfaces they inhibit the development of new microdamage during macrocrack initiation 

reducing plasticity and hence fracture initiation toughness. Despite the reduction in 

fracture initiation toughness no difference was observed in the rate of toughening for the 

control or damage compressive fatigue group specimens. 

The overall fracture resistance behaviour after the initiation point was similar for the 

compressive control and damaged groups. The increasing fracture resistance behaviour 

of cortical bone is a consequence of the fracture toughening mechanisms along the crack 

path including: microdamage formation, uncracked ligament bridging and crack deflection. 

For the transverse crack propagation direction, crack deflection is the dominant 

toughening mechanism due to the orientation of the microstructure with respect to the 

direction of maximum driving force. For the control and damaged specimens in the tensile 

group the crack path toughening mechanisms are similar with both showing evidence of 

significant crack deflection typical of transverse fracture in bone, as seen in Figure 5.10 

and Figure 5.11.  

Even though there is evidence of crack deflection there are some notable differences in 

the crack paths of the control and damaged specimens; that is, the damaged specimens 

show initiation of further cracks from the fatigue induced microcracks that form branches 

from the main fracture. This multiple site initiation and crack path branching was 

characteristic of the fatigue damage specimens. The presence of fatigue induced 

microdamage inhibits the formation of new microdamage during crack growth as shown 

by the results of this study and the first experiment. The results of this study show that for 

the transverse crack growth mechanisms fatigue induced microdamage can also provide 

initiation sites for separate crack growth paths. Each of these crack growth paths can 

consume energy leading to increased toughening. The propagation of these fatigue 

induced cracks during propagation of the main fracture will absorb energy that would 

otherwise cause the main fracture to propagate further. Therefore it is possible that the 
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fracture energy consumed by propagating the fatigue induced cracks offsets the decrease 

in toughening due to the saturation of fatigue damage. This potentially explains why no 

significant difference was observed in the fracture resistance curves after the initiation 

point for the compressive test groups.  

An alternative explanation for there being no observed difference in the overall fracture 

resistance curves would be that the fatigue damage was concentrated near the notch. 

Hence, it would provide initiation sites for crack growth but would not affect the crack 

propagation behaviour as the crack quickly grows away from the fatigue damage zone. 

While this explanation is a possibility it is unlikely as crack path analysis shows that further 

cracks initiate from the fatigue microdamage sites and link with the main fracture as shown 

in Figure 5.11. Further to this, the damage zone size (measured as the length in the 

direction of optimal driving for crack growth) for each of the test groups was comparable 

to, or larger than, the damage zone size observed in the first experimental study when 

analysed as a ratio of damage zone size to crack length. Therefore it is more likely that 

the fatigue damage itself does not significantly alter the overall fracture resistance curve 

because it does not interfere with the crack deflection toughening mechanism. Another 

aspect of fracture in bone is the contribution of the overall microstructure to the fracture 

behaviour. Therefore a brief discussion of the effects of the ‘brick like’ microstructure of 

bovine bone will be given below. 

The bovine bone used in this study has a different microstructural arrangement to human 

bone. Specifically: human bone exhibits a secondary osteonal structure with the 

characteristic feature of the circular osteon. In contrast to this, bovine bone has a ‘brick 

like’ microstructure. This ‘brick like’ microstructure in bovine bone leads to differences in 

the magnitude of the fracture resistance when compared to human cortical bone. As the 

toughening mechanisms present in human and bovine bone are similar the mechanisms 

of fatigue fracture interaction will also be similar. However, the relative magnitudes of 

these effects may be different. While it is true that bovine bone does have a different nano-

structural composition to human bone in terms of mineral composition this will have a 

minimal effect on the toughness of bone i.e. post yield properties (however it will lead to 

a significantly different modulus i.e. pre-yield properties). This is especially evident when 

considering studies on the fracture toughness of irradiated bone (a process which 

damages collagen but leaves the mineral intact) (Akkus and Rimnac, 2001; Barth et al., 

2011, 2010; Currey et al., 1997). These studies show that damaging the collagen 

significantly reduces toughness but leaves the stiffness properties unchanged. Hence, it 

is expected that the difference in mineral composition will have a negligible effect on the 

fracture behaviour whereas the microstructure configuration will. 
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Overall, the results of this study show that tensile fatigue damage in the form of diffuse 

damage does not alter the fracture resistance behaviour of cortical bone. However, 

compressive fatigue damage in the form of linear microcracks causes a decrease in the 

transverse fracture initiation toughness but no difference in the subsequent fracture 

resistance curve. It is interesting to contrast this result with the effects of fatigue damage 

on the longitudinal fracture resistance observed in the first experimental study (see 

chapter 3 or Fletcher et al., 2014). In this study it was found that tensile fatigue damage 

in the form of diffuse damage and linear microcracks significantly decreased the 

longitudinal fracture initiation toughness and growth toughness (slope of the resistance 

curve) within the fatigue damage zone. As the current study showed no effect of diffuse 

damage on the fracture resistance curve it is likely that the decreased fracture resistance 

result of the first experimental study can be attributed to the linear microcracks alone. As 

previously mentioned the size scale of the diffuse damage compared to the crack lengths 

in this study provide further evidence. Note that this does not rule out an important role 

for diffuse damage in sub-microscale fracture initiation and growth. The difference 

between the current experiment and the first experimental study in terms of the overall 

fracture resistance curve is likely to be a result of the different crack path toughening 

mechanisms present in the longitudinal and transverse fracture directions.  

5.4.2 Comparison to Fracture in Aged Bone 

The fracture initiation toughness of cortical bone is dependent on both the local material 

resistance to crack growth and the stress field at the initiation point. For aged human bone 

there is a significant decrease in the fracture initiation toughness with age for both the 

longitudinal and transverse fracture directions (Ager et al., 2006; Currey et al., 1996; 

Koester et al., 2011; Nalla et al., 2006). The decrease in fracture initiation toughness with 

age has been mainly attributed to changes in the local material resistance to crack growth. 

This decrease in material resistance has been attributed to a decrease in plasticity of 

collagen fibrils via increases in cross linking (Wang et al., 2002; Zimmermann et al., 2011). 

A further contribution to the decreased longitudinal and transverse fracture initiation 

toughness comes from increased porosity. Increased porosity with age has been shown 

to lead to a decrease in fracture toughness (Ammann and Rizzoli, 2003; Granke et al., 

2015; Zioupos, 2001b). This can be partially attributed to the porosity in the structure 

interfering with the stress field at the crack tip leading to an overall decrease in initiation 

toughness. Microstructural changes with age also lead to decreases in the crack growth 

resistance behaviour of cortical bone. 
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Longitudinal fracture resistance testing of cortical bone has shown that the dominant 

toughening mechanism for longitudinal cracking is the formation of uncracked ligament 

bridges (Nalla et al., 2004b). Subsequently it has been suggested that the formation of 

microcracks during crack growth in the longitudinal direction provides initiation sites for 

the formation of uncracked ligament bridges and crack deflection (Zimmermann et al., 

2011). In contrast to this, the fracture resistance of cortical bone in the transverse direction 

is more dependent on the crack deflection toughening mechanism, which is a direct result 

of the orientation of the underlying microstructure (Koester et al., 2011, 2008; 

Zimmermann et al., 2009). Crack deflection in the transverse direction results from the 

crack deflecting along the weak interfaces in the microstructure such as the interfaces in 

lamellar sheets and the boundaries of osteons, which are generally orientated almost 

perpendicular to the optimal direction of crack propagation. Both of these primary crack 

growth orientations and their dominant toughening mechanisms are affected differently by 

the microstructural changes due to aging.  

The overall effect of aging on the microstructure of cortical bone is increased remodelling 

activity leading to an increased osteonal density (Kennedy et al., 2008; Schaffler, 2003; 

Zimmermann et al., 2011). The increase in osteonal density leads to increased porosity 

and a decrease in the spacing of weak microstructural boundaries such as the cement 

lines of osteons. The decrease in spacing of weak microstructural interfaces causes 

ligament bridges formed during longitudinal crack growth to be smaller. Thus, there is an 

overall reduction in the effectiveness of the ligament bridge toughening mechanism with 

increasing age (Koester et al., 2011; Nalla et al., 2004a). For transverse crack growth the 

decrease in the spacing of the weak microstructural interfaces leads to a decrease in the 

efficacy of the crack deflection toughening mechanism (Koester et al., 2011). The 

decrease in spacing of weak interfaces means that there is less material between 

microstructural boundaries. Consequently, it requires less energy for the crack to break 

across these barriers and reinitiate in the direction of optimal driving force leading to many 

small deflections. The net effect of these many small deflections is an overall crack path 

that propagates (mostly) in the direction of maximum driving force (Koester et al., 2011; 

Zimmermann et al., 2011). As the crack deflection mechanism is much less effective for 

transverse crack growth in aged human bone it is probable that other toughening 

mechanisms such as ligament bridging and microcrack formation are more significant for 

this crack growth direction.  

There are significant microstructural changes with age that lead to decreases in the overall 

fracture resistance of cortical bone. In addition to these microstructural changes cortical 

bone accumulates fatigue damage with age (Schaffler et al., 1995). Thus, combining the 
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analysis of decreased toughness in aged bone presented above with the experimental 

data presented in this thesis provides further explanation for the age related decrease in 

cortical bone toughness. 

For both the longitudinal and transverse crack growth directions fatigue damage in the 

form of linear microcracks was shown to decrease the fracture initiation toughness (results 

from Experiment 1 and Experiment 3). This can be attributed to two mechanisms: 1) 

fatigue induced microcracks prevent the formation of new microcracks that would normally 

form before dominant crack initiation and 2) fatigue induced microcracks interfere with the 

stress field around the crack tip causing a reduction in toughness (similar to the effect of 

increased porosity). These mechanisms of fatigue fracture interaction show that in 

addition to nanoscale changes in plasticity (i.e. changes in collagen structure and cross 

linking), fatigue damage accumulated with age also reduces the fracture initiation 

toughness of cortical bone for both transverse and longitudinal crack initiation. The results 

from experiment presented in this thesis suggest that accumulated fatigue damage 

reduces the fracture initiation toughness of cortical bone independently of nanoscale 

changes in the collagen matrix. Therefore, the accumulation of fatigue microcracks is 

contributing factor to the age related decrease in cortical bone fracture initiation 

toughness. 

The overall fracture resistance behaviour of cortical bone is decreased by fatigue induced 

microcracks for longitudinal crack growth (Experiment 1) but not for transverse crack 

growth (Experiment 3). The decrease in growth toughness for the longitudinal crack 

growth direction was mainly attributed to the fatigue induced microcracks inhibiting the 

formation of new microcracks during dominant crack growth. Microcrack formation during 

crack growth is responsible for the formation of ligament bridges along the crack path. 

Thus, a reduction in the number of ligament bridges was also observed within the 

damaged region. This reduction in ligament as a consequence of inhibited microcrack 

formation leads to an overall decrease in the crack growth resistance for the longitudinal 

direction. As the cortical bone specimens used in this study were relatively young bovine 

bone there was little if any remodelling observed in the microstructure. Therefore, it is 

possible that the combination of accumulated fatigue microcracks and the decrease in 

microstructural spacing are both responsible for the decrease in the effectiveness of the 

ligament bridge toughening mechanism with age. 

For transverse crack growth the overall fracture resistance was not effected by fatigue 

induced microcracks. However, changes in the microstructure of aged bone (i.e. increases 

in osteonal density) lead to significantly different crack growth behaviour (Koester et al., 

2011; Zimmermann et al., 2011). Specifically, aged bone has reduced crack growth 
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resistance due to a reduction in crack deflection. Therefore it is possible that the 

toughening mechanisms for transverse crack propagation in aged bone are more similar 

to the toughening mechanisms for longitudinal crack propagation. This would imply that 

toughening mechanisms such as ligament bridging and hence microcracking may be 

more important in the toughening of aged bone (but potentially less effective than the 

suppressed crack deflection mechanism). The efficacy of the microcracking and ligament 

bridging toughening mechanisms is significantly affected by fatigue induced microcracks, 

as shown by the results of Experiment 1. If ligament bridging and microcracking contribute 

significantly to the transverse crack growth resistance of aged bone then it is possible that 

fatigue induced microcracks would reduce the transverse growth toughness in aged bone.  

The bones used in this study and the previous work on longitudinal fatigue fracture 

interaction were young bovine specimens (approximately 12-18 months). Therefore 

further evidence would need to be provided to support this conjecture, specifically 

including the use of young and aged human bone specimens for further fatigue fracture 

interaction studies. However, the proposed conjecture is an interesting hypothesis that 

may further elucidate the role of fatigue damage in the reduced toughening behaviour of 

aged human cortical bone. 

5.5 Conclusion 

This study investigated the effects of tensile and compressive fatigue damage on the 

transverse fracture behaviour of cortical bone. The fatigue loading protocol used in this 

study successfully created fatigue damage characteristic of both tensile and compressive 

loading.  

The fracture resistance results of this study show that tensile fatigue damage in the form 

of diffuse damage does not significantly alter the transverse fracture behaviour of cortical 

bone. The proposed reason for this is that the fracture resistance of cortical bone in the 

transverse direction is highly dependent on orientation of the microstructure. For crack 

initiation the diffuse damage did not affect the local stress field or local material resistance 

to crack initiation. For crack growth in the transverse direction the crack deflection 

mechanism is dependent on weak interfaces in the microstructure of cortical bone such 

as boundaries of osteons and lamellar sheets. These interfaces are unaffected by the 

formation of diffuse damage and therefore there was no difference in the crack deflection 

toughening mechanism. Hence, the fracture resistance curve was unchanged by fatigue 

induced diffuse damage. 
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In contrast to this compressive fatigue damage does reduce the transverse fracture 

initiation toughness of cortical bone, but it does not significantly alter the fracture 

resistance curve after the initiation point. The reduction in fracture initiation toughness 

was attributed to a decrease in the local material resistance to crack initiation by the 

fatigue induced microcracks. Specifically, the fatigue induced microcracks provide 

initiation sites along the weak interfaces in the microstructure allowing the main crack to 

bypass the normal material resistance as it does not have to break across the collagen 

fibres to initiate. However, for crack growth the compressive microcracks did not alter the 

rate of toughening. The reason for this is that the compressive microcracks did not 

interfere with the weak interfaces responsible for the crack deflection mechanism.   

5.6 Limitations and Future Work 

A limitation of the present work is that only a single femur was used for each test condition. 

This raises the possibility that the differences between groups are the result of biological 

differences in the individual femurs rather than a fatigue-fracture interaction effect. 

However, as the microstructures and crack path toughening mechanisms observed in the 

control groups are similar to those in Chapter 4 the differences are unlikely to be 

significant. Future work for this study will include using specimens from multiple donors to 

remove this effect. As previously mentioned bovine bone has a different microstructure to 

human bone so it would be desirable to use human bone for future studies. 

An assumption of this study was that the blunt circular notch in the SEN(B) specimen 

would not alter the comparison of the fracture resistance results. The use of a blunt circular 

notch in the SEN(B) specimen configuration changes the stress field at the notch 

(compared to an ideally sharp crack) and hence the fracture resistance calculated near 

the notch. Therefore the compliance relationships for the standard specimen geometry 

used to calculate the fracture resistance in terms of ‘J’ may not be accurate near the 

circular notch as they are derived with an ideally sharp notch. This will introduce a 

systematic error to the calculated resistance curves of all groups creating an offset in the 

resistance curves near the circular notch. However, as all specimens were machined with 

the circular notch geometry (i.e. control and damaged) comparison of the groups is still 

valid as both test groups had the same offset in fracture resistance near the circular notch.  

The following chapter will use finite element modelling techniques to verify the assumption 

that the circular notch does not alter the comparison of the control and damaged groups 

for the study described above. This is done by modelling the circular notch geometry and 

deriving compliance equations that can be used to reprocess the experimental data. The 

reprocessed data with the corrected equations will then be statistically compared to verify 

the assumption of this study.
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6 Finite Element Modelling 1: Verification of Compliance 

Equations 

6.1 Introduction 

The first and third experimental studies presented in this thesis (Chapters 3 and 5 

respectively) utilised an altered fracture specimen geometry. Specifically, all specimens 

in these studies included a blunt circular notch geometry for the purpose of causing the 

accumulation of a region of fatigue damage without macrocrack initiation. For these 

studies it was assumed that the circular starter notch would not alter the comparison 

between control and damaged groups as the geometry used for each group was 

consistent. The aim of this study was to verify that that this assumption was valid using 

finite element modelling techniques. In order to achieve this aim it was necessary to derive 

new equations for the calculation of the stress intensity factor (SIF) that account for the 

presence of the circular notch and then compared these to the results calculated using 

the equations for the standard specimen geometry. If the results of this study showed that 

the comparison between test groups was still valid future studies utilising circular notched 

geometry would not need to derive new equations for each individual notch geometry and 

the standard equations could be used. 

In order to analyse the effect of the circular notch on the fracture resistance curves from 

experiments 1 and 3 it was necessary to derive new equations for calculating the fracture 

resistance curve for the non-standard specimen geometry. Therefore the series of 

equations for calculating the stress intensity factor from standard specimen geometry (as 

given in ASTM E1820) are be briefly outlined here for both the Compact Tension ‘C(T)’ 

(experiment 1 – Chapter 3) and Singled Edge Notched Bend ‘SEN(B)’ (experiment 3 – 

Chapter 5) specimens. The fracture resistance data from experiment 1 was processed 

using the optical crack length measured from the in-situ stereo microscope (using the 

procedure and equations outlined in ASTM standard E1820). The stress intensity factor 

‘K’ for the C(T) specimens was calculated at the measured crack length of ‘a’ and applied 

load of ‘P’ using: 

 
𝐾 =  [

𝑃

𝐵√𝑊
] 𝑓(𝑎 𝑊)⁄  

(6.1) 

   

where ‘B’ is the specimen thickness, ‘W’ is the characteristic length of the specimen and 

the function: 
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 𝑓(𝑎 𝑊) = ⁄ [(2 + 𝑎 𝑊⁄ ) (1 − 𝑎 𝑊⁄ )3/2⁄ ][0.886 + 4.64(𝑎 𝑊⁄ )

− 13.32(𝑎 𝑊⁄ )2 + 14.72(𝑎 𝑊⁄ )3 − 5.6(𝑎 𝑊⁄ )4] 

 

(6.2) 

Similarly, for a SEN(B) specimen the stress intensity factor ‘K’ at a crack length of ‘a’ is 

given by the following relationship: 

 
𝐾 =  [

𝑃𝑆

𝐵𝑊√𝑊
] 𝑓(𝑎 𝑊)⁄  

(6.3) 

   

where ‘B’ is the specimen thickness, ‘W’ is the characteristic length of the specimen, ‘S’ 

is the outer support span and the function: 

 𝑓(𝑎 𝑊) =  [(3(𝑎 𝑊⁄ )1/2) (2(1 + 2 𝑎 𝑊⁄ )(1 − 𝑎 𝑊⁄ )3/2)⁄ ]⁄ [1.99

− (𝑎 𝑊⁄ )(1 − 𝑎 𝑊⁄ )(2.15 − 3.93(𝑎 𝑊⁄ ) + 2.7(𝑎 𝑊⁄ )2)] 

 

(6.4) 

The fracture resistance data from experiment 3 was processed using the unloading 

compliance method. The reason for this is that the tortuous crack path for transverse 

SEN(B) specimens makes accurate optical measurements of the crack length extremely 

difficult (Koester et al., 2011). Therefore an effective crack length is inferred using the 

load-line compliance of the specimen CLL = Δ/P. In order to calculate the effective crack 

length the elastic modulus of the specimen needs to be known. The elastic modulus of 

the specimen was inferred using the initial crack length, initial compliance and the 

following relationship: 

 
𝐶𝐿𝐿 =  

1

𝐸𝐵
(

𝑆

𝑊 − 𝑎
)

2

[ 1.193 − 1.198 (
𝑎

𝑊
) + 4.478 (

𝑎

𝑊
)

2

− 4.443 (
𝑎

𝑊
)

3

+ 1.739 (
𝑎

𝑊
)

4

 ]   

 

(6.5) 

Where ‘E’ is the elastic modulus and the geometric variables, ‘S’ is the support span, ‘B’ 

and ‘W’ are the same as defined for equation 6.3. The calculated elastic modulus is then 

used to determine the non-dimensional compliance ‘U’ for the remaining unload/reload 

sequences in the unloading compliance test: 

 
𝑈 =  

1

√
𝐵𝑊𝐸𝐶𝐿𝐿

𝑆/4
+ 1 

 
(6.6) 

   

The non-dimensional compliance is used to infer the crack length at each unload/reload 

step using the following relationship: 
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 𝑎

𝑊
=   0.99748 − 3.9504𝑈 + 2.9821𝑈2 − 3.21408𝑈3 + 51.51564𝑈4

− 113.031𝑈5 

(6.7) 

   

Note that the methodology described above focuses on the calculation of the stress 

intensity factor that is used to calculate the elastic component of the J-integral. The scope 

of this study was limited to the analysis of the stress intensity factor (i.e. the elastic 

component of the J-integral). The reason for this is that near the initiation point (i.e. near 

the circular notch) the elastic part of the J-integral forms a significant proportion of the 

overall J-integral. Thus, as the effect of the circular notch is localised near the starter notch 

it has a significant effect on the elastic component of the J-integral.  

In order to achieve the aim of this study it was be necessary to derive new equations to 

calculate the stress intensity factor for both the C(T) and SEN(B) geometries including the 

effects of a circular notch. For the C(T) geometry a finite element model was developed 

to derive the non-dimensional crack length function f(a/W) that accounts for the circular 

notch geometry. For the SEN(B) circular notched geometry three separate functions were 

derived from the finite element models. These functions included the non-dimensional 

crack length function f(a/W) and the two equations used to infer the crack length from the 

specimen compliance (similar to equations 6.5 and 6.7). The functions derived from the 

finite element models were used to reprocess the experimental fracture resistance data 

accounting for the effect of the circular notch. The fracture resistance results using the 

standard equations and the derived equations using the circular notched geometry were 

then compared to verify that the statistical comparison between control and damaged 

groups from experiments 1 and 3 was unchanged by the circular notch geometry.  

6.2 Method 

All finite element modelling was carried out using the ANSYS parametric design language 

(version 14.5). Post processing of the finite element model output was conducted using 

Matlab (version r2012b). Two separate finite element models were developed for each of 

the fracture specimen configurations (C(T) and SEN(B)). The first model for each 

configuration used notch geometry that conforms to the geometrical guidelines in ASTM 

E1820, this model was used for verification and a mesh independence study. The second 

model for each of the configurations included circular notch geometry the same as the 

specimens used in experiment 1 (for the C(T) configuration) and experiment 3 (for the 

SEN(B) configuration).  
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6.2.1 Elements and Material Models 

All models used a two dimensional 8-node quadrilateral element for meshing the bulk 

geometry of the fracture specimen. For the purpose of meshing the curved shapes of the 

pins and surrounding material of the C(T) specimen two dimensional 6-node triangular 

elements were used. All two dimensional solid elements used a plane stress assumption. 

Contact was modelled between the loading pins and the test specimens using 3 node 

target elements on the pin surface and 3 node contact elements on the specimen surface. 

The pins were modelled using the material properties of steel; that is, linear elastic 

isotropic with elastic modulus E = 200GPa and Poisson’s ratio v = 0.3. The fracture 

specimen was modelled using the analogous properties of bovine cortical bone: linear 

elastic isotropic with elastic modulus E = 21.3GPa and Poisson’s ratio v = 0.3 (Broz et al., 

1995; Cowin and Sadegh, 1991; Reilly et al., 1974). 

6.2.2 Compact Tension Model 

Figure 6.1 (a) shows the standard geometry for the C(T) fracture specimens while Figure 

6.1 (b) shows the circular notch geometry used in experiment 1. The dimensions of the 

specimen were set such that the characteristic length W = 12 mm. Note that the remaining 

dimensions of the C(T) specimen geometry are based on the characteristic length ‘W’. For 

the circular notched specimen the diameter of the circular notch d = 2 mm. The finite 

element model and mesh for both the conventional geometry and the circular notched 

geometry are shown in Figure 6.2 (a), (b) and Figure 6.2 (c), (d) respectively. Both 

specimens are uniform through thickness so a two dimensional model was used. The 

element size was set to 0.2 mm before refinement at the crack tip. Further to this, only 

half of the specimen was modelled about the symmetry line of the crack path.  

All nodes on the top pin area were constrained such that they could not translate 

horizontally. A vertical displacement of 0.1 mm was then applied to the central node of the 

pin. A symmetry boundary condition was applied to all nodes ahead of the crack line. 

When the C(T) specimens were machined for experiment 1 the hole was machined using 

a jig that ensured that the circular notch was located in the same position. Thus, the end 

of the circular notch (or wedge notch) for the finite element model was fixed at a/W = 0.49. 

This initial notch length allows for the crack tip to be located at a/W = 0.5, which accounts 

for the length of the scalpel notch that was carved into the specimen before fracture 

testing. The crack length was initially set such that the ratio of crack length to characteristic 

length was a/W = 0.5, the crack length was then incremented in steps of a/W = 0.01 up to 

a maximum crack length of a/W = 0.75. The model was re-meshed and solved for each 

crack length step with the region of mesh concentration centred on the crack tip (as shown 

in Figure 6.2). 
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Figure 6.1: (a) Standard geometry of a C(T) specimen showing the key dimensions of the 
crack length ‘a’ and characteristic length ‘W’. (b) Circular notch C(T) specimen geometry. 

 

Figure 6.2: (a),(b) Finite element mesh for the standard geometry C(T) specimen and 
(c),(d) finite element mesh for the circular notch C(T) specimen. Inset images show the 
mesh concentration at the crack tip. Images on the left show the shortest crack length a/W 
= 0.5 and images on the right show the longest crack length a/W = 0.75. 
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6.2.3 Single Edge Notched Bend Model 

Figure 6.3 (a) shows the standard geometry for a SEN(B) specimen and Figure 6.3 (b) 

shows the circular notched configuration used in experiment 3. The dimensions of the 

specimen were chosen to be the same as the geometry machined for experiment 3 with 

the characteristic length W = 4.5mm and circular notch diameter of d = 3mm. The finite 

element model and mesh for both the conventional geometry and the circular notched 

geometry are shown in Figure 6.4 (a), (b) and Figure 6.4 (c), (d) respectively. As the 

specimen is symmetric about the crack path only half the specimen was modelled. The 

specimen geometry is uniform through thickness. Therefore a two dimensional model was 

used with element size set to 0.1 mm before refinement at the crack tip. 

 

Figure 6.3: (a) Standard geometry of a SEN(B) specimen and (b) the circular notched 
geometry used in experiment 3. 

 

 

Figure 6.4: (a),(b) Finite element mesh for the standard SEN(B) model and (c),(d) circular 
notched SEN(B) model. Inset images show the mesh concentration region at the crack 
tip. Images on the left show a crack length of a/W = 0.5 while images on the right show 
the longest crack length a/W = 0.75. 
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All nodes on the bottom pin had all displacement and rotation degrees of freedom 

constrained. The nodes on the top half pin were constrained to prevent translation in the 

horizontal direction and a vertical displacement of 0.1 mm downward was applied to the 

central node of the top pin. A symmetry boundary condition was applied to all nodes along 

the crack face. The circular notch for the fracture specimens in experiment 3 was 

machined using a bench top mill. Because of this the location of the circular notch varied 

between a/W = 0.45 to a/W = 0.55. Therefore the finite element models were used to 

derive a series of non-dimensional crack length and compliance equations for notch 

lengths between these values with the notch length incremented in steps of a/W = 0.005. 

The derived equations were then interpolated to use the measured circular notch length 

for each specimen. The crack length was initially set such that the ratio of crack length to 

characteristic length was a/W = 0.04 ahead of the notch length to account for the scalpel 

starter notch carved into the specimen before fracture testing. The crack length was then 

incremented in steps of a/W = 0.01 up to a maximum crack length of a/W = 0.75. The 

model was re-meshed and solved for each crack length step with the region of mesh 

concentration centred on the crack tip (as shown in Figure 6.4). 

6.3 Results and Discussion 

6.3.1 Verification and Mesh Independence 

For both the C(T) and SEN(B) configurations a mesh independence study was conducted 

using the standard fracture specimen geometry. For the purpose of the mesh 

independence study the circular notched geometry was used including a contact model 

between the pins and the specimen. The mesh near the crack tip region was progressively 

refined for three different crack lengths a/W = 0.5, 0.6, 0.7 and 0.75. Convergence was 

analysed for the reaction load at the displaced pin and the J-integral measured at the 

crack tip. Figure 6.5 shows the results for the C(T) specimen while Figure 6.6 show the 

results for the SEN(B) specimen configuration.  

Even at the most coarse mesh size the reaction load for both models is within 1.5% of the 

finest mesh value. For both models the reaction load converges within two iterations of 

mesh refinement. However, as the J-integral is derived from the mesh strain values, it 

converges slower than the reaction load. Based on the mesh independence results shown 

in Figure 6.5 and Figure 6.6 a refined crack tip mesh size of 7.4µm was chosen for the 

C(T) model and 3.7 µm for the SEN(B) model.  
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Figure 6.5: Mesh independence results for the C(T) model showing the percentage 
difference to the minimum mesh size for (a) the reaction load and (b) the J-integral 
measured at the crack tip. 

 

Figure 6.6: Mesh independence results for the SEN(B) model showing the percentage 
difference to the minimum mesh size for the (a) reaction load and (b) the J-integral 
measured at the crack tip. 

For both the C(T) and SEN(B) models a verification model was compared with results 

calculated from the stress intensity factor equations in ASTM standard E1820. These 

verification models, for both the C(T) and the SEN(B) configurations, used simplified point 

displacement constraints as boundary conditions and did not model contact between the 

pins and the specimen. Further to this the verification models used an ideally sharp notch. 

The crack tip mesh was refined based on the results of the mesh independence studies 

(7.4 µm for the C(T) model and 3.7µm for the SEN(B) model). To verify the model against 

the equations outlined in ASTM E1820 the stress intensity factor was calculated using 

equations 6.1 to 6.4 and the nodal reaction force at the displaced node. This was then 

compared to the stress intensity factor calculated at the crack tip using the J-integral. The 

results for the verification model are shown in Table 6.1. Both models are within ~1% of 

the stress intensity factor calculated using the ASTM equations. 

0 0.05 0.1 0.15 0.2
0

0.2

0.4

0.6

0.8

1

1.2

1.4

Mesh Size (mm)
(a)

R
e

a
c
ti
o

n
 L

o
a

d
, 
%

 D
if
fe

re
n

c
e

 

 

a/W = 0.5

a/W = 0.6

a/W = 0.7

a/W = 0.75

0 0.05 0.1 0.15 0.2
-2

0

2

4

6

8

10

12

Mesh Size (mm)
(b)

J
, 
%

 D
if
fe

re
n

c
e

0 0.02 0.04 0.06 0.08 0.1
0

0.5

1

1.5

Mesh Size (mm)
(a)

R
e

a
c
ti
o

n
 L

o
a

d
, 
%

 D
if
fe

re
n

c
e

 

 

a/W = 0.5

a/W = 0.6

a/W = 0.7

a/W = 0.75

0 0.02 0.04 0.06 0.08 0.1
-5

0

5

10

15

20

Mesh Size (mm)
(b)

J
, 
%

 D
if
fe

re
n

c
e



Chapter 6: Finite Element Modelling 1 

 
 

 
109 

Table 6.1: Verification results for the both the C(T) and SEN(B) models. K(P) specifies 
the stress intensity factor calculated using the nodal reaction at the displaced node and 
the standard equation in ASTM E1820. K(J) denotes the stress intensity factor calculated 
using the J-integral value at the crack tip and equation 6.5. 

 Compact Tension Single Edge Notched Bend 

a/W K(P) 

(MPa√m) 

K(J) 

(MPa√m) 

% 

Difference 

K(P) 

(MPa√m) 

K(J) 

(MPa√m) 

% 

Difference 

0.5 8.8478 8.7580 1.015 6.1341 6.0899 0.72 

0.6 7.9554 7.9430 0.153 5.6626 5.6268 0.63 

0.7 6.8915 6.8951 -0.0531 4.9540 4.9453 0.17 

0.75 6.2583 6.2585 -0.0038 4.5167 4.5230 -0.14 

 

6.3.2 Comparison of Non-Dimensional Functions 

Figure 6.7 shows the non-dimensional crack length function, ‘f(a/W)’ for (a) the C(T) and 

(b) the SEN(B) model. The non-dimensional crack length functions show a decrease near 

the circular notch which indicates a decrease in the stress intensity factor when compared 

to the wedge notched model or the ASTM E1820 equations. The circular notch is smaller 

for the C(T) specimen than the SEN(B) specimens. Therefore the effect of the notch is 

only significant up to a/W ~ 0.55 for the circular notched C(T) geometry (as shown in 

Figure 6.7 (b)). The larger circular notch of the SEN(B) specimen causes a significant 

difference in the stress intensity factor up to a/W ~ 0.6 (as shown in Figure 6.7 (b)). Both 

the circular notch and wedge notched models show a vertical offset with respect to the 

standard equations. It is likely that this offset is due to the models including contact 

between the pins and the specimen whereas the standard equations use ideal ‘point’ 

boundary conditions. Using a contact condition with the pins will cause the applied load 

to be distributed over a larger area for both models. This will cause the effective moment 

arm over which the force is applied to be reduced leading to a decrease in the apparent 

applied load. Note that with ideal point boundary conditions both models show excellent 

agreement with the ASTM E1820 equations as shown in Table 6.1. 

For both the C(T) and SEN(B) models the non-dimensional crack length data was fitted 

with a 6th order polynomial to facilitate the reprocessing of the experimental fracture 

resistance data. The polynomial curve fit for both the C(T) and SEN(B) models are shown 

in Figure 6.8 (a) and (b) respectively. Note that for the SEN(B) specimen multiple notch 

lengths were also analysed. The curve shown in Figure 6.8 is for a notch length of a/W = 

0.48. The curve fits for both models showed correlation coefficients of r2 > 0.999. 
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Figure 6.7: (a) Non-dimensional crack length function for calculation of the stress intensity 
factor for the C(T) model and (b) the SEN(B) model.  

 

Figure 6.8: (a) Polynomial curve fits for the non-dimensional crack length function 'f(a/W)' 
for the C(T) model and (b) the SEN(B) model. 

 

For the SEN(B) geometry two further equations were derived in order to infer the crack 

length from the measured compliance. Figure 6.9 (a) shows the non-dimensional 

compliance equation used to calculate the initial elastic modulus (similar to equation 6.5). 

Figure 6.9 (b) shows the non-dimensional compliance equations used to infer the crack 

length (similar to equation 6.7). Figure 6.9 (a) and (b) show the fitted curve with a solid 

line at the minimum (Notch Length = 0.45 a/W) and maximum notch lengths (Notch Length 

= 0.55 a/W). 
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Figure 6.9: (a) Non-dimensional curve showing the compliance as a function of crack 
length used to infer the elastic modulus. (b) Non-dimensional function used to infer the 
crack length from the compliance. Both the minimum (NL = 0.45 a/W) and maximum (NL 
= 0.55 a/W) notch lengths are shown. 

6.3.3 Recalculation of Results from Experiments 1 and 3 

All fracture resistance curve data from experiments 1 and 3 was reprocessed using the 

non-dimensional crack length functions derived from the finite element models. Figure 

6.10 shows the original resistance curve data for a typical specimen compared to the data 

processed using the newly derived equations for the C(T) and SEN(B) geometry. For the 

C(T) specimen shown in Figure 6.10 (a) the newly derived equations translate the points 

near the starter notch below the standard geometry data while further from the notch the 

points are translated above the standard geometry data. While for the SEN(B) specimen 

the reduction in fracture resistance near the notch is more pronounced. This result is 

expected as the circular notch for the SEN(B) specimen was larger than the C(T) 

specimen relative to the characteristic length of the specimen. Thus, the ‘blunting’ effect 

of the notch will be more prevalent for the SEN(B) specimen. 

The results of all reprocessed fracture resistance data were compared with the previous 

experimental results in order to verify that the circular notch geometry did not change the 

comparison of experimental groups. Table 6.2 to Table 6.4 show the fracture resistance 

curve data comparison of the results from experiments 1 and 3 processed using the 

standard equations and the equations derived from the finite element models. Table 6.2 

shows that the results of all statistical tests for the fracture initiation toughness ‘J0’ remain 

unchanged by the use of the equations from the finite element model. The reduction in 

average fracture initiation toughness is larger for the SEN(B) specimens when compared 

to the C(T) specimens. This difference is expected as the size of the circular notch relative 

to the specimen characteristic length is much larger for the SEN(B) (d/W = 0.667) 

specimens compared to the C(T) specimens (d/W = 0.167).  

0.5 0.6 0.7
50

100

150

200

Crack Length, a/W

(a)

E
B

C
L
L

 

 

NL = 0.45 a/W

NL = 0.55 a/W

0.06 0.08 0.1 0.12
0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8

U

(b)

C
ra

c
k
 L

e
n

g
th

, 
a

/W



Chapter 6: Finite Element Modelling 1 

 
 

 
112 

 

Figure 6.10: (a) Reprocessed resistance curve data for the C(T) and (b) the SEN(B) 
shown as red ‘+’. Original data using the standard equations is shown with blue ‘+’. The 
solid red line shows the new resistance curve fitted to the reprocessed data. 

The results in Table 6.3  shows how the point at which the growth toughness is evaluated 

‘aQ’ was changed by utilising the new equations that account for the circular notch. For 

the case of the compact tensions the difference in ‘aQ’ was minimal whereas the change 

in ‘aQ’ for the SEN(B) specimens was ~15% for all groups. Table 6.4 shows that the 

comparison of the growth toughness ‘dJ/da’. For this case, it is interesting to note that the 

percentage change in the growth toughness is more significant for the C(T) specimen 

geometry than the SEN(B). The observed differences for both ‘aQ’ and dJ/da for different 

specimen geometries is a result of the method used to process the experimental data. For 

the C(T) geometry the crack extension data is taken directly from the optical 

measurements during the test. Whereas the crack length is inferred from compliance 

equations for the transverse SEN(B) specimens. 

Table 6.2: Comparison of fracture initiation toughness results from experiment 1 and 
experiment 3 processed with the standard equations or the finite element model data.  

 Experiment 1: C(T) Experiment 3: SEN(B) 

Tensile 

Experiment 3: SEN(B) 

Compressive 

J0, kJ/m2 Control Damaged Control Damaged Control Damaged 

Standard 1.23±0.21 0.96±0.29 2.34 

[2.02,2.65] 

2.37 

[1.99,2.80] 

2.19 

[2.03,2.29] 

1.77 

[1.53,2.05] 

P value 

(Standard) 

 0.031*  0.78  >0.01* 

FEM 1.09±0.19 0.85±0.29 1.04 

[0.83,1.11] 

1.02 

[0.88,1.18] 

0.95 

[0.83,1.06] 

0.82 

[0.72,0.92] 

P value 

(FEM) 

 0.043*  1.00  0.01* 

% Change -11.4% -11.5% -55.6% -57.7% -56.6% -53.6% 
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Table 6.3: Comparison of aQ results from experiment 1 and experiment 3 processed using 
either the standard equations or the finite element model data.  

 Experiment 1: C(T) Experiment 3: SEN(B) 

Tensile 

Experiment 3: SEN(B) 

Compressive 

aQ (mm) Control Damaged Control Damaged Control Damaged 

Standard 0.222± 

0.003 

0.224± 

0.022 

0.221 

[0.217,0.224] 

0.220 

[0.216,0.223] 

0.221 

[0.218,0.226] 

0.220 

[0.217,0.228] 

FEM 0.223± 

0.003  

0.219± 

0.008 

0.257 

[0.242,0.279] 

0.250 

[0.239,0.264] 

0.263 

[0.248,0.279] 

0.259 

[0.247,0.289] 

% Change 0.45% -2.23% 16.3% 13.6% 19.0% 17.7% 

 

Table 6.4: Comparison of dJ/da results from experiment 1 and experiment 3 processed 
using either the standard equations or the finite element model data. 

 Experiment 1: C(T) Experiment 3: SEN(B) 

Tensile 

Experiment 3: SEN(B) 

Compressive 

dJ/da (aQ) 

(kJ/m2/mm) 

Control Damaged Control Damaged Control Damaged 

Standard 1.18±0.49 0.85±0.38 10.4 

[6.16,11.0] 

7.85 

[5.59,9.70] 

9.89 

[6.63,12.6] 

9.83 

[7.65,18.0] 

P value 

(Standard) 

 0.16  0.47  0.52 

FEM 1.83±0.62 1.37±0.52 10.3 

[6.71,11.7] 

9.09 

[6.93,10.1] 

10.2 

[7.13,13.1] 

9.87 

[7.36,17.2] 

P value 

(FEM) 

 0.09  0.79  0.71 

% Change 55.1% 61.2% -0.96% 15.8% 3.13% 0.41% 

 

6.4 Conclusion 

The purpose of this study was to verify the assumption that the use of circular notch 

geometry did not alter the comparison of resistance curve data. This study utilised a finite 

element modelling approach to derive new compliance equations for a circular notched 

fracture specimen representative of those used in experiments 1 and 3 (Chapters 3 and 

5 respectively). The results of this study showed that the circular notch does not alter the 

statistical comparison of the fracture resistance results from experiments 1 and 3. 

Therefore the standard equations from ASTM E1820 can be used for circular notch 

geometries in future experiments without the need for further finite element studies and 

the derivation of new equations.  
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The results of this study are beneficial as future studies utilising circular notch geometry 

for comparison of resistance curve behaviour will not need the time and effort required to 

derive new equations for a specific geometry. Overall, the results of this study show that 

use of the standard equations for the circular notch geometry changes the magnitude of 

the fracture initiation toughness and overall fracture resistance curve but it does not 

change the statistical comparison between groups with consistent geometry. 
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7 Finite Element Modelling 2: Fracture Mechanisms in 

Cortical Bone 

7.1 Introduction 

In Chapters 3 and 5 several mechanisms of fatigue fracture interaction were proposed to 

explain the effect that fatigue damage has on the fracture toughening behaviour of cortical 

bone. These mechanisms of fatigue fracture interaction described how the fatigue induced 

damage interacted with the normal toughening behaviour present in bone (e.g. ligament 

bridging, crack deflection, microcrack formation during crack growth and the local material 

resistance to fracture). Previously published fracture testing of cortical bone has also 

provided evidence for the various toughening mechanisms present in normal bone (i.e. 

not fatigue damaged), and has suggested that the most prevalent mechanisms are 

ligament bridging or longitudinal cracking (Nalla et al., 2004b) and crack deflection for 

transverse cracking (Koester et al., 2011). Using experimental techniques it is extremely 

difficult to decouple and analyse the individual contribution of each of the toughening 

mechanisms in cortical bone. Therefore the use of a numerical or analytical modelling 

technique is required, such as finite element modelling. This analysis would be highly 

beneficial for the overall explanation of experimental results presented in this thesis. Thus, 

the purpose of this study is to analyse the relative effectiveness of the various toughening 

mechanisms in cortical bone (i.e. crack deflection, ligament bridging and microcracking) 

using a finite element modelling approach.  

Observation of the crack paths from experimental testing can provide insight into the 

different mechanisms responsible for the fracture toughening behaviour in cortical bone. 

However, it is difficult to separate out the individual mechanisms to understand their 

relative contribution to the overall fracture resistance curve. The main drawback of optical 

crack path analysis is that it can only suggest what mechanisms are most prevalent along 

the crack path. The visual analysis does not quantify or give any indication of relative 

magnitude that each mechanism contributes to the fracture resistance curve. From the 

analysis of crack path images it is also unclear how other material behaviour effects (such 

as plastic slip, microcracking and orthotropic material properties) contribute to the overall 

toughening of cortical bone. An alternative method of analysing fracture toughening 

mechanisms in cortical bone includes numerical modelling using Finite Element Analysis 

(FEA) techniques. FEA has been used extensively in previous research to analyse 

fracture mechanisms in engineering materials and therefore a brief review of the literature 

on the FEA of fracture mechanics is presented here.  
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There is a large body of engineering literature that focuses on analytical and numerical 

analysis of cracks and crack growth in materials. See Tada et al. (1985) for a compilation 

of analytical and numerical solutions for various cracked geometries or Kuna (2013) for a 

detailed analysis of the use of FEA for fracture mechanics. As the literature on FEA for 

fracture mechanics is extensive only a brief outline will be provided here followed. This 

will then be following by a further outline of the use of FEA to analyse fracture in bone.  

Finite element analysis has been used to investigate fracture in engineering materials 

such as metals (Jha and Narasimhan, 1992; Nishioka and Atluri, 1982; Takuda et al., 

2000) ceramics (Jayaraman et al., 1997; Yutaka and Daigora, 1992) and various 

composites (Goto and Kagawa, 1994; Jha and Charalambides, 1998; Shaw and Miracle, 

1996; Xia et al., 2001). Early finite element analysis of cracked bodies focused on the 

calculation of the stress intensity factor or strain energy release rate for stationary cracks 

of various simple geometries (e.g. through thickness cracks in a plate and elliptical cracks 

in a three dimensional plate) (Alwar and Nambissan, 1983; Byskov, 1970; deLorenzi, 

1982; Tracey, 1974). More recent work has focused on the modelling of crack growth in 

various materials, the most common methods include the cohesive zone model (CZM) 

(Roe and Siegmund, 2003; Siegmund, 2004), the virtual crack closure technique (VCCT) 

(Agrawal and Karlsson, 2006; Chow and Atluri, 1995; Fawaz, 1998) and the extended 

finite element method (XFEM) (Liu et al., 2012; Xu and Yuan, 2009).  

Previous studies using FEA to analyse the crack growth behaviour of cortical bone have 

focused on the use of CZMs (Mischinski and Ural, 2013, 2011; Ural et al., 2011; Ural and 

Vashishth, 2007, 2006) and XFEM (Abdel-Wahab et al., 2012; Budyn et al., 2008). CZMs 

have been extensively used for the analysis of engineering fibre composites, which exhibit 

similar toughening mechanisms to bone such as ligament bridging and deflection at 

interfaces in the microstructure. Initial finite element based fracture studies in cortical bone 

used the CZM approach to model the stress intensity factor based resistance curve for 

young and aged human bone (Ural and Vashishth, 2007, 2006). Later studies have been 

successful in modelling the growth of cracks at the micro scale (Abdel-Wahab et al., 2012; 

Donaldson et al., 2014; Mischinski and Ural, 2013) along with the combination of 

microstructural models with macro scale fracture specimens (Ural and Mischinski, 2013a). 

While CZMs and XFEM have been successful for the analysis of crack growth in cortical 

bone they combine all of the fracture processes into a zone about the crack tip. This 

combines all of the toughening phenomena into a single cohesive zone and therefore the 

contributions of the individual toughening mechanisms cannot be assessed.  
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The aim of this study is to investigate the relative contribution of various toughening 

mechanisms to the overall fracture toughening behaviour of cortical bone. As the various 

crack growth simulation techniques such as CZM and XFEM cannot decouple the multiple 

toughening mechanisms present in bone this study cannot use these techniques, instead 

the toughening mechanisms will be directly modelled and parametrically analysed based 

on crack path imaging from experimental data. The toughening mechanisms that will be 

modelled as part of this study include: (1) orthotropic material behaviour, (2) uncracked 

ligament bridging, (3) crack deflection and (4) microcracking. Overall, the results of this 

study will provide further insight into the relative contribution of each of the main 

toughening mechanisms present in cortical bone. This will have significant impact on the 

analysis of fracture toughening mechanisms in cortical bone and may provide further 

insight into the mechanisms of fatigue fracture interaction proposed in this thesis. 

7.2 Method 

7.2.1 Overview of Fracture Mechanism Models 

All finite element modelling was carried out using the ANSYS parametric design language 

(version 14.5). Post processing of the finite element model output was conducted using 

Matlab (version r2012b). All finite element models in the study were based on the general 

compact tension specimen model describe in section 7.2.2. For each toughening 

mechanisms modelled in this study modifications were made to the general compact 

tension specimen model to account for physical effect of each toughening mechanism. 

Several of the toughening mechanism models were divided into several separate test 

cases to analyse the limiting conditions for each toughening mechanism. All toughening 

mechanism finite element model and their relevant test cases are listed here, each model 

is described in more detail in its respective section of the method:  

1. Material Models - 7.2.3 

 Case 1: Isotropic material properties 

 Case 2: Orthotropic material properties 

 Case 3: Orthotropic material properties 

2. Ligament Bridging Model - 7.2.4 

 Case 1: Single ligament bridge along the crack path 

3. Crack Deflection Models  - 7.2.5 

 Case 1: Single 90° deflection  

 Case 2: Single 90° deflection with a region of straight crack growth 

 Case 3: Arbitrary angle of deflection  

 Case 4: Arbitrary angle of deflection with a region of straight crack growth 
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4. Microcracking Models - 7.2.6 

 Case 1: Single microcrack aligned with the crack plane 

 Case 2: Single microcrack offset from the crack plane 

 Case 3: Array of microcracks aligned with and ahead of the main crack 

 Case 4: Array of microcracks offset from and ahead of the main crack 

 Case 5: Array of microcracks ahead and behind the main crack tip 

The different material models were analysed over a range of crack lengths in the absence 

of other toughening mechanisms. For most of the toughening mechanisms models; that 

is, the ligament bridging, crack deflection and microcracking models fixed crack length 

was used and the toughening mechanism was parametrically analysed. For example: the 

crack deflection model was analysed with the length of the deflection relative to the crack 

length and the angle of deflection from the normal plane of crack growth as parameters. 

The reason for this is that analysis of single long crack length (similar to the crack length 

at the end of an experiment) shows how the toughening mechanism affects the fracture 

behaviour over the whole test. Further to this, pilot finite element models showed that the 

fracture toughening trends were similar for different crack lengths. 

7.2.2 General Compact Tension Model 

The standard geometry for a compact tension (C(T))specimen is shown in Figure 7.1 (a) 

(ASTM standard E1820, 2011). For this model the characteristic length ‘W’ was set at 

12mm. As the specimen is uniform through thickness the specimen was modelled in two 

dimensions. The mesh for the bulk geometry of the compact tension specimen is shown 

in Figure 7.1 (b) and the concentrated mesh at the crack tip is shown in (c). More detailed 

images for the crack path mesh for the various toughening mechanism models are shown 

in their respective sections. Note that for the purpose of modelling asymmetric toughening 

behaviour the whole compact tension specimen was modelled. The C(T) specimen was 

mapped meshed with two dimensional 8-node quadrilateral elements. The curved shapes 

of the pins and surrounding curved material of the C(T) specimen were meshed with two 

dimensional 6-node triangular elements were used. All two dimensional solid elements 

used a plane stress assumption. Contact was modelled between the loading pins and the 

test specimens using 3 node target elements on the pin surface and 3 node contact 

elements on the specimen surface. The pins were modelled using the material properties 

of steel; that is, linear elastic and isotropic with elastic modulus E = 200GPa and Poisson’s 

ratio v = 0.3. All displacement degrees of freedom were constrained on the nodes on the 

bottom pin of the model. All nodes on the top pin area were constrained such that they 

could not translate horizontally. A vertical displacement of 0.1mm was then applied to the 

central node of the top pin. 
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Figure 7.1: (a) General compact tension specimen geometry, (b) whole finite element 
model mesh and (c) the concentrated mesh at the crack tip. 

For all toughening mechanism models the material properties were set to be linear elastic 

isotropic bone. The reason for only analysing isotropic material behaviour is that by 

combining both orthotropic and the effects of a toughening mechanism (e.g. crack 

deflection or ligament bridging) it will not be possible to determine what factor has caused 

the net change in toughening behaviour when compared to the ideal case. Note that 

subsequent data processing will utilise the reaction load measured at the pin to determine 

the ideal SIF, as would be performed experimentally. Utilisation of isotropic material 

properties allows for the comparison of the ideal value calculated using the equations for 

the standard specimen geometry and the reaction load to the J-integral taken from the 

stress field at the crack tip (Note that this is discussed further in section 7.2.7). 

7.2.3 Material Models 

Following verification two different material models were tested as analogues of the 

properties of bovine cortical bone. The first model was linear elastic isotropic with: elastic 

modulus E = 23.1GPa and Poisson’s ratio v = 0.3. The second model was linear elastic 

orthotropic with: elastic modulus: E1 = E2 = 10.4 GPa, E3 = 23.1GPa, Poisson’s ratio: v12 

= v12 =0.29, v12 = 0.51 and shear modulus: G12 = G13 = G23 = 3.6GPa (Burstein et al., 

1972a; Reilly et al., 1974). The subscript indices 1, 2 and 3 represent the radial, 

circumferential and axial directions with respect to the whole bone. For the orthotropic 

material models the orientation of the modulus was specified to represent either 

longitudinal (E3 aligned in the crack growth direction) or transverse cracking (E3 aligned 

perpendicular to the crack growth direction). For each material model tested the mesh 

used was the same as that shown in Figure 7.1 (b) and (c) with the concentrated region 

of the mesh being located at the crack tip. Various crack lengths were analysed in the 

range 0.5<a/W<0.75 in increments of a/W = 0.01. Both the J-integral from the reaction 

load at the pin and the J-integral at the crack tip were calculated at each crack length.  
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7.2.4 Ligament Bridge Models 

The ligament bridge model used a straight crack path with spring elements applied across 

the crack face to simulate the toughening effect (Figure 7.2 (b)). This model was tested at 

a fixed crack extension of a/W = 0.2 (total crack length of a/W = 0.7). The parameters that 

were investigated as part of this model included: the position of the ligament bridge along 

the crack path ‘P’; the stiffness of the individual spring elements ‘k’ and the length of the 

ligament bridge ‘Llb’. The crack path for a ligament bridge model is shown schematically 

in Figure 7.2 (b) with the specified parameters. The mesh for this model was concentrated 

along the whole crack path and around the crack tip such that the spacing of the spring 

elements was the same for each position along the crack path. As the mesh spacing is 

constant along the crack path the ligament bridge parameter ‘Llb’ indicates the number of 

spring elements used for each bridge. Hence, the total effective bridge stiffness can be 

inferred by analysing trends for the ligament bridge length. Note that both the position ‘P’ 

and ligament bridge length ‘Llb’ were expressed non-dimensionally as a ratio of the total 

crack extension (e.g. Llb = 0.1, P = 0.3 indicates a ligament bridge with a length of 10% of 

the total crack extension located at 30% of the total crack extension from the starter 

notch). 

 

Figure 7.2: (a) Definition of model parameters for the ligament bridge model and (b) the 
crack path mesh for this model. 

7.2.5 Crack Deflection Models 

Four different geometries of crack deflection models were analysed. The first two models 

analysed the case of a 90 degree deflection along the crack path. The first model in this 

group is shown in Figure 7.3 (a) with the corresponding crack path mesh shown in Figure 

7.3 (b). For this model the deflection position ‘P’ was parametrically analysed along with 

the deflection height ‘H’. In order to remain consistent with the other toughening 

mechanism models the position ‘P was expressed as a ratio of the maximum crack 

extension (i.e. as a ratio of 0.2 a/W). The second model in this group analysed the case 

of a 90 degree deflection followed by another portion of straight crack growth. The second 

model is shown in Figure 7.3 (c) with the corresponding crack path mesh shown in Figure 

7.3 (d). For this model the crack extension was fixed at 0.2 a/W and the deflection position 

(a) 

a/W = 0.2 

Llb 

P 

k = spring stiffness 
(b) 
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along the crack path ‘P’ was expressed as a ratio of the total crack extension (e.g. P = 0.2 

indicates that the deflection occurs 20% of the crack extension from the starter notch). 

For both 90 degree deflection models the deflection height ‘H’ was expressed as a ratio 

of half the specimen width (i.e. the deflection height from the centreline that would just 

break through the far edge of the specimen). 

 

 

Figure 7.3: (a) Definition of the crack path variables for the 90 degree angle crack 
deflection models. (a) The first model includes a single deflection and (b) shows the crack 
path mesh for this model. (c) The second model includes a single deflection followed by 
region of straight crack growth and (d) shows the crack path mesh for this model.  

 

The second two crack deflection models analysed the more generalised case of an 

arbitrary deflection angle over a specified portion of the crack path. The first model in this 

group included a variable length of straight crack growth followed by a single deflection 

as shown in Figure 7.4 (a). The crack path mesh for the first model is shown in Figure 7.4 

(b). The parameters analysed for the first model include: the point at which the deflection 

begins ‘P’ and the angle of deflection ‘θ’. The second model was similar to the first model 

with another region of straight crack growth after the deflection (Figure 7.3 (c)). The mesh 

for the crack path of the second model is shown in Figure 7.4 (d). The parameters 

analysed for this model included: the point at which the deflection begins ‘P’; the length of 

the deflection ‘Ld’ and the angle of deflection ‘θ’. For both of these models the total crack 

extension was fixed at 0.2 a/W and the parameters ‘P’ and ‘Ld’ were expressed as a ratio 

of the total crack extension. Note that for both of these models the deflection height was 

not explicitly specified but was calculated from the deflection length and deflection angle. 
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Figure 7.4: (a) Definition of the crack path variables for the arbitrary angle crack deflection 
models. (a) The first model includes a single deflection and (b) shows the crack path mesh 
for this model. (c) The second model includes a single deflection followed by region of 
straight crack growth and (d) shows the crack path mesh for this model.  

7.2.6 Microcracking Models 

Two separate microcracking models were analysed, the first model analysed a single 

microcrack and the second model analysed an array of microcracks around the crack tip. 

For the single microcrack model two different cases were analysed: (1) a single 

microcrack ahead of and aligned with the crack tip (shown in Figure 7.5 (a)) and (2) a 

single microcrack offset from the crack tip (shown in Figure 7.5 (c)). For the first case 

(single aligned microcrack) two parameters were analysed: the horizontal displacement 

from the main crack tip to the microcrack ‘X’ and the length of the microcrack ‘Lmc’ (see 

Figure 7.5 (a)). For the second case (single offset microcrack) the vertical displacement 

‘Y’ was also analysed. Note that for the second case negative values of ‘X’ (behind the 

crack tip) were also analysed. 

For the microcrack array model three different cases were analysed: (1) uniform pattern 

ahead of the crack tip with the microcracks closest to the crack tip aligned (shown in Figure 

7.6 (a)); (2) uniform pattern of microcracks with the microcracks closest to the crack offset 

(shown in Figure 7.6 (c)) and (3) same as (1) with microcracks also located behind the 

crack tip (as shown in Figure 7.6 (e)). For each of these different cases several parameters 

were analysed including: the length of the microcracks ‘Lmc’ (60, 90 and 120 micron), the 

spacing of the microcracks in the vertical ‘sy’ and horizontal directions ‘sx’ (set equal at 60 

to 150 micron) and the length ‘Rx’ and height ‘Ry’ of the region in which the microcracks 

were generated (600 and 1200 micron ahead and/or behind the crack tip). These 

parameters are shown in the schematics in Figure 7.6 (a). The main crack extension for 

this model was set at 0.2 a/W (total crack length of 0.7 a/W). 
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Figure 7.5: Single microcrack model schematic and crack tip mesh images. (a) Shows 
Case 1 includes a single microcrack aligned with the main crack and (b) shows the crack 
tip mesh for this model. (c) Shows case 2 which includes a single microcrack offset from 
the main crack and (d) shows the corresponding crack tip mesh. 

 

 

 

Figure 7.6: Three different cases analysed for the microcrack model: (a),(b) uniform 
pattern ahead of and aligned with the main crack, (c),(d) uniform pattern ahead of and 
misaligned with the main crack and (e),(f) uniform pattern ahead of and behind the main 
crack. 
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7.2.7 Post Processing 

All post processing was performed using custom Matlab programs (version r2012b). For 

each model the J-integral was taken at the crack tip ‘Jct’ using the function ‘CINT’ built into 

the ANSYS software (version r14.5). The reaction load was taken at the centre of the top 

pin of the C(T) model where the vertical displacement was applied. The reaction load was 

then used to calculate the J-integral ‘Jideal’ using the equations given in ASTM standard 

E1820 (2011). Note that this study is limited to the analysis of the elastic component of 

the J-integral 

All results are presented as the ratio of the J-integral taken from the crack tip to the J-

integral calculated using the ASTM E1820 equations, Jct /Jideal. This normalisation allows 

for comparison of the J-integral taken from the stress field at the crack tip and the J-

integral that would be measured during a fracture resistance test. In general, if the crack 

path mechanism leads to an increase in the apparent or measured toughness then the 

crack tip J-integral will be lower than the ideal J-integral calculated using the ASTM 

standard; that is, Jct /Jideal < 1. In text the ratio ‘Jct/Jideal‘, will be referred to as the ‘normalised 

J-integral’. Note that the apparent or measured toughness will be utilised when comparing 

the various toughening mechanisms. This is to distinguish the measured toughness from 

the true material toughness. The measured toughness includes effects from toughening 

mechanisms along the crack path whereas the material toughness is only the value that 

the crack tip J-integral (not the value predicted by the remotely applied loading) must 

reach in order for the crack to grow. 

For the crack deflection model the crack orientation with respect to the applied loading will 

cause mixed mode loading on the main crack (i.e. combined mode I, tensile opening and 

mode II, shear). Note that the J-integral measured from the strain field at the crack tip for 

this case includes contributions from both mode I and mode II as follows:  

 
𝐽𝑐𝑡 =  

𝐾𝐼
2

𝐸
+

𝐾𝐼𝐼
2

𝐸
 

(7.1) 

 

Where KI is the mode I stress intensity factor, KII is the mode II stress intensity factor and 

E is the elastic modulus It is advantageous to use the J-integral to assess the apparent 

toughening effects for all models as it combines mode I and mode I crack loading effects 

into a single parameter. As such, all models in this study use the normalised J-integral to 

assess the apparent toughening effects of each mechanism. For the deflection model the 

crack tip J-integral is normalised by the J-integral for the ideal straight crack case. 
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7.3 Results 

7.3.1 Mesh independence Study 

For the general C(T) specimen model a mesh independence study was conducted to 

analyse convergence of the reaction load and J-integral measured at the crack tip. Figure 

7.7 (a) shows the results for the reaction load and Figure 7.6 (b) shows the J-integral at 

the crack tip for crack lengths of a/W = 0.5, 0.6, 0.7 and 0.75. Note that Figure 7.7 is the 

percentage difference of the reaction load and the J-integral relative to the finest mesh 

size. 

 

Figure 7.7: (a) Mesh independence results for the reaction load at the top pin and (b) the 
J-integral at the crack tip. 

 

The results in Figure 7.7 show that within a single mesh refinement step the values have 

converged to within 0.5% of the finest mesh size for both the reaction load and the J-

integral for all crack lengths. As computational time was not deemed to be an issue a 

crack tip mesh size of 7.4µm was chosen. Using the chosen refined mesh value the model 

was verified against the equations given in ASTM standard E1820 (2011) for the compact 

tension specimen geometry. Table 7.1 compares the results from the ASTM equations 

with the J-integral calculated at the crack tip. The relatively large difference observed near 

the starter notch (1.1%) is due to the wedge shape geometry of the starter notch being 

modelled whereas the ASTM equations assume an ideally sharp notch. Most of The 

toughening mechanism models in this study use a crack length of a/W = 0.7 (crack 

extension of 0.2 a/W). From the results shown in Table 7.1 this length shows extremely 

good agreement with the ASTM equations. 
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Table 7.1: Verification results for the standard compact tension specimen 

a/W K (ASTM) 

(MPa√m) 

K (Model) 

(MPa√m) 

% Difference 

0.5 5.1860 5.1281 1.112 

0.6 4.3894 4.3803 0.208 

0.7 3.6327 3.6241 -0.0407 

0.75 3.2418 3.2419 -0.0029 

 

7.3.2 Material Model Results 

Figure 7.8 shows the normalised J-integral plotted against the normalised crack length for 

the three material models. The isotropic material model agrees with the ideal solution 

taken from the standard equations (Jct/Jideal ~1), apart from the region near the starter 

notch. This difference is due to the wedge shaped starter notch being included in the 

present model whereas the standard equations assume an ideally sharp notch. The 

orthotropic material model for longitudinal direction shows an increase in apparent 

toughness when compared to the isotropic case (Jct/Jideal < 1) while the orthotropic material 

model for transverse direction shows a decrease in apparent toughness when compared 

to the isotropic case. 

 

Figure 7.8: Normalised J-integral plotted against crack length for the isotropic and 
orthotropic material models. 

7.3.3 Ligament Bridge Model Results 

Figure 7.9 and Figure 7.10 show the normalised J-integral results for the ligament bridge 

model plotted against the three parameters analysed: ligament bridge length ‘Llb’, ligament 

bridge position ‘P’ and bridge spring stiffness ‘k’. Note that as the mesh density along the 

crack path was constant the ligament bridge length ‘Llb’ indicates the total number of spring 

elements used and hence the total bridge stiffness. The limiting case for the individual 

spring stiffness (i.e. the maximum value) was chosen such that the stiffness of an 

individual spring was similar to the stiffness of the whole compact tension specimen 

measured in Experiment 1.  
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Figure 7.9: (a) Normalised J-integral plotted against ligament bridge spring stiffness ‘k’ 
with the ligament bridge length ‘L’ fixed at 10% of the crack extension.(b) Normalised J-
integral plotted against ligament bridge length ‘L’ with the ligament bridge spring stiffness 
‘k’ fixed at 25 N/mm. ‘P’ represents the position of the ligament bridge as a fraction of 
overall crack length.  

 

Figure 7.10: Normalised J-integral plotted against ligament bridge length ‘L’, the ligament 
position ‘L’ is fixed at the midpoint of the crack extension. Individual lines show different 
spring stiffness ‘k’ values in N/mm.  

In Figure 7.9 (b) some of the individual lines (various positions along the crack extension) 

have fewer points than others. The reason for this is that certain ligament bridge lengths 

are not valid for specific positions along the crack length as the spring elements that would 

form the bridge would overlap with the notch or would be formed ahead of the crack tip. 

The results from the ligament bridge model shown in Figure 7.9 and Figure 7.10 exhibit 

general trends for each of the analysed parameters. An increase in the ligament bridge 

stiffness ‘k’ leads to an exponential increase in the apparent toughness (decrease in the 

normalised J-integral) as shown in Figure 7.9 (a). Similarly, an increase in the ligament 

bridge length leads to an exponential increase in toughening, see Figure 7.9 (b). Finally, 

as the ligament bridge is moved towards the starter notch (away from the crack tip) this 

causes an approximately linear increase in toughening. 
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7.3.4 Crack Deflection Model 

Figure 7.11 shows the normalised J-integral results for the first 90 degree deflection 

model. The results for this model show that a small deflection results in a large increase 

in the apparent toughness with each position (i.e. crack length) approaching an apparent 

toughness of Jct/Jideal ~ 0.4. Note that this is the same result as that obtained for the semi-

infinite case obtained by analytical methods (Cotterell and Rice, 1980; Karihaloo et al., 

1981). As the height of the deflection increases the apparent toughening effect remains 

steady at Jct/Jideal ~ 0.4 until the deflection height increases beyond 20% of the specimen 

half width. At this point the apparent toughening effect is reduced. It is possible that part 

of this effect is due to the finite geometry of the model used; that is, as the deflection 

height is increased it approaches the limits of the specimen geometry. However, there is 

also likely a contribution from the relative size of the deflection with respect to the total 

crack size. This effect will be analysed further in the discussion section for the deflection 

models. 

 

Figure 7.11: Results for the first (single) 90 degree deflection model. Normalised J-
integral plotted against deflection height ‘H’ (as a ratio of half the specimen width) with the 
separate lines indicating the position ‘P’ of the deflection (as a ratio of max crack 
extension, 0.2 a/W). 

 

Figure 7.12 (a) and (b) shows the results for the second 90 degree deflection model. The 

geometry of this model included another region of straight crack growth following the 

deflection. Comparison of these results to the first deflection model shows that a straight 

region of crack growth after a deflection reduces the apparent toughening effect from the 

deflection. As the straight region becomes larger the apparent toughening effect 

decreases in an exponential manner. Note that there are likely to be finite geometry effects 

included in these results similar to the first model. 
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Figure 7.12: Results for the second 90 degree deflection model including a region of 
straight crack growth after the deflection. (a) Normalised J-integral plotted against 
deflection height ‘H’. (b) Normalised J-integral plotted against deflection position ‘P’. 

 Figure 7.13 shows the normalised J-integral results for the first arbitrary deflection model 

(single deflection as shown in Figure 7.4 (a)). The results for this model show that the 

apparent toughening due to crack deflection is strongly dependent on the deflection angle 

and increases exponentially with increased deflection angle (see Figure 7.13 (a)). This 

model shows that as the deflection angle increases the apparent toughening effect 

approaches the limiting case of a 90° deflection. The limiting case of a 90° deflection 

would theoretically cause the apparent toughening to approach Jct/Jideal ~ 0.4. Note that 

the increase in normalised J-integral shown for high deflection angles in Figure 7.13 is 

likely to be due to a finite specimen geometry effect. This is partially due to the model 

formulation in that the deflection length ‘Ld’ and angle ‘θ’ were specified in the model with 

the deflection height being calculated from this. Therefore large angles of deflection can 

lead to a significant deflection height, which can approach the edge of the finite compact 

tension specimen. 

 

Figure 7.13: (a) Normalised J-integral plotted against deflection angle ‘θ’, individual lines 
showing the point at which the deflection starts ‘P' as a percentage of the crack extension. 
(b) Normalised J-integral plotted position ‘P’. Individual lines show the deflection angle ‘θ’.  
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Figure 7.14 shows the results for the second arbitrary angle crack deflection model 

(geometry as shown in Figure 7.4 (b)). The results for the second arbitrary crack deflection 

model show that the apparent toughening effect due to deflection for this model is 

significantly dependent on the position of the deflection along the crack path (see Figure 

7.14 (a)). Specifically, if the deflected region is far from the crack tip it has a minimal 

toughening effect, then as the deflected region is moved towards the crack tip the 

toughening effect increases. The results for the second deflection model also show that 

the toughening effect due to crack deflection is exponentially dependent on the length of 

the deflection along the crack path and the deflection angle (see Figure 7.14 (b)). Overall, 

this model shows similar results to the 90 degree case followed by another straight region 

of crack growth. In effect, the results of this model show that even a small portion of 

straight crack growth following a deflection reduces the apparent toughening effect. 

 

Figure 7.14: (a) Normalised J-integral plotted against deflection angle ‘θ’ for a fixed 
deflection length Ld = 0.1. (b) Normalised J-integral plotted against deflection length ‘Ld’ 
for a fixed deflection angle of θ = 45°. Separate lines are the position of the deflection as 
a fraction of crack extension. 

7.3.5 Microcracking Model Results 

The normalised J-integral results for the aligned single microcrack model (see Figure 7.4 

(a)) are shown in Figure 7.15. The results for this model show an overall decrease in 

apparent toughness. This decrease in apparent toughness is more severe if the 

microcrack length is increased (see Figure 7.15 (a)) and is less severe if the microcrack 

is located further away from the crack tip (see Figure 7.15 (b)). Note that for these models 

the J-integral was analysed at the main crack tip not a microcrack tip. 

The results for the single offset microcrack model (Figure 7.4 (b)) are shown in Figure 

7.16. When the offset microcrack is located ahead of the main crack it can lead to a 

decrease in apparent toughness similar to the aligned single microcrack model. However, 
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the crack tip; the J-integral is greatly reduced at the main crack tip leading to an increase 

in apparent toughness. Both of these effects decrease as the microcrack is located further 

from the crack tip in the vertical (Y) and horizontal (X) direction and increase as the 

microcrack increases in length. In general, the results of the single microcrack models 

show that microcracks located completely ahead of the main crack lead to a decrease in 

apparent toughness whereas microcracks located aligned with or behind the main crack 

lead to an increase in apparent toughness. 

 

Figure 7.15: (a) Results for single aligned microcrack model. Normalised J-integral 
plotted against spacing ahead of the main crack. (b) Normalised J-integral plotted against 
microcrack length. 

 

 

Figure 7.16: (a) Normalised J-integral plotted against microcrack position along the crack 
path for a single microcrack of length 60µm (note that negative values are located behind 
the crack tip). (b) Normalised J-integral plotted against microcrack position along the crack 
path for a single microcrack of length 120µm 
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The results for the microcrack array model with microcracks ahead of and aligned with the 

main crack (Figure 7.5) are shown in Figure 7.17 while the results for the microcrack array 

model with microcracks ahead of and offset with the main crack are shown in Figure 7.18. 

Both of these models show that microcracks ahead of the main crack decrease 

toughness, with the decrease in toughness becoming more severe with longer 

microcracks. This finding is the same as for the single microcrack models. The results for 

the array models also show that the spacing of the microcracks ahead of the main crack 

and between each other has a minimal effect on the toughness. An increase in the size 

of the region that the microcracks where generated in (increase in Rx, Ry) did however 

cause the decrease in toughening to be more severe. 

 

Figure 7.17: Results for the aligned array of microcracks ahead of the main crack tip. (a) 
Normalised J-integral plotted against microcrack spacing for a fixed region 600µm ahead 
of the crack tip. (b) Normalised J-integral plotted against microcrack spacing for a fixed 
region 1200µm ahead of the crack tip. 

 

Figure 7.18: Results for the offset array of microcracks ahead of the main crack tip. (a) 
Normalised J-integral plotted against microcrack spacing for a fixed region 600µm ahead 
of the crack tip. (b) Normalised J-integral plotted against microcrack spacing for a fixed 
region 1200µm ahead of the crack tip. 
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The results for the array microcrack model with microcracks ahead of and behind the main 

crack (Figure 7.6) are shown in Figure 7.19. For all cases the model shows a decrease in 

apparent toughness. This result suggests that for microcracks spaced equally ahead and 

behind the main crack the overall effect is a net decrease in apparent toughness. This 

suggest that the beneficial effect of microcracks behind the main crack is offset by the 

detrimental effect of microcracks ahead of the main crack. However, if all microcracks are 

located in the crack wake the net effect would be a significant increase in apparent 

toughness. 

 

Figure 7.19: Results for the microcrack array spaced equally ahead of and behind the 
crack tip. (a) Normalised J-integral plotted against microcrack spacing for a fixed region 
rectangular 600µm about the crack tip. (b) Normalised J-integral plotted against 
microcrack spacing for a fixed region rectangular 1200µm about the crack tip. 
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7.4.1 Material Models Discussion 

The set of first finite element models analysed in this study considered the effects of 

isotropic and orthotropic modulus behaviour. The isotropic model showed excellent 

agreement with the ideal case as described by the standard equations in ASTM E1820. 

Thus, for the isotropic model the normalised J-integral tended towards unity, except for 

the region near the wedge shape starter notch. The decrease in normalised J-integral can 

be attributed to the non-ideally sharp wedge starter notch interfering with the stress field 

around the crack tip when the crack length is small. Note that the standard equations for 

the compact tension geometry assume an ideally sharp crack hence this difference is 

expected.  

Both the longitudinal and transverse orthotropic material models showed significantly 

different J-integral values when compared to the isotropic case. Cortical bone is an 

orthotropic material (Burstein et al., 1972a; Currey, 1975; Reilly et al., 1974; Reilly and 

Burstein, 1975). This orthotropic material behaviour will lead to changes in the stress field 

around the crack tip when compared to the same geometry with an isotropic material 

behaviour. This results in a different value measured for the crack tip J-integral. Note that 

for the pure mode I case analysed here the J-integral is directly proportional to the mode 

I stress intensity factor KI. This mode I stress intensity factor is a function of the stress 

field at the crack tip and perpendicular to the crack path. Thus, any differences in the crack 

tip J-integral due to using an orthotropic material model are a direct result of changes in 

the local stress field. For the case of a longitudinally orientated specimen the J-integral at 

the crack tip was found to be lower than the isotropic case for the same applied load. 

While for the case of the transverse orientation the J-integral at the crack tip was 

significantly higher than the isotropic case. The difference in the local crack tip stress field 

(and therefore the crack tip SIF) is due to the differing levels of elastic constraint in the 

crack path direction for each of the two cases 

Overall, the results of this model show that for the longitudinal case the crack tip J-integral 

is lower than that calculated using the isotropic model while the crack tip J-integral is 

higher for the transverse case. Note that the experimental fracture resistance techniques 

used in this thesis apply the isotropic equations to calculate the elastic component of the 

J-integral (as do many past studies Barth et al., 2011; Koester et al., 2011; Kulin et al., 

2011a; Nalla et al., 2004a; Vashishth et al., 1997; Zimmermann et al., 2011). Therefore it 

is possible that the true longitudinal fracture resistance is lower than the values calculated 

using the isotropic equations while the true transverse fracture resistance is probably 

higher than the values calculated using the isotropic equations. 
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7.4.2 Ligament Bridge Model Discussion 

The second set of finite element models analysed the effects of ligament bridging on the 

toughness of cortical bone. For the purpose of this model ligament bridges were 

represented as spring elements along the crack path. The results of this model showed 

that the toughening effect of the ligament bridge increased with increasing ligament bridge 

size and ligament bridge stiffness. The ligament bridge toughening mechanism works by 

reducing the stresses at the crack tip as the applied load is carried directly across the 

crack faces by the bridge. The reduced stress at the tip means a lower stress intensity 

factor (or J-integral). Both increasing the ligament bridge size (i.e. adding more spring 

elements increases total bridge stiffness) and increasing the spring element stiffness 

leads to an increase in the total bridge stiffness. If a ligament bridge becomes stiffer it will 

support a larger proportion of the load applied to open the crack faces. Thus for a ligament 

bridge with a higher total stiffness, less of the applied load will be transmitted to the crack 

tip leading to an increased toughening effect. 

The toughening effect of the ligament bridge was also increased if the ligament bridge 

was located closer to the starter notch (i.e. further away from the crack tip). The increased 

toughening as the ligament bridge is positioned closer to the starter notch is due to the 

bridge being closer to the applied load points. This provides a more direct path for load 

transfer and hence the ligament bridge supports a larger portion of the applied load. The 

portion of applied loading that is supported by the ligament bridge is not transferred to the 

crack tip. This leads to an increase in apparent toughness. However, it is possible that the 

toughening effect from the ligament bridge position may be exaggerated compared to real 

ligament bridges in cortical bone. The reason for this is that the finite element model 

analysed here is purely linear and does not allow for bridge weakening or yielding. It is 

possible that in bone bridges near the notch (i.e. far from the crack tip) will experience 

large displacements causing them to yield, weaken and eventually break. For future work 

this could be modelled by reducing the stiffness of the spring elements as the bridge is 

located closer to the starter notch or as the bridges experience large displacement.  

The finite element model was run for a wide range of ligament bridge conditions (e.g. 

stiffness and position). Therefore it is necessary to consider these results against the 

range of ligament bridge parameters that would be realistic for cortical bone. The results 

from experimental work needs to be analysed to determine the feasible range of the 

parameters in the model and the subsequent toughening effect. Previous experimental 

work by Nalla et al. (2005) investigated the effect of ligament bridges on the stress 

intensity factor at the crack tip for longitudinal compact tension specimens by sequentially 

cutting the bridges out of the crack path and continuously measuring the specimen 
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compliance (note that the compliance is the inverse of the specimen stiffness measured 

in mm/N). A fracture specimen with a bridged crack will be less compliant than a specimen 

with an ideal crack path as the bridges will act to support some of the load that is applied 

to open the crack faces. The study by Nalla et al. (2005) found that a bridged crack had a 

compliance of 0.003 mm/N while the same crack with bridges removed by machining had 

a compliance of 0.006 mm/N giving a ~50% decrease in compliance due to bridging along 

the crack path. Overall, the specimens presented in the study by Nalla et al. (2005)  

showed a decrease in the stress intensity factor at the main crack tip of 1.9-2.4 MPa√m. 

The bridged stress intensity factor was calculated by Nalla et al. (2005) using: 

 𝐾𝑏𝑟 =  𝐾𝑎𝑝𝑝 − 𝐾𝑐𝑡 (7.1) 

 

where Kapp is the apparent stress intensity factor calculated from the crack geometry and 

remote loading; Kbr is the contribution of bridging to the apparent stress intensity factor 

and Kct is the true stress intensity factor at the crack tip. Assuming E = 11GPa for 

longitudinal cracking in human bone and equation 2.8, this gives a range of Jbr = 0.32-

0.52kJ/m2 due to bridges along the crack path. Note that the process of machining out the 

crack path to remove the bridges may also remove any crack deflection or microcracking 

so it is probable that the results from Nalla et al. (2005) over estimate the contribution of 

ligament bridging to the overall toughening behaviour. In addition, the data from Nalla et 

al. (2005) included only three compact tension specimens and may not represent the full 

range of data for bridged cracks in cortical bone. The bridged stress intensity factor does 

however give an indication of the upper limit of the contribution of ligament bridges to the 

overall toughening behaviour in the longitudinal direction.  

In order to compare the finite element model in this study to the bridged J-integral given 

above the data needs to be converted to a ‘bridge’ J-integral value for each test run (rather 

than the normalised J-integral). This can be done by substituting the relationship between 

the stress intensity factor ‘K’ and the J-integral ‘J’ from equation 2.8, into equation 7.1: 

 
𝐽𝑏𝑟 =  √𝐽𝑎𝑝𝑝

2 − 𝐽𝑐𝑡
2 

(7.2) 

 

where ‘Jbr’ is the bridge J-integral, ‘Japp’ is calculated from the reaction load data taken 

from the finite element model and ‘Jct’ is the crack tip J-integral taken from the finite 

element model. The bridged J-integral was calculated for each and compared to the 

average bridged J-integral calculated from the data in Nalla et al. (2005) (i.e. a limit of Jbr 

= 0.42kJ/m2). The data was then limited to only include the cases where the bridged  
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J-integral was below the given limit. The limits for each parameter of the ligament bridge 

model were then found from this data set, with the results shown in Table 7.2. Note that 

the parameters were analysed based on the maximum toughening observed (i.e. 

minimum Jct/Jideal). Thus, the results from the ligament bridge finite element model gives 

toughening due to bridging up to Jct/Jideal = 0.37 for the case where, k = 500 N/m, L = 0.05 

and P = 0.9.  

 

Table 7.2: Limits for ligament bridge parameters based on maximum toughening 
observed within the bounds of the experimental data given by Nalla et al. (2005) 

Maximised 

Variable 

Other Variables  Apparent 

Toughness 

K (N/mm) L (% CEXT) P (% CEXT) Jct/Jideal 

500 0.05 0.9 0.37 

L (% CEXT) K (N/mm) P (% CEXT) Jct/Jideal 

0.5 5 0.3 0.53 

P (% CEXT) K (N/mm) L (% CEXT) Jct/Jideal 

0.1 25 0.1 0.47 

 

For real longitudinal cortical bone fracture specimens ligament bridges will occur along a 

larger portion of the crack than the 5% given for the maximum toughening case. Ligament 

bridges in cortical bone can take up a large proportion of the crack path as shown from 

the images given in Nalla et al. (2005) and the crack path images taken in the first 

experimental study (see Figure 3.7 and Figure 3.8). Therefore the estimate given for the 

bridges covering 50% of the crack path is likely to be a more accurate estimate of the 

toughening due to bridging at Jct/Jideal = 0.532. 

The finite element model analysed in this study only considered a single ligament bridge 

along the crack path whereas the data taken from Nalla et al. (2005) may have included 

multiple bridges present along the crack length of the specimen. For the longitudinal 

specimens analysed in the experimental work of this thesis multiple ligament bridges were 

observed (see Figure 3.7). Thus, for future work it would interesting to analyse the effects 

of multiple bridges along the crack path and compare this to further sequential cutting 

experiments. It would also be beneficial to examine the stress distribution along the crack 

faces due to bridging. These models could also incorporate a softening effect for bridges 

that reach a certain displacement limit near the starter notch.  
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Overall, the results from the ligament bridge finite element model show that ligament 

bridging contributes significantly to the fracture toughening behaviour of cortical bone and 

that this toughening behaviour can be modelled using spring elements across the crack 

faces. 

7.4.3 Crack Deflection Model Discussion 

The third set of finite element models analysed the effects of crack deflection on the 

toughening behaviour of cortical bone. The first two crack deflection models (Figure 7.3) 

analysed the case of 90 degree deflection while the second two crack deflection models 

(Figure 7.4) analysed the case of an arbitrary angle deflection. In general these models 

showed that the apparent toughening effect of crack deflection increases with increasing 

deflection angle up to the limiting case of a 90 degree deflection where the increase in 

apparent toughness is maximised. The following discussion will briefly analyse the results 

of each of the crack deflection models and then relate this back to the experimentally 

observed crack paths from experiments 1-3.  

The first 90 degree crack deflection model (Figure 7.3 (a)) showed the limit of the apparent 

toughening effect for this case is Jct/Jideal ~ 0.4. This model also showed that the 

toughening effect of a 90 degree deflection is only maximised if the deflection height is 

small relative to the overall crack length. The second 90 degree deflection model showed 

that a portion of straight crack growth following the deflection reduced the apparent 

toughening effect. This result can be expressed in two different ways: 1) for a crack of a 

particular total length the greatest toughening effect occurs when the deflected region is 

nearest to the crack tip or 2) as the crack continues to grow from a deflected region the 

toughening effect reduces back to unity (i.e. the pre-deflected value). However, if the 

deflection offset is large then this can lead to an interaction effect with the finite specimen 

geometry leading to an increase in the crack tip J-integral.  

The first and second arbitrary angle crack deflection models show that the apparent 

toughening effect due to crack deflection increases with increasing deflection angle. This 

effect is maximised for the case of a 90 degree deflection as shown in the first two 

deflection models. Similar to the second 90 degree crack deflection model the second 

arbitrary angle crack deflection model also showed that the apparent toughening effect 

was reduced with a straight portion of crack growth following the deflected region. It is 

interesting to note that the magnitude of the toughening due to crack deflection for the 

case of deflection up to an angle of 45 degrees (Jct/Jideal > 0.9) is small when compared to 

ligament bridging (Jct/Jideal > 0.5). For longitudinal fracture the deflection angle rarely 

exceeds 45 degrees and the deflection length is only a short proportion of the crack path 

(see crack path images from experiment 1, Figure 3.7 and experiment 2, Figure 3.8). 
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Specifically, for the longitudinal crack growth many small crack deflections are observed 

along the crack path with each of these deflected regions returning to straight crack growth 

following the small deflected region. The second arbitrary crack deflection model further 

supports this argument by showing that a return to straight crack growth following a 

deflected region quickly eliminates the apparent toughening effect of crack deflection. 

Thus, for longitudinal cracking it is expected that crack deflection will have diminished 

significance when compared to ligament bridging. The combination of results from the 

ligament bridge and crack deflection models support the hypothesis that ligament bridging 

is the dominant toughening mechanism for longitudinal crack growth in cortical bone.  

The deflection finite element models also show that significant toughening (Jct/Jideal ~ 0.4) 

due to crack deflection is possible if the deflection angle is greater than 70 degrees and 

the deflection occurs over only a small portion of the crack length (with the limit being the 

semi-infinite case with apparent toughening of Jct/Jideal ~ 0.4). For transverse fracture 

specimens it is not uncommon for crack deflections of 80-90 degrees to occur over very 

small portions of crack extension in the direction of optimal mode I driving force. See for 

example the crack path images from experiments 2 and 3 (Figure 4.9 and Figure 5.10) or 

the crack path images for human specimens in Koester et al. (2008) and Zimmerman et 

al. (2009). For longitudinal fracture in bone, ligament bridging is the predominant 

toughening mechanism and for this mechanism to be effective a large proportion of the 

crack path must be occupied by bridges that form as the crack grows in the direction of 

optimal driving force (R. . Nalla et al., 2005; Nalla et al., 2004b). While for transverse 

fracture toughening can occur over very small portions of crack extension due to large 

deflections from the direction of optimal driving force. This result explains why toughening 

in the transverse direction for bone occurs at a much higher rate than the longitudinal 

direction.  

For all of the deflection finite element models the limiting case is a 90 degree deflection 

from the main crack path, in this case the apparent toughening effect from crack deflection 

approaches the ideal value of Jct/Jideal ~ 0.4. It should be noted that this toughening effect 

is only maximised if the deflection height is small relative to the crack length. The reason 

for this maximisation of the toughening effect is related to the J-integral including both 

mode I and mode II components as shown in equation 7.1. If the deflection height 

increases the overall toughening effect is reduced as mode II crack growth behaviour 

begins to dominate over the initial mode I crack. Therefore, to maximise the effectiveness 

of the crack deflection mechanism it would be beneficial if the main crack arrested after a 

small portion of growth at 90 degrees and then has to break across the fibres in mode I 

before initiating another 90 degree deflection. This optimal toughening behaviour is 
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evident in the ‘stair step’ like pattern of crack growth observed in experiments 2 and 3 for 

transverse crack growth in bovine bone. In addition to this, for the crack to deflect back 

across the collagen fibres it would be necessary for the driving force of crack growth to 

overcome the strength of the fibres. This fibre breakage mechanism is likely to be a plastic 

phenomenon and it is probable that this would have a significant effect on the plastic 

component of the J-integral. It should also be noted that even if a crack is arrested and 

deflects back across the collagen fibre the driving force for crack growth is quickly 

consumed and the crack will subsequently encounter another weak interface in the 

structure causing further crack deflection. As crack deflection is the dominant toughening 

mechanisms for transverse mode I cracking it would be expected that not only would there 

be a significant increase in toughening for the elastic component of the J-integral but there 

may also be significant toughening for the plastic component of the J-integral. 

Previous analytical modelling of crack deflection shows similar trends to those observed 

in the single deflection models of this study. (Cotterell and Rice, 1980; Erdogan and Sih, 

1963; Williams and Ewing, 1972) It should be noted that these analytical models analyse 

the case for which the crack has finite length and the deflection region is infinitesimally 

small compared to the crack length. It is also interesting to note that the results of the 

crack deflection finite element models are similar to crack deflection toughening in 

engineering fibre composites. It has been shown in engineering composites that crack 

deflection along a perpendicular weak interface can provide significant toughening, but 

only if the crack does not then propagate across the stronger material in the direction of 

optimal mode I driving force (Liu and Yang, 2014). This was shown in the crack deflection 

models that included a region of straight crack growth after the deflected region. The 

models presented in this study showed that the crack deflection mechanism greatly 

reduces its effectiveness when the crack straightens and continues to grow. 

In summary, the results of the crack deflection finite element models provide significant 

insight into the overall contribution of crack deflection to the fracture resistance behaviour 

of cortical bone. The limiting case for an increase in apparent toughness is for a 90 degree 

deflection with a small height compared to the overall crack length giving Jct/Jideal ~ 0.4. 

As large angle (>80°) deflections are common for transverse crack growth in cortical bone 

it is likely that the crack deflection mechanism is responsible for the rate of toughening 

observed for this case. For longitudinal crack growth in cortical bone the results from the 

finite element models show that the contribution of crack deflection to the overall 

toughness is minimal for two reasons: 1) the deflection angles are small, θ < 45 giving 

Jct/Jideal > 0.9 and 2) the crack deflects back to a straight path following only a small 

deflection region. 
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7.4.4 Microcracking Model Discussion 

The fourth set of finite element models analysed the effects of individual microcracks and 

arrays of microcracks on the apparent toughness of cortical bone. The general trend for 

results from both the single and array microcrack models showed that microcracks ahead 

of the main crack tip decreased the apparent toughness of bone while microcracks aligned 

with or behind the main crack caused an increase in apparent toughness. The increase 

or decrease in apparent toughness from both of these models became more significant if 

the microcrack was located near the main crack tip or if the length of the microcrack was 

increased. The final array model showed that if there are microcracks both ahead and 

behind the main crack tip this causes a net decrease in apparent toughening. Thus, the 

detrimental effect of microcracks ahead of the main crack tip is dominant over the 

toughening due to microcracks behind the main crack tip. 

The results from the microcrack finite element model agree with the results of analytical 

and numerical models of microcrack process zones in brittle engineering materials. These 

models showed that microcracks in the zone ahead of the main crack acted to amplify the 

main crack stress intensity factor while microcracks behind the crack tip acted to shield 

the main crack (Kachanov, 1987; Meguid et al., 1991a). Similar studies in engineering 

materials also showed that for random arrays of microcracks both behind and ahead of 

the main crack the net effect was a decrease in toughness (Kachanov et al., 1990; Meguid 

et al., 1991b). In general, for a toughening effect to be observed due to an array of 

microcracks around the crack tip the distribution of microcracks needs to be skewed such 

that the microcracks behind the crack tip are closer to the main crack tip than the 

microcracks ahead of the main crack tip or there needs to more microcrack located behind 

the crack tip. For fracture in cortical bone further analysis of microcrack distributions will 

be needed to determine if the microcracks are biased towards configurations that will 

cause toughening; this would be an interesting area for future work combining 

experiments and finite element modelling.  

While the presence of a randomly distributed array of microcracks is detrimental for a 

stationary crack in an elastic medium this does not rule out toughening due to the 

formation of microcracks during crack growth (Meguid et al., 1991a). Specifically, the 

formation of microcracks during crack growth can consume energy that would otherwise 

be used to propagate the main fracture. Further, the results of the microcracking finite 

element in this study suggest that microcracks ahead of and offset from the main crack 

may provide initiation sites for other toughening mechanisms such as ligament bridging 

and crack deflection (this is discussed in the next paragraph). 
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For the single offset microcrack model a significant decrease in the J-integral at the main 

crack tip was observed when an offset (in the vertical ‘Y’ direction) microcrack was aligned 

with or behind the main crack (in the horizontal ‘X’ direction). The significant decrease in 

the main crack J-integral suggests that the microcrack is shielding the main crack and 

potentially has a higher J-integral than the main crack. If this is the case the microcrack 

would grow instead of the main crack. Therefore further analysis was conducted to 

analyse the J-integral at the microcrack tip and then compare this with the J-integral at 

the main crack tip. Figure 7.20 shows the ratio of the J-integral at the microcrack tip ‘Jmc’ 

to the J-integral at the main crack tip ‘Jct’ plotted against position in the X direction with 

the separate lines showing the position in the Y direction. Note that the microcrack tip J-

integral ‘Jmc’ was measured from the farthest tip in the positive ‘X’ direction. When the 

microcrack J-integral ratio is greater than one ‘Jmc/Jct >1’ this indicates that either the 

microcrack will grow or both the microcrack and main crack will grow (it is also possible 

for both the main crack and the microcrack to grow if both of the main crack J-integral and 

microcrack tip J-integral exceed the material toughness). 

 

Figure 7.20: Ratio of the J-integral at the microcrack tip to the J-integral at the main crack 
tip ‘Jmc/Jct’ plotted against the X and Y position with respect to the crack tip. Note that a 
negative X value is locates the centre of the microcrack behind the main crack tip. (a) 
Shows results for a microcrack 60µm in length and (b) shows result for a microcrack 
120µm in length. 

Additional analysis was conducted for the limiting cases; when the microcrack is 

positioned such that the main crack J-integral is maximised and when it is minimised (i.e. 

the maximum and minimum points shown in Figure 7.16). Contour plots for the von Mises 

stress and crack tip shapes are given in Figure 7.21 (a) for the case where the main crack 

tip J-integral is maximised and Figure 7.21 (b) for the case where the main crack tip J-

integral is minimised. Note that the von Mises stresses are presented for visual purposes 

-200 0 200
0

0.2

0.4

0.6

0.8

1

1.2

Microcrack Length,
 L

mc
 = 60m

X Position, (m)
(a)

J
m

c
/J

c
t

-200 0 200
0

1

2

3

4

Microcrack Length,
 L

mc
 = 120m

X Position, (m)
(b)

J
m

c
/J

c
t

 

 

Y = 30m

Y = 60m

Y = 90m

Y = 120m

Y = 150m

Y = 210m

Y = 300m



Chapter 7: Finite Element Modelling 2 

 
 

 
145 

as the relative magnitude of the von Mises stress distribution around a crack tip gives a 

rough indication of the severity of the stress singularity at this point. For the case shown 

in Figure 7.21 (a), the main crack tip J-integral is Jct = 1.03 kJ/m2 while the microcrack tip 

J-integral is Jmc = 0.27 kJ/m2. For the case in Figure 7.21 (b) the main crack tip J-integral 

is Jct = 0.12 kJ/m2 while the microcrack tip J-integral is Jmc = 0.48 kJ/m2. In the case of 

Figure 7.21 (a) the higher main crack tip J-integral would cause the main crack to continue 

its growth alongside the microcrack. As the main crack grows alongside the microcrack 

this would then reduce the main crack driving force, leading to a similar situation to that 

shown in Figure 7.21 (b) in which the main crack arrests and an uncracked ligament bridge 

is formed. This result suggests that microcracks offset from and near to the main crack 

path will most likely lead to the formation of uncracked ligament bridges. In practice this 

suggests that microcracks formed in the process zone of a growing macro crack in bone 

are therefore most likely to be the sites of ligament bridge formation. 

 

 

Figure 7.21: Contour plot of von mises equivalent stress (MPa) overlaid on the deformed 
shape of the offset microcrack model. (a) Maximum main crack tip J-integral case and (b) 
minimum main crack tip J-integral. For both cases the microcrack shown is 120µm long. 

 

(a) 

(b) 
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This analysis of ligament bridge formation from microcracks does not include the effects 

of microstructural interfaces on the formation of ligament bridges. It is probable that larger 

ligament bridges can be formed if the main crack encounters a barrier in the microstructure 

that acts to arrest the main crack. If there is then a microcrack located in a weak interface 

of the microstructure in a location far from the crack tip this may still initiate a ligament 

bridge if the driving force required to initiate the microcracks growth is lower than that 

required for the main crack to break through the microstructural barrier. 

7.5 Conclusion 

The purpose of this finite element study was to decouple and investigate the relative 

contributions of different fracture toughening mechanisms to the fracture resistance of 

cortical bone. This was achieved by modelling the individual toughening mechanisms then 

relating each of the finite element models to experimental work presented in this thesis 

and the experimental work of others. The toughening mechanisms investigated were 

microcracking, ligament bridging, and crack deflection. The major findings for each of the 

finite element models analysed is summarised below: 

1. Ligament bridging can contribute significantly to the apparent toughness increase for 

the elastic component of the J-integral up to a magnitude of Jct/Jideal ~ 0.5. 

2. Crack deflection leads to significant increase in apparent toughness (Jct/Jideal ~ 0.4) for 

the limiting case of a 90 degree deflection with a small height relative to the main crack 

length 

3. The apparent toughening effect of crack deflection is reduced if the crack straightens 

after the deflected region, then as the straight portion continues to grow the 

toughening effect reduces to the pre-deflected value 

4. Compared to ligament bridging, crack deflection does not significantly contribute to 

the longitudinal fracture resistance 

5. Crack deflection contributes significantly to the elastic component of the transverse 

fracture resistance as transverse crack growth shows large angle deflections (θ > 80°) 

6. For microcracks to alter the main crack tip J-integral they need to be located near the 

crack tip (within a distance of double the microcracks length). 

7. Microcracks ahead of the main crack tip act to amplify the elastic component of the 

main crack tip J-integral and reduce apparent toughness. 

8. Microcracks behind the crack tip act to shield the crack tip from the applied loading 

leading to an increase in apparent toughness. 

9. Offset microcracks can shield the main crack tip from the applied load and lead to the 

formation of other toughening mechanisms such as crack deflection and ligament 

bridging. 
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7.6 Limitations and Future Work 

The results of the finite element models presented in this study provide further insight into 

the toughening mechanisms and fatigue fracture interaction mechanisms in cortical bone 

however, it is also useful to analyse limitations of these models as they can suggest 

directions for future work. All finite element models in this study analysed the fracture 

behaviour of cortical bone in two dimensions. Thus, it is assumed that all toughening 

phenomena occur through thickness. For the case of ligament bridging and crack 

deflection, experimental data shows that these crack path toughening mechanisms do 

occur through thickness (Nalla et al., 2005; Zimmermann et al., 2011). In the case of crack 

deflection it is also possible that the crack can twist in the through thickness direction as 

has been shown by micro-CT scans of crack paths in bone (see for example: Koester et 

al. (2011)). Fracture phenomena such as microcracking and plastic deformation about the 

crack tip are also three dimensional in nature. Single fatigue or fracture microcracks do 

not generally occur completely through the thickness of a bone specimen, but it is likely 

that a zone of microcracks occurs through the thickness of the fracture specimen. 

However, it is not known how the distribution of microcracks varies through the thickness 

for either fatigue or fracture specimens of cortical bone during crack growth. The three 

dimensional distribution of microcracks for crack propagation in cortical bone would be an 

interesting area of future work that would provide further insight into the mechanisms of  

fatigue fracture interaction. Knowledge of the three dimensional distribution of microcracks 

around a crack tip in cortical bone would also allow the finite element models developed 

in this research to be extended to analyse three dimensional arrays of microcracks around 

a main crack tip. The three dimensional distribution of microcracks may also provide 

further insight into crack path toughening mechanisms such as crack twist as it may be 

possible that the effect of an array of microcracks on the stress field in three dimensions 

results in the occurrence of crack twist. 

Another limitation of this work is that it only analysed the effects of the various toughening 

mechanisms on the linear elastic fracture behaviour of cortical bone; that is, Jel. Thus, 

there is potential future work to analyse the contribution of each of these mechanisms to 

the plastic component of the J-integral, ‘Jpl’. However, this analysis is complicated by the 

fact that plasticity in bone occurs over multiple length scales (unlike metals where plasticity 

occurs mainly at the nanoscale due to dislocation motion). Specifically, plasticity in bone 

occurs at the nano-scale by slip of collagen fibres/fibrils while plasticity at the micro-scale 

occurs in the form of microcracking and diffuse damage (Boyce et al., 1998; Burstein et 

al., 1972b; Vashishth et al., 2003). Thus, a macroscale tensile test will give results that 

include the contribution of both microcracking and plastic slip to the non-linear (or “plastic”) 



Chapter 7: Finite Element Modelling 2 

 
 

 
148 

region of the stress strain curve. Implementing this behaviour as a bi-linear plasticity 

model in the finite element analysis is possible. However, if the microcracks are then 

directly modelled the contribution of the microcracks will be accounted for multiple times, 

once by the bi-linear plastic material model and once by the directly modelled microcracks. 

At this time there is no simple solution to this problem. However, it is possible that the 

solution lies in the use of multiscale finite element models. This type of model combines 

a microstructural model of a region of interest with a bulk material of a bone and/or 

specimen, an example of this type of model is given in Ural and Mischinski (2013b). The 

comparison of these multiscale models with experimental fracture data and direct 

modelling of fracture toughening mechanisms is an interesting area for future research. 
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8 General Discussion and Conclusion 

8.1 Summary of Previous Findings 

The global aim of the research presented in this thesis was to investigate the effects of 

fatigue induced microdamage on the fracture resistance behaviour of cortical bone. This 

aim was achieved by combining the results of fracture resistance experiments and finite 

element modelling to analyse the mechanisms by which fatigue damage alters the fracture 

toughening behaviour of cortical bone. Three separate experiments were conducted to 

analyse the effects of fatigue induced damage on both the longitudinal and transverse 

fracture resistance of cortical bone. These were:  

 Experiment 1: Longitudinal Fatigue Fracture Interaction in Cortical Bone 

 Experiment 2: Longitudinal and Transverse Fatigue Fracture Interaction in Cortical 

Bone 

 Experiment 3: Fatigue Fracture Interaction in Cortical Bone for Different Fatigue 

Damage Morphologies 

From the results of each of these experiments the fracture resistance curves and optical 

crack path analysis was combined to propose mechanisms of fatigue fracture interaction. 

Following the experimental work presented in this thesis, further analysis of the fracture 

toughening mechanisms in cortical bone was conducted using a finite element modelling 

approach. This finite element modelling involved directly modelling each of the major 

toughening mechanisms in cortical bone (i.e. crack deflection, ligament bridging and 

microcracking). The results from the finite element models were then considered in light 

of the experimental studies to provide further understanding of the mechanisms of fatigue 

fracture interaction. The purpose of the following summary is to briefly revise each of the 

experimental and modelling components presented in this thesis. After the summary 

presented in this section. The following two sections will aim to synthesise the 

experimental and modelling work to produce a model of toughening in cortical bone.  

The first experimental study (Chapter 3) presented in this thesis analysed the effects of 

fatigue microdamage on longitudinal fracture resistance of cortical bone. The fracture 

resistance curves and analysis of the crack paths of both the fatigue damaged and control 

groups were used to propose mechanisms by which the fatigue damage interacted with 

both crack initiation and crack growth. The results of this study showed that the fracture 

initiation toughness and the growth toughness were significantly reduced by fatigue 

induced damage. The reduction in fracture initiation toughness was attributed to a 

microcrack saturation mechanism, where the fatigue induced microcracks occupied the 

existing weak interfaces in the microstructure inhibiting the formation of new microcracks 



Chapter 8: Discussion and Conclusion 

 
 

 
152 

that would normally absorb energy during crack growth. The results from this experiment 

also showed that the growth toughness was reduced due to fatigue induced damage. 

Three mechanisms of fatigue fracture interaction were proposed in this study to explain 

the reduced growth toughness. These were: 1) fatigue induced microcracks inhibiting the 

formation new microcracks, 2) aligned microcracks linking with the main crack, and 3) 

offset microcracks that can form ligament bridges or crack deflection. Subsequent crack 

path analysis showed that the first mechanism is the most prevalent and is therefore most 

likely to be responsible for the decrease in growth toughness in longitudinal specimens. 

The second experimental study (Chapter 4) analysed the effects of fatigue damage on 

uniform beam specimens that were subsequently notched and fracture tested. This study 

also attempted to analyse the effects of fatigue damage on the longitudinal and transverse 

fracture resistance of cortical bone. The results of this study showed no significant 

difference between the fracture resistance curves for the longitudinal or transverse 

fracture specimens when compared to their respective control groups. Subsequent 

analysis of the fatigue damage zones and crack paths showed that the fatigue damage 

was concentrated on the edges of the fracture specimen away from the fracture initiation 

and crack growth region. Therefore, as the fatigue damage was not interacting with the 

main crack path no effect was observed on the fracture resistance. While this experiment 

was not successful in analysing fatigue fracture interaction mechanisms it demonstrated 

that fatigue damage needed to directly interact with the crack path or the stress field 

around the crack tip to alter the fracture resistance behaviour. The results from this study 

also showed the contrast between the fracture toughening mechanisms that are 

responsible for the overall fracture resistance in both the longitudinal and transverse 

directions. Specifically, for longitudinal crack growth ligament bridging is the most 

prevalent toughening mechanism while for transverse crack growth the most prevalent 

toughening mechanism is crack deflection. 

The third experimental study (Chapter 5) analysed the effects of both tensile diffuse 

damage and compressive fatigue microcracks on the transverse fracture resistance of 

cortical bone. Analysis of the fracture resistance curves for the tensile diffuse damaged 

specimens showed no difference in fracture behaviour. The reason for this is that the 

diffuse damage did not interact with the microstructural interfaces that are responsible for 

toughness in the transverse direction. The fracture resistance curve and crack path 

analysis for the compressive microcrack group show that while compressive microcracks 

did reduce the fracture initiation toughness they did not alter the growth toughness. The 

reduction in fracture initiation toughness for compressive microcracks was attributed to a 

microcrack saturation mechanism similar to the first study. It was also shown that the 
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microcracks provided weak sites in the microstructure at which the crack could initiate at 

lower energy cost (i.e. a reduction in local material strength). While there was a significant 

difference in the fracture initiation toughness for the compressive fatigue group there was 

no significant difference in growth toughness. For the compressive fatigue group crack 

path analysis showed that both control and damaged specimens had significant amounts 

of crack deflection. Hence, there was no observed effect on the transverse rate of 

toughening after the crack had initiated as the crack deflection mechanism was not altered 

by the presence of the fatigue damage.  

Following the experimental studies two finite element modelling studies were conducted. 

The first finite element modelling study aimed to analyse the effects of the circular notched 

fracture specimen geometry on the fracture resistance curves while the second 

experimental study analysed the contribution of individual crack path toughening 

mechanisms to the overall fracture resistance curve. The first and third experimental 

studies utilised a circular notched fracture specimen geometry, for these studies it was 

assumed that this would not alter the statistical comparison of fracture resistance 

behaviour between groups. The purpose of the first finite element study was to verify that 

this assumption was valid with the added benefit that future studies using this geometry 

would be able to use standard equations for statistical comparison. This study verified the 

assumption and it was found that the presence of the circular notch only caused a 

translation of the fracture resistance curve for both the circular notched compact tension 

specimen and the circular notched single edge notched bend specimens. Consequently, 

the comparison of control and damaged groups for experiments 1 and 3 remained 

unchanged by the effects of the circular notch. Thus, future experiments using a circular 

notch geometry can still use the equations outlined in ASTM standard E1820 without 

having to derive new equations for each individual geometry as the comparison between 

fracture variable is still valid.  

The second finite element study directly modelled various toughening mechanisms in 

cortical bone in order to determine the contribution of each of the mechanisms to overall 

fracture resistance. This study analysed the following toughening mechanisms: ligament 

bridging, crack deflection and microcracking. When the results of the ligament bridging 

model were considered with respect to other published work it was found that the apparent 

toughening due to ligament bridging is significant in the longitudinal direction. The crack 

deflection model showed that for small angle deflections over a small portion of the crack 

path the apparent toughening effect is minimal. These small angle deflections are similar 

to those observed for longitudinal fracture and show that for this fracture orientation 

ligament bridging has a much more significant contribution to the overall fracture 
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resistance. However, for large angle deflection over short portions of crack extension the 

apparent toughening effect due to crack deflection was significant. This type of large angle 

crack deflection was typical of crack paths observed in the experimental studies for 

transverse fracture specimens. Hence, the fracture resistance in the transverse direction 

can be largely attributed to the large angle deflections that occur along the crack path. 

The microcrack finite element model showed that microcracks either shield or amplify the 

J-integral at the main crack. Specifically, microcracks ahead of the main crack acted to 

amplify the main crack J-integral while microcracks behind the crack tip act to shield the 

main crack J-integral. For the case where the microcracks are arrayed equally behind and 

ahead of the crack the detrimental effect of the cracks in front of the main crack is 

dominant resulting in and overall decrease in apparent toughness. Despite this decrease 

in apparent toughness due to the presence of microcracks ahead of the crack tip it was 

shown that offset microcracks can lead to the formation of other toughening mechanisms 

along the crack path such as ligament bridging or crack deflection. 

8.2 Model of Fracture Mechanisms in Cortical Bone 

The combination of experimental and numerical results presented in this thesis provides 

support for a model of toughening behaviour in cortical bone (shown in Figure 8.1). 

Ultimately the toughening mechanisms observed in cortical bone are a result of crack path 

interaction with the microstructure of cortical bone. Thus, as the first element of this model 

is the microstructure, as toughening phenomena are a result of crack path interaction with 

the microstructure of cortical bone. The second element of this model involves 

microstructural orientation, specifically transverse or longitudinal to the collagen fibres as 

the microstructural orientation determines the predominant toughening mechanisms. This 

section will discuss the model and the specific toughening behaviour observed for each 

of the dominant crack growth directions. 

 
Figure 8.1: Model of toughening mechanisms in cortical bone for longitudinal and 
transverse fracture. All toughening mechanisms are dependent on crack interaction with 
the microstructure.  
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For longitudinal crack initiation the predominant toughening mechanism is microcracking 

and plasticity. The occurrence of the plastic zone (due to slip of collagen fibres/fibrils) at 

the crack tip acts to blunt the main crack leading to increased toughness. Microcracks will 

then form in the weak interfaces of the microstructure in the plastic zone. The formation 

of these microcracks acts to consume energy that would otherwise be used to initiate the 

main crack. For longitudinal crack growth the predominant toughening mechanism is 

ligament bridging. The formation of ligament bridges is driven by the main crack interacting 

with microstructural boundaries or microcracks along the crack path, which provide sites 

at which the main crack can arrest and can continue growth from another weaker location 

in the material. This leaves a region of uncracked material and forms a ligament bridge in 

the wake of the crack. Crack growth in the longitudinal direction also has a relatively small 

toughening effect (compared to ligament bridging) from crack deflection as a result of 

misaligned microstructural boundaries or microcracks along the main crack path.  

 

For transverse crack initiation the predominant toughening mechanisms are 

microcracking/plasticity and fibre breakage. The microcracking/plasticity mechanism is 

similar to the longitudinal mechanism described above for fracture initiation. The fibre 

breakage mechanism results from crack initiation in the direction of maximum driving force 

requiring the crack to break across the collagen fibres. This requires significantly more 

energy than breaking the weak interfaces between the fibres hence leading to an 

increased apparent toughness in the transverse direction. For transverse crack growth 

the predominant toughening mechanism is crack deflection. In this case the crack 

deflection is a direct result of the weak interfaces in the microstructure being orientated 

perpendicular to the direction of maximum driving force for crack growth. These weak 

interfaces cause the main crack to deflect leading to a reduced driving force for mode I 

crack growth and contributing to an increase in apparent toughness. Further toughening 

for transverse crack growth is provided by the fibre breakage mechanism in conjunction 

with the crack deflection mechanism. For transverse crack growth the crack will deflect 

along the weak axis perpendicular to the direction of the maximum driving force, this 

deflection effectively blunts the crack tip in the direction of the maximum driving force. For 

the crack to grow in the direction of the maximum driving force it will need to re-initiate a 

sharp crack tip by breaking across the collagen fibrils consuming a significant amount of 

fracture energy thus leading to a significant increase in apparent toughening.  
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8.3 Synthesis of Longitudinal Fatigue Fracture Interaction and the 

Model of Fracture Mechanisms 

The experiments and finite element models presented in this thesis aimed to determine 

the effects of accumulated fatigue damage on the fracture toughening behaviour of 

cortical bone (referred to as fatigue fracture interaction mechanisms). Using the model in 

Figure 8.1, fatigue induced damage would need to interact with the microstructure of 

cortical bone to alter the effectiveness of the toughening mechanisms that are dominant 

in each crack growth direction. The explanations for the fatigue fracture interaction 

mechanisms derived in experiments 1 and 3 relied on both fracture resistance results and 

crack path analysis. The crack path analysis was used to explain the numerical fracture 

data in terms of the toughening mechanisms along the crack path. Thus, the results from 

each of the three experiments presented in this thesis will be considered with respect to 

the toughening model presented above, specifically in terms of how each of the proposed 

mechanisms relate back to the microstructure, which is responsible for the overall fracture 

behaviour in cortical bone  

The first experiment analysed the effects of fatigue induced microcracks on the 

longitudinal toughness of cortical bone. For this experiment it was found that fatigue 

induced microcracks significantly inhibit the fracture initiation toughness and growth 

toughness of cortical bone. For the fracture initiation toughness in the longitudinal 

direction the fatigue induced damage interacts with the microcracking toughening 

mechanism. Specifically, the fatigue induced microcracks occupy the weak interfaces in 

the microstructure that would normally form microcracks during the process of crack 

initiation, this inhibits the formation of new microcracks during crack initiation and reduces 

the overall fracture initiation toughness. The decreased fracture initiation toughness 

observed in experiment 1 is further supported by the finite element modelling of the 

microcrack toughening mechanism. The results from the microcrack finite element models 

show that microcracks ahead of the main crack tip interacts with the stress field of the 

main crack causing a decrease in toughness. Note that the finite element model only 

considered the case of a static array of microcracks ahead of the crack tip and it does not 

account for energy consumed in microcrack formation. However, this result is still 

instructive as it replicates the case of accumulated fatigue damage inhibiting the formation 

of new microdamage during dominant crack growth.  

The results of both the experimental data and the finite element models agree well with 

the model of fracture mechanisms in cortical bone. The model shows that toughening 

behaviour is direct result of crack path interaction with the microstructure. Fatigue induced 

damage interacts with microstructural features (i.e. weak interfaces) would normally 
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initiate toughening mechanisms such as microcracking. If these microstructural sites are 

already fatigue damaged they cannot form new microdamage during crack initiation. The 

results of experiment 1 also showed that the growth toughness was decreased by 

accumulated fatigue damage in the longitudinal direction. For this case it was found that 

the fatigue induced microcracks interfere with both the microcracking toughening 

mechanism and the ligament bridging mechanism. The first mechanism of fatigue fracture 

interaction for the growth toughness is similar to the microcrack saturation mechanism 

proposed for the fracture initiation toughness. The model shows that the microcrack 

toughening mechanism is a direct results of the stress field of the main crack interacting 

with the weak interfaces in the microstructure. The model also links the microcracking 

mechanism to further toughening behaviour such as ligament bridging. Therefore, any 

change in microcracking for longitudinal crack growth would be expected to alter the 

subsequent toughening behaviour; that is, fatigue induced microcracks inhibit the 

formation of new microcracks therefore they would be expected to inhibit the formation of 

ligament bridges. This is indeed the case for the results from experiment 1 which showed 

a decreased growth toughness partially attributed to a decrease in the effectiveness of 

the ligament bridging mechanism.  

From the results of the first experiment a further two mechanisms of fatigue fracture 

interaction were proposed. Unlike the first mechanism of microcrack saturation the second 

two mechanisms included microcrack directly interacting with the main crack path and 

linking with the main crack. The second mechanism analysed the case of a fatigue 

induced microcrack directly aligned with the crack path while the third mechanism involved 

the analysis of a microcrack that was offset or misaligned from the main crack path. Each 

of these mechanisms involve a microcrack interacting with a microstructural feature near 

the crack path and either encouraging toughening behaviour or inhibiting it. The 

microcrack finite element models also provide further support for these fatigue fracture 

interaction mechanisms. Specifically, the microcrack models showed that the presence of 

an aligned microcrack ahead of the main crack causes an increase in the elastic 

component of the J-integral at the crack tip. This increase will cause the main crack to 

grow towards and link with the existing microcrack. Thus, not only does the microcrack 

allow the main crack to link and advance through the already cracked material at a lower 

energy cost, the very presence of a microcrack ahead of and aligned with the main crack 

tip reduces measured toughness due to the stress field effect. The results of the 

microcrack finite element models also show that microcracks can be responsible for the 

formation of other toughening mechanisms such as ligament bridges and crack deflection  
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The third mechanism of fatigue fracture interaction from the first experiment analysed the 

case of a microcrack offset from the main crack. For this case it was hypothesised that 

the microcrack could cause the formation of crack deflection or ligament bridging. Analysis 

of the single offset microcrack finite element model shows that a microcrack ahead of and 

offset from the main crack amplifies the elastic crack tip J-integral causing the main crack 

to grow towards this microcrack. If the microcrack is close enough to the main crack tip it 

can act to shield the main crack from the applied loading. This shielding effect can then 

cause the main crack to arrest and if the J-integral at the microcrack tip is higher than the 

main crack the microcrack will continue to grow leaving a region of uncracked material, 

forming a ligament bridge. As part of the third mechanism of fatigue fracture interaction it 

was also proposed that offset microcracks could lead to crack deflection. For this to be 

the case the microcrack would need to be at an angle relative to the propagation direction 

of the main crack or there would need to be a path of weak material from the main crack 

tip to the far end of the microcrack. Thus, future work for the microcrack finite element 

model would involve the analysis of microcracks that are not parallel to the crack 

propagation direction of the main crack to determine if these would lead to crack 

deflection.  

It can be hypothesised that the results for angled microcracks would be similar to the 

parallel microcrack case as the microcrack ‘discontinuity’ in the material would have a 

similar effect on the stress field at the crack tip and hence the J-integral at the crack tip. 

The major difference between angled and parallel microcracks would be that angled 

microcracks can cause crack deflection even if they are directly aligned with the main 

crack path whereas parallel cracks will allow the main crack to link and advance through 

the already cracked material with an overall reduction in toughening. Further analysis 

would be needed to determine if the detrimental effect of an angled microcrack ahead of 

the main crack is offset by the toughening effect of crack deflection. Note that for an offset 

angled microcrack it is possible that both a ligament bridge and crack deflection can occur 

however, further analysis would be required to determine the dominant toughening effect 

in this case.  

In the first experimental study, only a small number of the fatigue induced cracks were 

located along the main crack path after the fracture resistance test. Therefore, it is more 

likely that the first mechanism (array of fatigue microcracks) will occur and these 

microcracks will interact with the stress field of the main crack acting to reduce the 

measured toughness. It is possible that even if these fatigue microcracks are not located 

close enough to directly interact with the stress field of the main crack they may be close 

enough to interact with the new microcracks that form during fracture. This may alter 
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where the new microcracks form during crack growth, which could lead to the microcrack 

arrays at the crack tip being biased towards configurations that decrease the overall 

toughness or arrays that lead to an overall increase in toughness.  

Overall, the model of fracture mechanisms shows excellent agreement with the results for 

longitudinal fatigue fracture interaction in cortical bone. The model shows that the fracture 

initiation toughness for longitudinal direction is linked to microcrack toughening 

mechanism. The microcrack toughening mechanism is inhibited by the fatigue 

microdamage and therefore a reduction in initiation toughness results. For the growth 

toughness the model links the microcrack toughening mechanism to the formation of 

ligament bridges and crack deflection as demonstrated by the microcrack finite element 

models. Fatigue induced microcracks were shown to inhibit the formation of new 

microcracks during crack growth and hence reduced the effectiveness of ligament 

bridging toughening mechanism. Thus, the combination of the finite element models and 

the experimental results shows that accumulated fatigue microcracks significantly 

decrease the longitudinal fracture resistance of cortical bone. 

8.4 Synthesis of Transverse Fatigue Fracture Interaction and the 

Model of Fracture Mechanisms 

The third experiment presented in this thesis analysed the effects of tensile diffuse fatigue 

damage and compressive fatigue microcracks on the transverse fracture resistance of 

cortical bone. In this experiment it was found that diffuse damage did not have any 

significant effect on the fracture resistance of cortical bone in the transverse direction. The 

reason for this is that the diffuse damage did not interact with microstructural boundaries 

of cortical bone and hence the toughening mechanisms that are a result of the crack 

interacting with microstructural features (e.g. crack deflection) were unaffected by diffuse 

fatigue damage. However, compressive fatigue microcracks were found to reduce the 

transverse fracture initiation toughness but not the transverse growth toughness. The 

reduction in fracture initiation toughness in the presence of fatigue induced microcracks 

can be attributed to a similar microcrack saturation mechanism as that proposed for the 

longitudinal specimens in experiment 1. For this case fatigue microcracks act to occupy 

the weak interfaces in the microstructure that would normally form microcracks during 

crack initiation. As these weak interfaces already contain fatigue microcracks the 

formation of new microcracks is inhibited and the energy that would be used to create the 

microcracks is used to initiate the main crack, thus reducing toughness. Further to this, 

having microcracks located ahead of the main crack interacts with the stress field around 

the main crack and acts to amplify the J-integral at the crack tip reducing the measured 

fracture initiation toughness of the material (as shown by the microcrack finite element 
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model). The reduced fracture initiation toughness for the transverse direction can also be 

attributed to a decrease in local material resistance. This is due to the fatigue induced 

microcracks providing sites that allow the main crack to initiate at lower local material 

resistance and partially bypass the fibre breakage mechanism described in the model of 

fracture mechanisms. While the fatigue microcracks provided weak sites for crack 

initiation once the crack began to grow the normal rate of toughening was restored as the 

main crack would deflect along the weak microstructural boundaries. 

While compressive fatigue microcracks did reduce the fracture initiation toughness they 

did not reduce the growth toughness in the transverse direction. As described in the model 

of fracture mechanisms, the growth toughness (i.e. rate of toughening) in the transverse 

direction is predominantly caused by crack deflection. This crack deflection mechanism is 

a result of the weak interfaces in the microstructure being orientated at an angle that 

reduces the overall driving force for crack growth. Compressive fatigue microcracks tend 

to form along these weak interfaces in the microstructure and therefore do not inhibit the 

crack deflection toughening mechanism. If compressive fatigue microcracks provided a 

weaker path through which the main crack could grow across the fibres, then compressive 

fatigue damage would greatly reduce the growth toughness in the transverse direction by 

inhibiting the fibre breakage mechanism. Fortunately, in cortical bone compressive fatigue 

microcracks form along the weak interfaces in the microstructure which are parallel to the 

collagen fibrils and do not provide paths across the fibres. Thus, the presence of fatigue 

microcracks does not alter the crack deflection toughening mechanism for transverse 

crack growth and hence does not alter the growth toughness. Overall, the results of both 

the experimental and finite element modelling research presented in this thesis show that 

accumulated fatigue damage reduces the transverse fracture initiation toughness but not 

the transverse growth toughness. 

8.5 Fatigue Fracture Interaction in Aged Bone 

The results of the experimental work in this thesis show that fatigue microcracks inhibit 

the longitudinal initiation/growth toughness and the initiation toughness for transverse 

crack growth. This has significant consequences for the fracture behaviour of aged bone 

due to the increase in accumulated fatigue damage with age (Burr et al., 1997; Diab and 

Vashishth, 2007; Schaffler et al., 1995). Note that fatigue fracture interaction in aged bone 

was discussed in detail in section 5.4.2. However, for the sake of completeness the 

discussion of fatigue fracture interaction in aged bone will be briefly summarised here. 

In addition to the accumulation of fatigue damage it has also been shown that there are 

significant changes in the microstructure of cortical bone with age due to the process of 

remodelling (Schaffler, 2003; Schaffler et al., 1995; Seeman, 2003; Vashishth, 2007b). 
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The model of toughening mechanisms presented in Figure 8.1 links all toughening 

behaviour to the microstructure. Therefore, any microstructural change with age would be 

expected to alter the toughening mechanisms that result from the microstructure. This is 

evident when considering the results of fracture resistance experiments conducted on 

aged bone (Koester et al., 2011; Nalla et al., 2004a; Zimmermann et al., 2011). For aged 

human bone there is a significant decrease in the fracture initiation toughness with age 

for both the longitudinal and transverse fracture directions (Ager et al., 2006; Currey et 

al., 1996; Koester et al., 2011; Nalla et al., 2006). The decrease in fracture initiation 

toughness with age has been mainly attributed to changes in the local material resistance 

to crack growth and increases in cortical bone porosity (Ammann and Rizzoli, 2003; 

Granke et al., 2015; Wang et al., 2002; Zimmermann et al., 2011; Zioupos, 2001b).  

Microstructural changes with age also lead to decreases in the crack growth resistance 

behaviour of cortical bone. The primary crack growth orientations (i.e. longitudinal and 

transverse) and their dominant toughening mechanisms are affected differently by the 

microstructural changes due to aging. The increase in osteonal density with age leads a 

decrease in the spacing of weak microstructural boundaries such as the cement lines of 

osteons. This decrease in spacing of weak microstructural interfaces causes ligament 

bridges formed during longitudinal crack growth to be smaller. Thus, there is an overall 

reduction in the effectiveness of the ligament bridge toughening mechanism with 

increasing age (Koester et al., 2011; Nalla et al., 2004a). For transverse crack growth the 

decrease in the spacing of the weak microstructural interfaces leads to a decrease in the 

efficacy of the crack deflection toughening mechanism (Koester et al., 2011). The 

decrease in spacing of weak interfaces means that there is less material between 

microstructural boundaries. Therefore, the main crack requires less energy to break 

across strong microstructural boundaries and reinitiate in the direction of optimal driving 

force leading to many small deflections. The net effect of these many small deflections is 

less tortuous crack path (Koester et al., 2011; Zimmermann et al., 2011). These results 

have excellent agreement with the model of toughening mechanisms provided in this 

thesis. The toughening mechanism model links all crack growth toughening behaviour to 

the microstructure of cortical bone. Therefore, changes in the microstructure with age 

would be expected to cause significant changes in toughening behaviour as evidenced by 

the experimental work of others (Koester et al., 2011; Zimmermann et al., 2011). 

For the longitudinal and transverse crack growth directions accumulated fatigue 

microcracks were shown to decrease the fracture initiation toughness. This was attributed 

to two mechanisms: 1) microcrack saturation and 2) microcrack interfering with the stress 

field of the crack tip. These mechanisms of fatigue fracture interaction show that in 
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addition to nanoscale changes in plasticity (i.e. changes in collagen structure and cross 

linking), fatigue damage accumulated with age also reduces the fracture initiation 

toughness of cortical bone for both transverse and longitudinal crack initiation. Therefore, 

the data presented in this thesis shows that accumulation of fatigue microcracks is 

contributing factor to the age related decrease in cortical bone fracture initiation 

toughness. 

The experimental results in this thesis show that the crack growth resistance of cortical 

bone is decreased by fatigue induced microcracks in the longitudinal direction but not in 

the transverse direction. The decrease in growth toughness for the longitudinal crack 

growth direction was a result of the fatigue induced damage inhibiting the formation of 

new microcracks during crack growth. As microcrack formation was inhibited this lead to 

a decrease in the effectiveness of the ligament bridge toughening mechanism. It is 

possible that the effect of accumulated fatigue damage combined with the decrease in 

microstructural spacing are both contributing factors to the decrease in the effectiveness 

of the ligament bridge toughening mechanism with age. 

The experimental data presented in this thesis showed that for the transverse direction 

the crack growth resistance was not effected by fatigue induced microcracks. However, 

changes in the microstructure of aged bone lead to significantly different crack growth 

behaviour that may have a different interaction with accumulated fatigue damage. 

Specifically, the crack deflection mechanism is significantly inhibited with age leading to 

straighter overall crack path. This suggests that longitudinal toughening mechanisms such 

as microcracking and ligament bridging may be more important for the transverse 

toughness of aged bone. If this is the case, then the fatigue fracture interaction 

mechanisms proposed for the longitudinal direction would apply for the transverse crack 

growth direction in aged bone. Therefore, it can be hypothesised that accumulated fatigue 

damage would be detrimental to both the fracture initiation toughness and transverse 

growth toughness in cortical bone. However, a future study would be needed to provide 

support for this conjecture. 

Clinical fractures in the elderly are usually the result of complex mixed mode loading on 

bones. While the experiments presented in this thesis have focused on mode I crack 

growth as it is normally the case of the maximum driving force for crack growth it is also 

important to consider the implication of the experimental results in light of mixed mode 

fracture. A previous study by Zimmerman et al. (2010) has shown that for mixed mode 

loading in cortical bone mode II loading shows similar toughening behaviour to longitudinal 

mode I loading; that is, shear loading acting to slide the collagen fibres across each other 

causes microcracking and ligament bridging to become the dominant toughening 
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mechanisms. For the case of mode II loading it can be hypothesised that fatigue induced 

microcracks will be detrimental to both the fracture initiation toughness and growth 

toughness for mode II crack growth in cortical bone. This conjecture would need to be 

verified with future experiments, which would also allow the assessment of fatigue 

damage on combined mode I and mode II cases. 

8.6 Future Work 

The results of both the experimental and finite element modelling presented in this thesis 

suggest many directions in which this work can be extended in the future. Some of these 

future studies and extensions on the current work have been mentioned in their respective 

chapters. However, a summary of the three major areas that could extend this work will 

be presented below. 

The first area in which this work could be extended would be the area of mixed-mode 

fracture and different microstructural orientations. Loading of bones in vivo leads to 

complex mixed-mode loading. Therefore, it can be expected that in vivo fracture is also a 

result of mixed-mode loading on cracks that form in the bone. The work presented in this 

thesis provides the basis for fatigue fracture interaction mechanisms for mode I cracking 

in both the longitudinal and transverse direction in cortical bone. A logical extension of the 

work presented in this thesis would be to analyse the effects of fatigue induced 

microdamage on the mode II fracture resistance of cortical bone or at various levels of 

combined mode I and mode II loading. This could be done using an offset four point 

bending method such as that used by Zimmerman et al. (2009). Another extension of the 

current work would be to analyse mode I fracture for different microstructural angles. The 

studies presented in this thesis analysed longitudinal (parallel to the weak interfaces in 

the microstructure) and transverse (perpendicular to the weak interfaces in the 

microstructure) fracture however, it would also be possible to look at different 

microstructural angles between these two extremes to determine the point at which crack 

deflection becomes a more dominant toughening mechanism when compared to ligament 

bridging.  

The second area that would extend this work would be the analysis of high loading rate 

fracture. Fracture mechanisms at higher loading rates have become an area of increasing 

research as the loading rate for in-vivo failures can vary significantly from low loading rate 

fragility fractures to higher loading rate events (Johnson et al., 2010; Kulin et al., 2008, 

2011a; Ural et al., 2011). The fracture mechanisms in bone change significantly at high 

loading rates for transverse fracture. Specifically, at high loading rates microdamage 

formation during crack growth is significantly reduced and the crack deflection mechanism 

becomes less effective (Kulin et al., 2011b). As the microcrack toughening mechanism is 
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suppressed at high loading rates it is expected that the fatigue fracture interaction 

mechanism of microcrack saturation would be less prevalent. However, this does not rule 

out the effects of fatigue induced microcracks interacting with the stress field around the 

crack tip reducing the fracture initiation toughness. Further fatigue fracture interaction 

experiments at a range of loading rates would be required to fully characterise the effects 

of loading rate on the toughening mechanisms of cortical bone. 

 

The third area that would extend this work would be the analysis of fatigue fracture 

interaction in aged or diseased human bones. It has been shown that bones form fatigue 

damage with normal use and that the amount of fatigue damage increases with age (Burr 

et al., 1985; Schaffler et al., 1995). Aged and diseased human bones also show significant 

microstructural differences when compared to healthy bones and therefore can be 

expected to have different fatigue damage formation and fracture behaviour. Both of these 

factors (i.e. fatigue microdamage and microstructural changes) will interact and lead to an 

overall decrease in the fracture resistance of aged bone. Previous work by Koester et al. 

(2011) shows that aged human bone has reduced fracture resistance when compared to 

younger bone. In the study by Koester et al. (2011) the reduction in fracture resistance 

was attributed to microstructural changes that caused the crack deflection mechanism to 

be suppressed in aged bone. Combining this result with the experimental results 

presented in this thesis suggests that transverse fracture in aged bone may be more 

similar to longitudinal fracture. This is due to the microstructural changes with age allowing 

more weak paths in the microstructure to be more closely aligned with the direction of the 

optimal driving force. Thus, it could be reasoned that for both longitudinal and transverse 

fracture in aged bone microcracking and ligament bridging are important toughening 

mechanisms. The results from the experimental work in this thesis show that both of these 

toughening mechanisms (i.e. microcracking and ligament bridging) are inhibited by the 

presence of fatigue induced microdamage. Therefore, it may be possible that the 

detrimental effect of fatigue damage on the fracture resistance of aged bone is more 

significant than in young bone. However, future studies on fatigue fracture interaction in 

aged bone would be required to confirm this hypothesis. 

8.7 Conclusion 

Overall, the body of experimental and finite element modelling work presented in this 

thesis has provided a valuable contribution to the knowledge of fatigue fracture interaction 

mechanisms in cortical bone. The results from the body of research presented in this 

thesis show that fatigue microdamage is detrimental to the fracture resistance of cortical 

bone. Specifically, fatigue induced microdamage reduces both the fracture initiation 
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toughness and the growth toughness for cracking in the longitudinal direction and reduces 

the fracture initiation toughness for cracking in the transverse direction. The results of both 

the experimental studies and the finite element modelling studies were combined with 

existing literature on the fracture behaviour of cortical bone to propose a model of 

toughening in cortical bone. This model proposed that all toughening mechanisms in 

cortical bone are a result of the crack path interaction with microstructural features. The 

model further divided the fracture toughening mechanisms by microstructural orientation 

with respect to the crack growth direction. For the longitudinal crack growth direction, the 

dominant toughening mechanism is ligament bridging as a result of microcracking ahead 

of the main crack tip while for the transverse direction the dominant toughening 

mechanism is crack deflection due to misalignment of the direction of optimal driving force 

and the weak interfaces in the microstructure. 

This model was then applied to the results from the fatigue fracture interaction 

experiments to clarify the proposed mechanisms of fatigue fracture interaction. For 

longitudinal crack initiation the formation of new microcracks acts to absorb energy that 

would normally be used to initiate the main crack. The presence of fatigue damage acts 

to inhibit the formation of new microcracks during crack growth reducing the fracture 

initiation toughness. Fatigue microcracks also interact with the stress field around the 

main crack and reduces apparent toughness. For longitudinal crack growth the dominant 

toughening mechanism is ligament bridging as a result of microcracks forming ahead of 

the main crack path. Fatigue microdamage inhibits the formation of new microcracks 

during crack growth reducing the formation of ligament bridges hence, the overall 

reduction in the crack growth toughness.  

For transverse crack initiation the toughness of cortical bone is a result of the collagen 

fibre strength and the formation of microcracks before crack initiation. Similar to 

longitudinal fracture initiation the presence of fatigue damage inhibits the formation of new 

microcracks before crack initiation. Further, fatigue cracks reduce the local material 

strength and allow the crack to break across the collagen fibres at a lower energy cost 

reducing fracture initiation toughness. For transverse crack growth the dominant 

toughening mechanism is crack deflection along the weak interfaces of the microstructure. 

While fatigue microcracks reduce the fracture initiation toughness they do not alter the 

orientation of the weak paths in the microstructure and hence the crack deflection 

toughening mechanism. Therefore, fatigue microcracks do not alter the growth toughness 

in the transverse direction. Thus, once a crack has initiated in the transverse direction it 

will then propagate along the perpendicular weak interfaces causing significant 

toughening. 
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Finally, the results from this work also suggest that the detrimental effect of fatigue 

microdamage may be further amplified in aged bone due to the microstructural changes 

that occur with age. Specifically, transverse fracture in aged bone is more similar to the 

longitudinal case as the crack deflection mechanism is suppressed. This would imply that 

toughening mechanisms such as microcracking and ligament bridging are more important 

for transverse crack growth in aged bone. If this is the case then it is probable that the 

fatigue fracture interaction mechanisms for the longitudinal direction become significant 

in aged bone, even for transverse crack growth. Thus, it is probable that fatigue 

microdamage decreases both the fracture initiation toughness and growth toughness in 

aged bone regardless of fracture orientation. 
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