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Abstract 

Composites are increasingly important to the aerospace industry, as they offer advantages such as 

increased corrosion resistance and high strength to weight ratios over traditional metallic alloys. 

Delaminations are a common form of damage in composites and can be difficult to detect using non-

destructive inspection methods. Tests also show that under fatigue loading, composites can exhibit 

significant data scatter and non-linearity. Compliance with the airframe design requirements 

stipulated in CMH17-3G, JSSG2006, MIL-STD-1530D and FAA-AC20-107B requires delamination 

growth in composites to be either slow, stable and predictable, or not occurring at all up to 115% of 

design limit load. Past studies have also shown composites to exhibit non-linearity and load rate 

dependency. This also needs to be accounted for, as JSSG2006 prohibits nonlinearity in airframe 

designs at up to 115% design limit load (DLL). 

Traditionally, fatigue crack growth in metals has been characterised using the Paris Law or its variants, 

but studies have also shown that in the near-threshold region, the crack growth rate can be a function 

ƻŦ ǘƘŜ ǎǘǊŜǎǎ ƛƴǘŜƴǎƛǘȅ ŦŀŎǘƻǊ ҟYΣ ǘƘŜ ǘŜǎǘƛƴƎ ǊŜƎƛƳŜ ŀƴŘ ƎŜƻƳŜǘǊȅΦ ¢ƘŜǊŜŦƻǊŜΣ ҟY ƛǎ ƴƻǘ ŀ ǾŀƭƛŘ 

similitude parameter in the short crack regime. By this it is meant that long and short cracks with the 

ǎŀƳŜ ǾŀƭǳŜǎ ƻŦ ҟY ŀƴŘ Ymax do not grow at the same rate (da/dN). This suggests that even if 

delaminations that nucleate and grow from sub-ƳƳ ƳŀǘŜǊƛŀƭ ŘŜŦŜŎǘǎ ƘŀǾŜ ǘƘŜ ǎŀƳŜ ǾŀƭǳŜǎ ƻŦ ҟD ŀƴŘ 

Gmax as long delaminations the growth rates (da/dN) will differ. On the other hand it is now known 

that ŜǾŜƴ ƛŦ ƭƻƴƎ ŎǊŀŎƪǎ ƛƴ ŀŘƘŜǎƛǾŜǎ ƘŀǾŜ ǘƘŜ ǎŀƳŜ ǾŀƭǳŜǎ ƻŦ ҟD ŀƴŘ Dmax their growth rates (da/dN) 

can differ. Hence, for cracking in adhesives the expressions for the crack driving force used in the Paris 

and other related crack growth equations are not valid similitude parameters. Fortunately, these 

shortcomings ŀǊŜ ƻǾŜǊŎƻƳŜ ƛŦ ŘŀκŘb ƛǎ ŜȄǇǊŜǎǎŜŘ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ŎǊŀŎƪ ŘǊƛǾƛƴƎ ŦƻǊŎŜ ҟˁ ǳǎŜŘ ƛƴ 

the Hartman-Schijve crack growth equation, which has the advantage of appearing to be a valid 

similitude parameter. 

In this context application of the Paris Law type characterisation of delamination growth in composites 

under fatigue has revealed issues such as very high exponents and significant data scatter and 

variability. Studies have indicated that fibre bridging may be a contributing factor to the significant 

data scatter, in addition to the multiaxial nature of delamination growth in flight load spectra. To this 

end, this thesis first examines the application and utility of the Hartman-Schijve variant of the NASGRO 

Equation as a potential means to supress and account for the significant data scatter in fatigue results 

for composites. In this context an improved normalisation approach for collapsing the delamination 

growth curves is also discussed. 
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It has been shown the Hartman-Schijve (HS) Equation is useful in reducing and accounting for data 

scatter in composites, and that this formulation generates exponents of less than 3. It has also been 

shown that the HS Equation can account for data scatter in tests across multiple laboratories, material 

fabrication sources and test modes. It has also been shown that parameters for the HS Equation 

obtained from different tests for similar but not identical materials may also be useful in 

characterisation of delamination growth under fatigue. 

This thesis also studies the nucleation and growth of delaminations in DOF/CCP specimens from 

naturally occurring sub-mm material defects. The experimental results revealed that delaminations 

indeed nucleated and grew from naturally occurring material defects. It was also shown that the 

idealised thresholds for growth of these cracks are very low.  

It was also established that composites can exhibit significant non-linearity during fatigue tests. A 

reasonably unique characterisation was developed that showed higher delamination growth rates 

corresponded to lower hysteretic dissipation per unit of delamination growth. To this end, this thesis 

also established that models for delaminations that nucleate and grow from naturally occurring 

material defects in composites need to allow for both material non-linearity and asymmetry of 

delamination growth. 
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1. Introduction 

Composites play an increasingly important role in modern aerospace applications, both civil and 

military. CFRP composites are increasingly used in aircraft such as the Boeing 787, Airbus A350 among 

others. Until recently (2009)Σ ŎƻƳǇƻǎƛǘŜ ŀƛǊŦǊŀƳŜǎ ǿŜǊŜ ŎŜǊǘƛŦƛŜŘ ǳƴŘŜǊ ŀ άƴƻ ƎǊƻǿǘƘέ ǇƘƛƭƻǎƻǇƘȅ as 

per FAA AC20-107A for civil airframes. This approach is permissible to this day, but FAA AC20-107B 

subsequently (2009) allowed for ŀ άslow growthέ methodology to be applied to composite airframe 

design. JSSG2006, CMH-17-3G and MIL-STD-1530D that govern military airframes also allow for both 

models. It is therefore a natural progression to move to a slow growth model. However, airframes 

designed under the no growth philosophy have been observed to undergo delaminations under in-

flight load spectra, during both full-scale fatigue tests (FSFTs) and in-service loads, see [1-5]. 

The Composite Materials Handbook CMH-17-3G, which provides the basic framework for design of 

composite structures (particularly airframes) also highlights variability in mechanical properties and 

fatigue tests as particular concerns that must be adequately accounted for in airframe designs to 

comply with damage tolerant design criteria. CMH-17-3G considers it essential that a building block 

approach be used for airframe design to ensure variability is accounted for at the coupon, element 

and component levels. 

In this context, it is therefore evident that the no growth philosophy does not necessarily lead to 

designs that do not undergo delaminations in flight. As such, it then follows that airframe design 

criteria need to be revised such that limited delamination growth can be allowed for, provided it is 

predictable and stable. To this effect, FAA AC20-107B for civil aircraft stipulates that delamination 

ƎǊƻǿǘƘ Ƴǳǎǘ ōŜ άǎƭƻǿΣ ǎǘŀōƭŜ ŀƴŘ ǇǊŜŘƛŎǘŀōƭŜέΣ ŀƴŘ US Joint Services Structural Guidelines JSSG2006 

(which applies to US military aircraft) requires delaminations to not attain critical size within two 

lifetimes of the airframe and at up to 115% of DLL. 

 However, the presence of growing delaminations in in-service airframes indicates that that design 

criteria used to model delamination growth in CFRP composites need to be revised. In this context the 

significant variability exhibited by composites in mechanical properties and fatigue test results must 

be adequately accounted for in airframe design criteria for composite airframes. 

1.1 Description of Thesis 

This thesis has two distinct focus areas. One of the major problems that face CFRP airframe design is 

the high variability exhibited by composites subjected to fatigue loads. This is mentioned in both 

JSSG2006 and in CMH17-3G. Therefore, any model used for predicting and characterising 
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delamination growth must be robust, and should be able to account for data scatter. To this effect, 

the Hartman-Schijve variant of the NASGRO equation has been shown to work well with metals, 

adhesives and nano-composites in accounting for scatter. It has also been shown to account for the 

short crack effect. 

The other important phenomena that will be the focus of this thesis is the propagation of 

delaminations from naturally occurring material defects, where there are no prior pre-cracks in the 

material. In this context it should be noted that the presence of delaminations found on inspection of 

in-service aircraft suggests that the fatigue thresholds for delaminations growing naturally are much 

lower than the thresholds for longer delaminations. However, there are limited experimental studies 

into the nucleation and growth of delaminations that arise naturally. 

It is also important to consider the effects of material nonlinearity on airframe design. Composites 

have been shown to be significantly nonlinear in their fatigue response, and any recommendations 

for airframe design criteria must take into account nonlinearity as a potential limiting factor where 

applicable. The question thus rises: What role does the non-linear material response play in the 

nucleation and growth of naturally occurring delaminations? 

The main aims of this thesis are to: 

ǒ Investigate the Hartman-{ŎƘƛƧǾŜ 9ǉǳŀǘƛƻƴΩǎ ŀōƛƭƛǘȅ ǘƻ characterise delamination growth and 

the exponent in this equation. 

ǒ Investigate the Hartman-Schijve Equation and its ability to account for data scatter in 

composites, particularly in the threshold region 

ǒ Investigate the utility of the Hartman-Schijve Equation towards reducing data scatter across 

different laboratories and different batches of material layups 

ǒ Investigate whether scaling the conventional Paris equation for delamination growth in 

composites can reduce the data scatter in the near threshold region. 

ǒ Investigate the utility of the Hartman-Schive Equation in establishing A-basis design thresholds 

for airframe design in compliance with JSSG2006 

ǒ Investigate the nonlinearity of specimens fabricated to be similar to bonded lap joints in 

aerospace applications 

ǒ Investigate the nucleation and propagation of delaminations from naturally occurring material 

defects that form sub-mm delaminations, which then grow. 

ǒ LƴǾŜǎǘƛƎŀǘŜ ǘƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ŜƴŜǊƎȅ ǊŜƭŜŀǎŜ ǊŀǘŜ ҟҞD ŀƴŘ ŘŜƭŀƳƛƴŀǘƛƻƴ ƭŜƴƎǘƘ ƛƴ 

various delamination configurations for specimens with cut plies to enable natural growth of 

delaminations to be characterised. 
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ǒ Investigate a possible FEA-aided method of obtaining indicative fatigue thresholds for 

specimens undergoing delamination growth from natural defects. 

ǒ Investigate and possibly propose a novel approach towards characterisation of nonlinearity 

and the measurement of the same through hysteretic dissipation of energy 

Similar to fatigue crack growth in metals, it is believed that there are three distinct regions for 

delamination growth. Region I is the threshold region where growth is very slow. Region II is where 

most in-service parts will spend majority of their lives, and Region III is rapid cracking and possible 

fracture as the specimen approaches end of its fatigue life in the given load spectra. This thesis will 

focus on Regions I and II, as that is of most interest in initiation and propagation of delaminations. A 

plot showing delamination growth rate vs stress intensity factor K is shown in Figure 1.1. More detailed 

explanations of this plot will follow in chapter 2. 

 

Figure 1.1: Different regions of the Paris Equation Plot. Region II (stable growth) is of interest for this thesis. 
Sourced/adapted from [6]. 

 

1.2 Formulation of Thesis 

As this thesis addresses more than one aspect, a brief summary of what is presented in the chapters 

following is given. 

The thesis commences with an abstract, which provides a concise summary of the work intended and 

accomplished in the project(s). Chapter 2 then provides a literature review of selected relevant 

sources that provided a background and motivation, and the rationale for what is accomplished in the 

subsequent chapters.  
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Chapter 3 presents a study into the use of the Hartman-Schijve Equation on data sets from multiple 

sources and laboratories. This intent of this chapter is to advance airframe design criteria by studying 

how the Hartman-Schijve growth equation can be used to clarify the variability associated with 

delamination growth, and its dependence on the test procedure used to determine the delamination 

growth curve.  

Chapter 4 investigates the use of alternative techniques such as normalisation as potential methods 

of scatter and variability reduction in fatigue test results of composites from different sources and 

laboratories. 

Chapter 5 presents an experimental study into the growth of delaminations from natural defects in 

composite materials, alongside the effects of material nonlinearity. A potentially novel approach for 

characterisation of nonlinearity in relation to delamination growth is proposed.  

Chapter 5 also presents the results of a finite element model study into a possible relationship 

between delamination length and the energy release rate.    The results of this FEA model are also 

used to obtain ƛŘŜŀƭƛǎŜŘ ŘŜƭŀƳƛƴŀǘƛƻƴ ƎǊƻǿǘƘ Ǿǎ ҟҞG curves for T300/970 aerospace composite 

specimens. The FEA approach is also extended to obtain indicative fatigue thresholds for 

delaminations that nucleate and grow from naturally occurring material defects. 

Chapter 6 presents a summary of conclusions drawn from Chapters 3-5 and makes recommendations 

for future extension and continuation of this work. 
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2. Literature Review 

2.1 Introduction 

As outlined in the US Joint Services Structural Guidelines JSSG2006 [7] there must be no yielding at 

115% design limit load. (Design limit load equals the maximum load seen in operational service.) The 

US Air Force airworthiness certification standard MIL-STD-1530D [8] is slightly different in that it states 

that there must be no yielding at 100% design limit load.  Furthermore, as explained in MIL-STD-1530D 

airworthiness certification is based on LEFM (Linear Elastic Fracture Mechanics) analyses. 

Consequently, this thesis focuses LEFM based approaches for assessing delamination growth.  As such 

whilst there are areas of fracture mechanics other then LEFM, primarily Elastic-Plastic fracture 

mechanics (EPFM), these areas will only be briefly touched on.  

A brief discussion on the history of research into fatigue will be provided, followed by limitations of 

traditionally used approaches for composites. The sections subsequent will then examine and propose 

new approaches for use with carbon/epoxy composite materials. 

2.2 Historical research into Fracture Mechanics and fatigue 

It has long been understood and observed that under cyclic loading, materials can fail at loads well 

below their measured static failure or yield loads. However, understanding the mechanisms behind 

fatigue and particularly crack growth has been a long, iterative process that continues to this day. 

Schutz [9] presented a chronological summary of the history of developments into the field of fatigue. 

A short summary of that timeline can be written as follows. Please note that this is an adapted timeline 

and has had some events removed or added depending on relevance to this thesis. 

ǒ 1837-1858 

o Albert (1837) performed cyclic loading tests on conveyor chains used in mining 

o Braithwaite (1858) used the term fatigue for the first time for accumulated damage 

due to cyclic loading 

ǒ 1858-1870 

o August Wohler conducted systematic fatigue tests on railway axles 

o He postulated that stress amplitude was more important than the absolute value of 

the maximum applied stress 

o He presented his results in the form of endurance tables which form the basis of 

present-Řŀȅ ά{-b ŎǳǊǾŜǎέ 

ǒ 1870-1905 
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o Bauschinger formulated the hypothesis that forms the basis of the theory that plastic 

strain at small scales is responsible for fatigue damage 

o Kirsch revealed that a cylindrical hole in an infinite plate had a stress concentration 

factor of 3 

ǒ 1905-1940s 

o Griffith (1920) presented a possible explanation of the fracture and failure of glass as 

a brittle material 

o Palmgren (1924) introduced a damage accumulation hypothesis 

o Westergaard (1939) developed a solution for determination of the stress and strain 

fields at crack tips 

ǒ 1905-1960s 

o Shanley (1952) presented the first theory of fatigue based on unbonding in reserved 

slip 

o Manson and Coffin (1954) presented an idea of fatigue crack growth based on plastic 

ǎǘǊŀƛƴΣ ōŀǎŜŘ ƻƴ .ŀǳǎŎƘƛƴƎŜǊΩǎ ƘȅǇƻǘƘŜǎƛǎ 

o Irwin (1958) presented a relation between stress intensity factor (K) and energy 

release rate (G) [10] 

o Frost and Dugdale (1958) presented the Frost-Dugdale equation for modelling crack 

growth[11] 

o Frost (1959) presented the concept of a fatigue threshold (Kth) based on the SIF in 

LǊǿƛƴΩǎ ǿƻǊƪ[12] 

o Martin and Sinclair (1958) presented a power law relation between the crack growth 

rate (da/dN) and the energy release rate G. [13] 

ǒ 1960-to date 

o Paris (1962) presented a power law relation between the crack growth rate (da/dN) 

and the stress intensity factor K; it was also discovered that sub-critical crack growth 

occurred at loads much lower than measured static failure loads[14] 

o Lindner (1961) theorised that there is a threshold value of K (Kth) below which cracks 

do not propagate[15] 

o Sih (1966) corrected the Westergaard Equation for stress state near the crack tip 

o Sih, Paris and Irwin (1965) revealed that, for composite materials, the crack tip stress 

field was related to ҞDΦ ¢Ƙƛǎ ƛǎ ŎǊǳŎƛŀƭƭȅ ƛƳǇƻǊǘŀƴǘ ƛƴ /ƻƳǇƻǎƛǘŜǎΣ ŀǎ ƳǳƭǘƛǇƭŜ ǎǘǳŘƛŜǎ 

have shown that for composites, G rather than K is a better predictor and driver of 

delamination/crack propagation.[16] 
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o Hartman and Schijve (1968) presented a relation between crack growth (da/dN) and 

όҟY-ҟYthύ ƛΦŜΦ ŎǊŀŎƪ ƎǊƻǿǘƘ ƛǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ƳŀƎƴƛǘǳŘŜ ōȅ ǿƘƛŎƘ ҟY ƛƴ ŀ ƎƛǾŜƴ 

specimen and load conditions exceeds a certain threshold value Kth rather than the 

ŀōǎƻƭǳǘŜ ƳŀƎƴƛǘǳŘŜ ƻŦ ҟY[17] 

o Pearson (1975) presented findings that showed short/small cracks can grow at faster 

rates than longer cracks for the same stress intensity factor (K).[18] 

o Murri and Martin (1990) studied the characterisation of delamination growth rates 

against energy release rate (G) in composites. They pointed out very large exponents 

in the power law relationship.[19] 

o Jones et al (2010 onwards) revealed that first estimates for the governing equation 

for the growth of naturally occurring short cracks in metals can often be determined 

from the Hartman-Schijve crack growth equation determined for the growth of long 

cracks by setting the threshold term to a small value.[20] 

o Jones et al (2021) revealed that for the growth of cracks in adhesives the crack driving 

force used in the Hartman-Schijve crack growth equation was a valid similitude 

parameter. [21] 

MǳƭǘƛǇƭŜ ǎǘǳŘƛŜǎ όǊŜŦŜǊǊŜŘ ŀƴŘ ŘŜǘŀƛƭŜŘ ƛƴ ƭŀǘŜǊ ǎŜŎǘƛƻƴǎύ ƘŀǾŜ ǎƘƻǿƴΣ ǳǎŜ ƻŦ ɲD ŀƴŘ ҟDmax to 

characterise crack growth in composites can lead to anomalous results. These anomalies often 

ŘƛǎŀǇǇŜŀǊ ǿƘŜƴ ƎǊƻǿǘƘ ƛǎ ŜȄǇǊŜǎǎŜŘ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ҟҞDΦ ¢ƘŜ ŘƛǎǎƛǇŀǘƛƻƴ ƻŦ ŜƴŜǊƎȅ όƘȅǎǘŜǊŜǎƛǎύ ōȅ 

composites under fatigue is also important and will be discussed and detailed in later sections. 

2.3 Introduction to Delaminations 

Unlike metals, which are typically isotropic, composite materials, especially Carbon/Epoxy polymer 

composites are generally orthotropic, with their material properties being highly directional.  Whereas 

aerospace metallic parts are typically only joined by fasteners or by adhesives, carbon/epoxy 

composites are basically carbon fibre fabrics impregnated with epoxy resin, which is then layered to 

form a laminate layup. The layup is then cured under specific conditions. 

Carbon/epoxy composites have their final properties dependent on several factors. These include the 

properties of the fibre, the properties of the epoxy resin (matrix), the fibre/epoxy ratio and the 

directionality/orientation of the fibres. The strength of carbon/epoxy composites is typically much 

greater in the axial fibre direction compared to the strength orthogonal to the direction of the fibres 

for a unidirectional composite. It should also be noted that the quality of the final material generated 

in the layup process is also dependent on the quality and consistency of the vacuum, pressure and 

temperature during the curing process, as well as the prevention of dust and air ingress into the layup. 
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Delamination is a particular type of damage that can arise in a composite structure. Unlike metals 

which are typically fabricated and machined as solid block specimens, composite layups are always 

layers of fibre fabric held together with cured epoxy (or thermoplastic) matrix. Delamination is said to 

occur when plies of the layup begin to separate from each other. This can be due to localised failure 

of the matrix material, which then propagates in a manner similar to a crack under cyclic loading. 

Delaminations can also occur due to defects in the fibre, such as waviness etc. The delaminations 

studied in this thesis are typically disbond delaminations i.e. plies separating due to failure of the bond 

between them. 

As per CMH-17-3G [22], delamination is defined as: 

ά¢ƘŜ ǎŜǇŀǊŀǘƛƻƴ ƻŦ ǘƘŜ ƭŀȅŜǊǎ ƻŦ ƳŀǘŜǊƛŀƭ ƛƴ ŀ ƭŀƳƛƴŀǘŜΦ ¢Ƙƛǎ Ƴŀȅ ōŜ ƭƻŎŀƭ ƻǊ Ƴŀȅ ŎƻǾŜǊ ŀ ƭŀǊƎŜ ŀǊŜŀ ƻŦ 

the laminate. It may occur at any time in the cure or subsequent life of the laminate and may arise 

ŦǊƻƳ ŀ ǿƛŘŜ ǾŀǊƛŜǘȅ ƻŦ ŎŀǳǎŜǎΦέ 

 

As such, delamination growth in composites under fatigue can be unavoidable, as there are always 

small (sub-ƳƳκ˃Ƴύ ǎŎŀƭŜ defects in the material that are residual from the layup and curing process.  

Under the appropriate load and environmental conditions these defects may nucleate a crack which 

will subsequently grow and propagate as a delamination. Small-scale yielding at these sub-mm defects 

in the layup leads to localised yielding and subsequent nucleation and growth of cracks or 

delaminations. 

Much like cracks in metals, once a delamination nucleates, it can propagate and grow under cyclic 

loading. This suggests delaminations can be studied under fracture mechanics using the same basic 

concepts that apply to crack propagation. When delamination growth is confined to the inter-laminar 

interface it can be modelled as cracks on the interlaminar plane. Delaminations can also undergo 

άŎǊŀŎƪ ōǊŀƴŎƘƛƴƎέ ŀƴŘ migrate into neighbouring plies, which may necessitate the usage of more 

complex 3D models [23]. 

It should be noted, however that delaminations and cracking in composites are not defined in the 

same way. Delaminations are thought of as in-plane interlaminar disbonds that typically traverse the 

laminar interface between plies in a layup, whereas cracking can either be in-plane between the layers 

of the laminate (termed interlaminar cracks), between the fibre and matrix (termed intralaminar 

matrix and interface cracks), and in certain cases even involve breaks in the fibres [22]. 

Delaminations pose a much greater challenge than surface cracking, as they can often start 

propagating inside the specimen i.e. in the inner plies [22]. This can make delaminations difficult to 
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detect through visual inspection. Compared to metallic surfaces, composites are less likely to have 

visible surface indications of damage such as dents or holes [22] due to low energy impact. The lack 

of visible surface damage, due to low energy impact, does not preclude damage in the inner layers of 

the material, especially delamination.  This class of problem, which is termed barely visible impact 

damage (BVID) , is a major concern for composite structures. 

Visualising delaminations and obtaining an accurate measurement of their length typically requires C-

scanning (ultrasonic scanning), which requires the part/panel to be removed from the aircraft. 

However, this is not always feasible due to cost and down time. Therefore, if the slow growth model 

is to be adopted in practice, it must allow for a consistent, reliable prediction of delamination growth. 

CMH-17-3G highlights the variability in composites as being a significant impediment in setting design 

rules for composite airframes. It has been calculated that the level of reliability attained from full scale 

fatigue tests (FSFTs) to two lifetimes for metals will require FSFTs to fourteen lifetimes in composites 

[22]. CMH-17-3G primarily focuses on the static strength and design of composite and bonded 

ŀƛǊŦǊŀƳŜǎ ŀƴŘ ǊŜŎƻƳƳŜƴŘǎ ŘŜǎƛƎƴ ƎǳƛŘŜƭƛƴŜǎ ǘƘŀǘ ǇǊŜǾŜƴǘ άŘŜǘǊƛƳŜƴǘŀƭ ŘŀƳŀƎŜέ ŀǘ ŘŜǎƛƎƴ ƭƛƳƛǘ ƭƻŀŘΦ 

JSSG2006 has similar requirements, with the major difference being JSSG2006 requires no detrimental 

damage, including delaminations at 115% of the design limit load [7]. JSSG2006 also requires the FSFT 

lifetime of the airframe to be twice the intended design life. The lack of assessment tools and the 

requirements in JSSG2006 and MIL-STD-1530D have led to possible premature retirement of aircraft 

panels in use [24]. 

Other types of failure can also occur in composites, such as fibre pull-out, fibre-matrix debonding, and 

fibre breakage. Illustrations of these failure types are given in [25]. 

2.4 Linear Elastic Fracture Mechanics (LEFM) 

Linear Elastic Fracture Mechanics (LEFM) is a branch of fracture mechanics that is widely used in 

aerospace and structural applications. This is because standard such as MIL-STD-1530D [8] require 

LEFM to be used for airframe design. LEFM lends itself well to such uses because the fundamental 

assumptions that underpin LEFM are a small region of yielding/plasticity in the vicinity of crack tips. In 

structural usage, particularly in aerospace, it is essential that the region of the material undergoing 

plasticity is small, as large-scale plasticity is avoided through design limits. As such, MIL-STD-1530D 

requires airworthiness to be evaluated using LEFM techniques [8]. In LEFM, there are two important 

parameters viz. Stress Intensity Factor (SIF) which is denoted by K, and Energy Release Rate (ERR/SERR) 

which is denoted by G.  
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2.4.1 Modes of Fracture  

There are three modes of fracture/crack propagation that are defined under LEFM. They are 

enumerated as follows: 

ǒ Mode I (Opening); The crack orientation is normal to the applied load, and in the same plane 

as the applied load 

ǒ Mode II (Sliding/In-plane shear); The crack orientation is parallel to the applied load, and in 

the same plane as the applied load 

ǒ Mode III (Tearing/out of plane shear); The crack orientation is perpendicular to the applied 

load, which is normal to the plane of the crack front 

These modes of fracture are illustrated in Figure 2.1. The figure has been adapted from [26] 

 

Figure 2.1: Basic modes of crack/fracture propagation (a) Opening (b) Sliding (c) Tearing. Figure adapted from [26] 

2.5 Design Criteria for Airframes 

Composite airframes must be designed such that they are compliant with durability and damage 

tolerance (DADT) criteria. The specific criteria that apply to airframes depends on their use case and 

certification requirements. Military airframes are designed according to the MIL-STD-1530D, 

JSSG2006 and CMH-17-3G (for composite airframes only). Civil aircraft certified in USA have to be 

designed in compliance with FAA design guidelines. The FAA circular specific to composite airframes 

is FAA AC20-107B, in effect from 2009. It replaced FAA AC20-107A. 

2.5.1 MIL-STD-1530D Requirements 

MIL-STD-1530D is US Department of Defence Standard Practice- Aircraft Structural Integrity Program 

(ASIP) that   defines the requirements to be satisfied for aircraft in service with the USAF. The ASIP 

sets out requirements for in-service aircraft to maintain structural integrity while also taking into 

account cost and schedule risks [8]. 

The key requirements in MIL-STD-1530D for airframes are as follows: 

(a) (b) 

(c) 



 

11 
 

ǒ In Section 3 Subsection 3.6, damage is defined as άŀƴȅ ŦƭŀǿΣ ŘŜŦŜŎǘΣ ŎǊŀŎƪΣ ŎƻǊǊƻǎƛƻƴΣ ŘƛǎōƻƴŘΣ 

delamination, discontinuity, or other type that degrades, or has the potential to degrade, the 

performance of the affected component. Damage can be inherent in the material, introduced 

during manufacturing, created during normal and abnormal operations and maintenance, or 

ŎŀǳǎŜŘ ōȅ ƳŀǘŜǊƛŀƭ ŘŜƎǊŀŘŀǘƛƻƴΦέώ8] 

ǒ Section 5 refers to JSSG-2006 for specific guidelines on extent of damage acceptable in 

airframes in service 

ǒ The durability and damage tolerance control program (DADTCP) for the airframe should take 

into account fracture mechanics and fatigue among other factors (section 5.1.4.1) 

ǒ Section 5.1.7 requires material properties to be predictable, including fatigue life-related 

properties 

ǒ Section 5.2 specifies that airframes must achieve their design service life before the onset of 

widespread fatigue damage (WFD) occurs; the service life criteria are specific to the use case 

of the airframe 

ǒ Section 5.2.1 also allows for usage of handbooks for obtaining relevant data for design criteria. 

For composites, the Composite Materials Handbook Volume 17 (CMH17) is referred. 

ǒ Section 5.2.13.1 in particular refers to composite airframes. The requirements for composite 

airframes include characterisation of the material to adequately account for variability in 

ǇǊƻǇŜǊǘƛŜǎ ǘƘŀǘ Ƴŀȅ ŀǊƛǎŜ ŘǳŜ ǘƻ άƳŀǘŜǊƛŀƭΣ ǇǊƻŎŜǎǎƛƴƎ ŀƴŘ ƳŀƴǳŦŀŎǘǳǊƛƴƎέΦ 

 

Therefore, airframes must be designed in compliance with damage tolerant design criteria. For 

composite airframes, the mechanical properties of the airframe must be predictable, and any 

variability that arises due to any of the factors mentioned in MIL-STD-1530D Section 5 must be 

addressed. MIL-STD-1530D only specifies that airframes must be damage tolerant to the extent of not 

undergoing widespread fatigue damage or catastrophic failure during their stipulated service lives. 

The specific criteria that set these ceilings (e.g. service life, etc) are given in JSSG-2006. Section 2.2 of 

the MIL-STD-1530D document refers to JSSG-2006 as the reference for aircraft structures. 

2.5.2 JSSG-2006 

The US Department of Defense Joint Service Specification Guide (JSSG-2006) sets out the specific 

criteria that airframes must satisfy in order to remain compliant with the damage tolerance 

requirements as specified in MIL-STD-1530D. JSSG-2006 specifies requirements for all components of 

the airframe, under both static and fatigue loads. [7]. The key requirements stipulated in JSSG2006 for 

composite airframes are as follows: 
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ǒ Section A.оΦнΦмфΦм ǊŜǉǳƛǊŜǎ ŀƭƭ ŎǊƛǘƛŎŀƭ ǇŀǊǘǎ ǘƻ ōŜ ŘŜǎƛƎƴŜŘ ǳǎƛƴƎ ά! .ŀǎƛǎέ ŘŜǎƛƎƴ ŀƭƭƻǿŀōƭŜǎΦ 

ά! .ŀǎƛǎέ ŀƭƭƻǿŀōƭŜǎ are such that 99% of the population is greater, with a 95% confidence. 

MIL-HDBK-5 is referred to for guidance on statistical methods for determining A Basis 

variables. A Basis allowables are (mean ς 3 standard deviations) of a cohort.  It should be 

noted that this thesis considers interplay delamination specifically. 

ǒ Section 3.10.5 requires airframes to not undergo detrimental delamination at up to 115% of 

limit loads, or during test loads to the load limit during static testing. 

ǒ Section 3.11 stipulates that durability of airframes must be such that among other criteria, the 

airframe should be able to resist onset of delamination to the extent that the service life of 

the airframe is not adversely affected 

ǒ Section 3.11.1 requires that for one lifetime of the airframe as specified, delaminations must 

not occur such that: 

o Airframe to be free of delaminations needing structural repair for the aircraft to 

maintain structural integrity 

o Delaminations must not occur such that load spectra from steady state level flight or 

ground handling result in sustained growth of delaminations or cracks 

ǒ Section 3.12 allows for structures to be categorised into two types: Fail-Safe and Slow Crack 

Growth. Appendix A3.12 and A3.12.1 specify that if the economic and life-cycle advantages of 

designating a structure as Slow Crack Growth justify the added effort required in visual 

inspection and NDI, then it can be designated as such. It is, however, also stipulated that if the 

slow crack growth model is to be adopted, the flaw must not grow to critical size over two 

lifetimes of the structure. 

ǒ {ŜŎǘƛƻƴ пΦмл ǎǘƛǇǳƭŀǘŜǎ ǘƘŀǘ ǘŜǎǘƛƴƎ Ƴǳǎǘ ōŜ ŎŀǊǊƛŜŘ ƻǳǘ ǘƻ ŜƴǎǳǊŜ ƴƻ άŘŜǘǊƛƳŜƴǘŀƭέ ǎǘǊǳŎǘǳǊŀƭ 

deformations including delaminations occur below 115% of design limit loads.  

ǒ Section 4.10.5.1.1 requires that where insufficient data exists for establishment of a testing 

standard for airframe compliance, development tests must be conducted to determine 

material selection properties, and the environmental and/or handling effects on the materials 

that may affect their properties 

ǒ Section 4.10.5.1.1 (d) specifically relates to composites. The wording used is (underline 

emphasis added):  

ά! ōǳƛƭŘƛƴƎ ōƭƻŎƪ ŀǇǇǊƻŀŎƘ ǘƻ ŘŜǎƛƎƴ ŘŜǾŜƭƻǇƳŜƴǘ ǘŜǎǘƛƴƎ ƛǎ ŜǎǎŜƴǘƛŀƭ ŦƻǊ ŎƻƳǇƻǎƛǘŜ ǎǘǊǳŎǘǳǊŀƭ 

concepts, because of the mechanical properties variability exhibited by composite materials, 

the inherent sensitivity of composite structure to out of plane loads, their multiplicity of 
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potential failures modes, and the significant environmental effects on failure mode and 

allowableΦέώнϐ 

It is therefore evident that for compliance with JSSG2006, the damage (in this case delaminations) 

should either not grow, or they should not attain critical size within two lifetimes of the structure. If 

the latter is to be followed, a model to predict and characterise delamination growth will be required.  

Verification Guidance A.4.11.1.2.1 in JSSG2006 recognises the significant data scatter seen in 

composites during fatigue testing. The exact wording used is: 

άCƻǊ ŘǳǊŀōƛƭƛǘȅ ǘŜǎǘ ƻŦ ŎƻƳǇƻǎƛǘŜ ŎƻƳǇƻƴŜƴǘǎΣ ǘƘŜ ǎǳŎŎŜǎǎ ŎǊƛǘŜǊƛŀ ƛǎ ǎƻƳŜǿƘŀǘ ƳƻǊŜ 

ŎƻƳǇƭƛŎŀǘŜŘ ōȅ ǘƘŜ ǊŜƭŀǘƛǾŜƭȅ ƭŀǊƎŜ ǎŎŀǘǘŜǊ ƛƴ ŦŀǘƛƎǳŜ ǘŜǎǘ ǊŜǎǳƭǘǎέ[7] 

While accurate models exist for prediction of fatigue damage growth in metals, the lack of such a 

model for composites means that the slow growth model is not realistic to comply with the 

requirements of JSSG2006. 

It is therefore evident that for composite airframes, either the no growth model or the slow crack 

growth model are permissible to comply with MIL-STD-1530D and JSSG2006. This leads to two major 

criteria that need to be satisfied (either one or the other): 

ǒ If the no crack growth model is to be followed, the onset threshold of delaminations need to 

be clearly established. The A-basis allowables can then be determined using the appropriate 

techniques from JSSG-2006 and MIL-HDBK-5 to be used as design thresholds. 

ǒ If the slow growth model is to be used, a robust model needs to be used for modelling 

delamination growth that yields consistent, reliable, and conservative results 

JSSG-2006 identifies scatter and variability in the material properties of composites as well as in the 

results of fatigue tests. Data scatter in fatigue results will be examined in later sections. 

2.5.3 CMH-17-3G Requirements (Composite Materials Handbook 17 Volume 3 Revision G)  

CMH-17-3G [22] (superseding MIL-HDBK-17-3F) is a handbook for the design and fabrication of 

composite structures, including aircraft. It is one of the documents that provides guidelines towards 

achieving damage tolerant airframe design. The guidelines provided in CMH-17-3G are similar to 

JSSG2006 insofar as recommending building block approach to design of composite airframes. Also 

similar to JSSG-2006 is the allowance of both slow growth and no growth design philosophies. Some 

key points highlighted in CMH-17-3G regarding composites are listed as follows: 
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ǒ Delaminations are a common form of damage in composites; they are generally unavoidable 

and may originate from material defects due to imperfect manufacturing, impact damage or 

damage during transit and handling. 

ǒ Composites exhibit significant variability. Variability can be observed in material properties as 

well as test results (both static and fatigue) 

ǒ Variability can arise due to a number of factors. These include imperfections in the materials 

that constitute the fibres and matrix of the material, manufacturing tolerances and 

imperfections in handling, processing and curing, barely or not visible damage incurred during 

handling, transport etc. 

ǒ It is recommended that a building block approach to design be used; tests should be carried 

out at coupon, element, subcomponent, component and full-scale levels to account for 

variability at each level. It is recommended that overload factors be used in cases where the 

number of coupon/subcomponent tests is not large enough to statistically account for 

variability. 

ǒ Growth of detrimental damage, including delaminations must not be to the extent of attaining 

critical size up to the design load limit (DLL) of the airframe 

ǒ Sufficient testing must be carried out to account for variability and other factors to determine 

the A/B basis variables for design with reasonable confidence.  Chapter 12 in CMH-17-3G 

points out that tests to two lifetimes are sufficient for determination of B-basis variables for 

aluminium airframes. However, the large variability and scatter observed in composites 

means FSFTs to fourteen lifetimes will be required to obtain the B-basis variables for 

composite airframes with the same confidence levels. 

ǒ It is pointed out in Chapters 2 and 3, that delaminations can propagate from material defects 

or mis-drilled holes as well as damage sites. Some causes of damage that airframes may 

experiences are stones thrown up from runways, dropped tools during maintenance, hail, 

birdstrikes etc. 

 

2.5.4 FAA AC20-107 (A and B revisions) 

tǊƛƻǊ ǘƻ нллфΣ ŎƻƳǇƻǎƛǘŜ ŀƛǊŦǊŀƳŜǎ ǿŜǊŜ ǊŜǉǳƛǊŜŘ ǘƻ ōŜ ŘŜǎƛƎƴŜŘ ŦƻǊ άƴƻ ƎǊƻǿǘƘέ ƛΦŜΦ ŘŜƭŀƳƛƴŀǘƛƻƴǎ 

should not have propagated under the load spectra observed in normal flight loads. The FAA Advisory 

Circular AC20-107A, which was applicable till 8-Sep-2009 [27], mandated the use of the no-growth 

model for composite airframes. It was amended and replaced with AC20-107B in September 2009[10]. 

The key requirements from these circulars are summarised as follows. 
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2.5.4A FAA AC20-107A requirements 

FAA AC20-107a was applicable from 1978 to 2009. It mandated a no-growth approach for the 

airworthiness certification of composite airframes [27]. 

For a no-growth model to be used in practice would requires that the fatigue thresholds associated 

with delamination growth be clearly established. As observed in multiple studies (detailed in later 

sections), this has proved to be a challenge due to data scatter in composites observed during fatigue 

testing. 

2.5.4B FAA AC20-107B requirements 

FAA AC20-107B allows for a choice between slow growth and no-growth models for use with 

composite airframes. The wording used for defining the slow growth model is (underline emphasis 

has been added): 

ά¢ƘŜ ǘǊŀŘƛǘƛƻƴŀƭ ǎƭƻǿ ƎǊƻǿǘƘ ŀǇǇǊƻŀŎƘ Ƴŀȅ ōŜ ŀǇǇǊƻǇǊƛŀte for certain damage types found in 

composites if the growth rate can be shown to be slow, stable and predictable. Slow growth 

characterization should yield conservative and reliable ǊŜǎǳƭǘǎΦέώ28] 

 

The requirements for validating either the slow growth, or the no growth approach to certification are 

as follows: 

ǒ For structures where the slow growth model is used, inspection intervals need to be set such 

that there is a high probability of detection of the flaws before the residual strength of the 

part reduces to below the limit design load 

ǒ The number of cycles used to validate either the slow growth or no growth models should be 

άǎǘŀǘƛǎǘƛŎŀƭƭȅ ǎƛƎƴƛŦƛŎŀƴǘέ 

ǒ Sufficient testing needs to be carried out at coupon, element, subcomponent and component 

levels to establish the data scatter observed during fatigue testing 

ǒ Manufacturing defects and their effects need to be included in fatigue life determination 

ǒ Composite designs should afford the same level of fail-safe, multiple load path structure 

assurance as conventional metals design  

It can therefore be established that: 

ǒ A slow growth model may be used for civil airframes. However, the data used to validate 

such a model must be statistically significant, and yield repeatable, reliable and 

conservative results [28]. Therefore, a model to predict and characterise delamination 
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growth with scatter suppression needs to be developed if the slow growth model is to be 

used for airframe design and compliance 

ǒ The no-growth model remains permissible [28]. For the no growth model to be robust and 

reliable, criteria for onset of delamination damage under fatigue need to be established. 

Data scatter in fatigue testing and material properties needs to be allowed for to 

accurately establish the fatigue delamination onset thresholds. 

2.6 Problems with delamination in in-service airframes 

CMH-17-3G defines delaminations as in-plane disbonds that propagate in a composite laminate under 

either fatigue or static loading [22]. Because of absence of a model to characterise delamination 

growth reliably, the no growth approach is commonly used to design and certify composite airframes. 

However, despite being designed on the basis of no growth there are several cases where damage has 

arisen and grown during service, viz: 

ǒ American Airlines Flight 587; In November 2001, an Airbus A300-600 suffered catastrophic 

damage to the vertical stabiliser and rudder, leading to a hull loss. The cause of the incident 

was pointed out as pilot error which stressed the vertical stabiliser beyond its load limits. 

However, delamination damage in the rudder and stabiliser was pointed out as a potential 

contributory agent to the failure of the rudder and ultimately the loss of the airframe[29,30] 

ǒ Air Transat Flight 961; In 2005, an Airbus A310-300 suffered detachment of the rudder from 

the vertical stabiliser (tail fin) while on a routine flight. The airframe was not a complete hull 

loss. Investigation pointed out possible delamination growth in the rudder from an 

undetected stress fracture as one of the possible causes. It was also pointed out that 

inspection routines for composites involving visual inspection only were likely inadequate to 

detect delaminations. It should be noted that the cause of delamination in this instance was 

likely due to water ingress into the composite and subsequent thermal expansion/contraction 

of the fluid. In this instance the accident report [31] stated that the damage nucleated and 

subsequently grew from a small naturally occurring defect. However, the importance of 

inspection schedules to identify delamination damage was emphasised [31]. It should be 

noted that no delamination damage was reported during either static or FSFT tests of this 

aircraft prior to certification for commercial usage. 

ǒ The Airbus A320 had a delay in certification because of delamination that was detected in the 

tail fin during fatigue testing. No delaminations were observed in the static tests. This 

indicates that the lack of delamination growth during static tests does not preclude 

delamination growth under fatigue loading. Schoen et al [32] observed that this indicated the 

importance of using fatigue thresholds for design purposes instead of static values. 
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ǒ The F-111 has also been observed to undergo delamination and disbond damage that arose 

from small naturally occurring defects under in-service loads [1,2]  

ǒ F/A-18 wing skin and lap joint underwent delamination damage during early certification 

fatigue tests [1,3,4]. This delamination, which arose naturally from a a small manufacturing 

defect, is shown in Figure 2.2, from [4]. Here we see the large delamination that was observed 

at 1633 flight hours of simulated loading: 

 

Figure 2.2: A large delamination seen in an early F/A-18 fatigue test at 1633 simulated flight hours; adapted from [4] 

 

 

ǒ Delaminations have also arisen naturally and grown in US Navy and RAAF F/A-18 inner wing 

step lap joints [3]. 

ǒ The Boeing 787 (Dreamliner), which uses composites for majority of its fuselage skin and wing 

panels. During static testing, delamination damage was detected on the wings and wing 

joiners of the aircraft. This incident led to a service advisory by Boeing that required all in-

service aircraft to be inspected.[5,33] 

ǒ Delaminations also arose and subsequently propagated from small naturally occurring defects 

in a full-scale fatigue tests and during normal flight load spectra. In particular, [34] showed 

that in boron epoxy doublers on F/A-18 airframes subjected to testing under normal flight 

load spectra, delaminations propagated both from damage sites and from small, naturally 

occurring material discontinuities. Figure 2.3, adapted from [34] shows disbond delamination 

damage in the boron epoxy doublers in a full-scale fatigue test on a Finnish Air Force F/A-18 

Hornet center barrel. 
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Figure 2.3:Disbond delamination damage in doublers in a full scale fatigue test on a Finnish Air Force F/A-18 Hornet center 
barrel, from [34] 

 

It is therefore evident that the no-growth model cannot adequately be used to design airframes such 

that delaminations do not grow under normal flight loads. A more prudent approach to airframe 

design will be allowing limited delamination growth, and having service and inspection intervals 

defined accordingly to identify them before they reach design-critical size. 

It is therefore important to have in place a model for prediction of delamination growth that can 

account for the variability and scatter in composites. Inspection intervals will need to be pre-defined 

based on predicted delamination length.  

It is further evident that in several instances delaminations/disbonds have arisen from small naturally 

occurring damage. This conclusion is consistent with the nucleation and subsequent growth of small 

sub mm cracks in adhesively bonded structures reported in [35]   As such this implies that the 

associated fatigue thresholds were small.   
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2.7 Difficulty of determination of failure criteria due to mode mixity and contribution 

to scatter 

The ASTM standard for determining Mode I fracture toughness is ASTM-D5528, which uses the Double 

Cantilever Beam (DCB) specimen geometry [36]. ASTM D7905 provides a standard for measuring 

Mode II fracture toughness [37]. However, both ASTM D5528 and D7905 cover unidirectional 

composites; there is no standard as such for any mode that covers cross woven composites. 

Multiple studies have pointed out that for composites, when undergoing delamination, the criteria for 

failure are often mixed [38-44]. Asymmetrical delaminations in particular can have both Mode I and 

Mode II growth occurring simultaneously. The characterisation of such mixed mode growth is complex 

and can exhibit significant data scatter. 

wŜŜŘŜǊΩǎ ǊŜǾƛŜǿ ƻŦ ƳƛȄŜŘ ƳƻŘŜ ŦŀƛƭǳǊŜ ŎǊƛǘŜǊƛŀ ώ38] and the associated measurements for mixed mode 

fracture toughness using a mixed-mode bending (MMB) rig pointed out that if the mode mixity of a 

particular specimen is known, superposition can potentially be used. However, there is no trivial 

solution to mixed mode delamination and crack growth. There is also no trivial method of determining 

exact mode mix unless it is assumed from the applied loads. 

Specimens undergoing pure Mode I loading in the DCB configuration do not necessarily experience 

significant a Mode II (sliding/shearing) component. However, Mode II tests which are often configured 

as ENF (end notched flexure) specimens can undergo both Mode I and Mode II stresses 

simultaneously. This may be particularly the case in the threshold region where the delamination 

lengths are likely to be smaller [38-40]. 

Charalambides et al [41] also pointed out that depending on the loading and geometry of the 

specimen, a global failure model for mixed mode failure using superposition and a local model based 

on crack tip singularity can sometimes yield very different results.  

Williams [42] in their 2015 study remarked that Mode II failure is complex and not very well defined; 

this is a potential contributor to the significant data scatter that is observed for composite specimens 

under supposedly Mode II fatigue. Williams suggested that part of the reason for this was the 

dependency of the mode mix on the loading configuration as well as the mode of damage. If the 

specimens are not tested to failure, the established solutions using stress fields at the crack tips cannot 

be used. 

Contribution of mode mixity to data scatter is an important factor that needs to be considered. Reeder 

[38] observed that even under uniaxial loading, delaminations in composites often nucleate and 

propagate under a άƭƻŎŀƭέ multiaxial stress state. Therefore, it is important to consider the effects of 
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mode mixity on delamination propagation. ReedeǊΩǎ ǎǘǳŘȅ ƻŦ ǾŀǊƛƻǳǎ ǎǇŜŎƛƳŜƴ ŎƻƴŦƛƎǳǊŀǘƛƻƴǎ ǳǎŜŘ 

for mixed mode analysis [38] considered various specimen geometries proposed to that point. It was 

proposed that ENF specimens with delaminations fabricated into them during layup could be used in 

a mixed mode bending (MMB) rig to pre-define mode mixity. It was also observed that mixed mode 

results from the MMB rig were reasonably close to FEM-based predictions. 

Reeder also expanded on this in [39], which proposed a failure criteria determination for mixed mode 

loading. It was again observed, consistent with [38] that delamination/crack propagation is mixed-

mode under most test protocols including the commonly used ENF test for Mode II. A Bilinear Criterion 

was also proposed for mixed mode loading. An important observation in [39] is that failure criteria, 

especially for the adhesive component of the composite may change substantially with mode mixity. 

This indicates that if loading expected in airframes is multiaxial, mode mixity may be a contributing 

factor to the observed data scatter. However, it was noted that failure criteria will still need to be 

defined in terms of their original pure mode components, and mixed mode criteria be based on 

interaction of the individual modes.  

However, for any model to be used for airframe design the significant scatter in the data will also need 

to be accounted. As we will show the scatter in Mode I fatigue can be particularly large. Furthermore, 

there is little data on which to assess the scatter seen in Modes II, III and mixed mode Fatigue. This 

also indicates that if data scatter in pure Mode I, II or III loading is large, mixed mode results will also 

carry over the large data scatter, which must be accounted for in any model used for prediction of 

airframe life. 

Mode III fatigue is not well studied [40], and little data exists on interaction between Mode I and Mode 

III. As more data on Mode III becomes available, it is expected that the failure criteria for composites 

will be based on a 3D shell rather than a 2D interaction of modes as is currently assumed and studied. 

It is noted in [25] that complete analysis of all possible failure criteria in all modes is not possible, 

hence failure criteria that are more important for design purposes be analysed. 

Mode mixity has also been studied in [43]. Mode II delaminations were pointed out as difficult to 

characterise as the mode of propagation was not simple cleavage but a combination of sliding and 

angled Mode I cleavage interacting in ŀ ŎƻƳǇƭŜȄ ƳŀƴƴŜǊΦ hΩ.ǊƛŜƴ ώ44] provided the basis for the 

measured Mode II toughness values being much higher than Mode I as the interaction of out of plane 

cleavage fronts along with sliding of the crack faces. Pure sliding does not explain this phenomena, 

hence it can be concluded that mode mixity can play a part in increasing data scatter due to the 

unpredictable and difficult to measure extent of each mode mode at the delamination front. 
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It should also be noted that the majority of the studies into mode mixity and Mode II fatigue rely on 

ENF tests for Mode II loading. There does not appear to be significant literature into investigation of 

Mode II specimens under axial loading. Such specimens will be considered as part of this thesis. 

It can therefore be concluded that failure criteria applicable to composites can be mixed, even if the 

applied loading is not necessarily multiaxial. However, in multiaxial loads expected during flight loads 

on in-service airframes, mode mixity is an important consideration. As data scatter is a particular 

concern with composite airframes, sources of data scatter must be understood and accounted for if 

the resultant data scatter is to be adequately accounted for. This is a crucial consideration in airframe 

design, as accounting for variability will require the variability caused by mode mixity to be accounted 

for. 

2.8 Fibre Bridging 

Fibre bridging, which can significantly retard delamination growth, occurs when fibres from adjacent 

plies cross the delamination and retard the delamination growth [45]. Murri [46] observed extensive 

fibre bridging in static DCB tests on S2/5216 GFRP composite. The Figure 2.4, from [46], below shows 

an example of fibre bridging in a DCB test: 

 

Figure 2.4: Fibre Bridging observed in a DCB test specimen of S2/5216, adapted from [46] 

Figure 2.5, from [46], illustrates the associated R-curve effects, i.e. how, under quasi-static loads, as 

the amount of crack extension increases the slope of the G versus crack extension curve reduces. The 

R-curve is a plot of G vs a for a given specimen. The slope of the R-curve shows the resistance to 

delamination growth. A higher gradient of the R curve shows stronger retardation of delamination 

growth. This phenomenon is due to fibre bridging. The extent to which fibre bridging occurs is shown 

by the gradient of the R-curve; in this instance the S2/5216 shows much more extensive bridging than 

the two carbon-epoxy composites.  
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Figure 2.5: Retardation of delamination growth due to fibre bridging; adapted from [46] 

 

A review of fibre-bridging by Khan [45] theorised several possible reasons for fibre bridging. 

Composites with higher volume fraction of fibre and weaker fibre/matrix interface may show more 

bridging. Lǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ǘƘŀǘ aǳǊǊƛΩǎ ǎǘǳŘȅ ώ46ϐ ŀƴŘ YƘŀƴΩǎ ǊŜǾƛŜǿ ώ45] focused on unidirectional 

composites. It has also been theorised that yielding around the delamination tip may extend into the 

adjacent plies, which can cause fibres to detach from the adjacent plies and act as bridging fibres. This 

yielding causes localised failure of the matrix and the fibres from adjacent plies can detach without 

failing. This can cause the fibres to bridge across the delamination. This is illustrated in Figure 2.6 

below. 

 

Figure 2.6: Fibre bridging occurring due to yielding at the delamination vertex spanning multiple plies, adapted from [45] 

Another possible reason for bridging is the existence of material defects that may extend across more 

than one ply in the laminate. This may be a contributory factor to the localised plasticity at the 

delamination tip extending into adjacent plies. A diagrammatic illustration can be seen in [45]. 
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Fibre bridging has been observed to be more extensive in thicker laminates [47,48]. The Figure 2.7 

below, adapted from [49] illustrates how, under static loading, the extent of bridging does not affect 

the onset but does affect propagation of the delamination.  

 

Figure 2.7: Effects of fibre bridging on delamination initiation and propagation adapted from [49] 

¸ŀƻ Ŝǘ ŀƭ Ψǎ ǿƻǊƪ ƻƴ ŦƛōǊŜ ōǊƛŘƎƛƴƎ ŀƭǎƻ ǇǊƻǾƛŘŜǎ ƛƳǇƻǊǘŀƴǘ ƛƴǎƛƎƘǘǎ ƛƴǘƻ ŦƛōǊŜ ōǊƛŘƎƛƴƎΣ ŀƴŘ ƛƴ ǇŀǊǘƛŎǳƭŀǊ 

the effects that bridging has on growth of delaminations under fatigue loading. Whereas Murri [46] 

and Khan [45] studied unidirectional composites, Yao [50,51] also considered multidirectional layups. 

In [50], it was stated that fibre bridging is more extensive in multi-directional laminates, as compared 

to unidirectional laminates under quasi-static loading. This is illustrated in Figure 2.8. 

 

Figure 2.8: comparison of fibre bridging in unidirectional (a)  and multidirectional (b) layups. Adapted from [50] 

It was also observed that fibre bridging during quasi-static and fatigue tests is different, and that using 

the R-curves from static results to normalise fatigue results may not be appropriate [51].  

The presence of extensive fibre bridging in fatigue results indicates that this is a significant contributor 

to the extensive data scatter observed in composites under fatigue. Particularly since there is no 

fatigue test standard for performing delamination growth tests and different investigators often used 

different starting lengths and different amounts of pre-cracking. Whilst a detailed study of fibre 

bridging is not the primary focus of this thesis, it is essential to consider the effects of bridging on the 

results from fatigue tests. Yao et al [51] observed that Mode I DCB fatigue tests often exhibit extensive 
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fibre-bridging, with retardation of delamination growth rates for long delaminations. However, it has 

been suggested that lab tests on aircraft parts do not always show such extensive bridging. This 

phenomena may be related to the inherent variability and scatter seen by composites.  It is currently 

unclear if this may lead to threshold values for delamination growth being recorded as falsely higher 

or lower in a laboratory setting than in operational aircraft. In this context it should be noted that we 

have previously seen that there were numerous instances where the fatigue threshold (in operational 

aircraft) must have been very small. 

Yao et al in [51] also noted that standard DCB specimens which have delaminations fabricated into 

the layup using inserts may yield falsely high values of the both measured fracture toughness and the 

fatigue threshold. This is because the delaminations fabricated into the layups lead to blunt crack tips 

which do not generate the same stress concentration as sharper cracks under load. It was also 

suggested that this can be mitigated (to an extent) by growing the delamination under fatigue to a 

specified length before commencing testing. However, specimens with longer pre-crack length at the 

commencement of the fatigue tests exhibited greater retardation of delamination growth under 

fatigue. It was also observed, in the same paper, that multidirectional laminates exhibited greater 

retardation, and that thicker laminates may also exhibit greater extent of fibre bridging. It should be 

noted here that fibre bridging is not necessarily the primary source of scatter in fatigue test results, 

but [45-51] indicate that it is a significant contributor nonetheless. Hence conservative airframe design 

must account for this scatter/variability.  

Figure 2.9, from [50] illustrates the relationship between da/dN and G for specimens pre-fabricated 

delaminations that were grown to varying lengths prior to fatigue testing It can be observed that 

specimens with longer delaminations at the start of the tests exhibit greater retardation of 

delamination growth. 

 

Figure 2.9: Variable rates of retardation of delamination growth for different lengths of the delaminations at the start of 
fatigue tests, from [50] 
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2.8.1 Lead Cracks 
It was shown in [51] that DCB specimens in particular can have significant retardation of the 

delamination growth rate due to fibre bridging. However, design criteria need to be based on the lead 

crack, i.e. the fastest growing delamination (or crack). 

A number of examples that illustrated the difference between the delamination growth histories 

associated with lead delaminations and non lead delaminations  were presented in [52]. One of these 

examples is reproduced in Figure 2.10 which presents the variability seen in the growth of impact 

damage seen tests on specimens tested under an industry standard combat aircraft flight load 

spectrum. This example clearly reveals that the fastest growing (lead) delamination sees little if any 

retardation. 

 

Figure 2.10: Lead cracks and fibre bridging retardation effects, from [52] 

 

In such circumstances to be conservative the air frame design should preferably be based on the 

growth associated with lead delaminations, which in Figure 2.10 had little apparent retardation. Lead 

cracks are defined by Berens et al [53] and Jones et al [54] as cracks assumed to propagate from the 

first fatigue cycle i.e. from small, initially invisible defects in the case of aerospace metal alloys. A 

similar concept will be extended to composites as part of this thesis. Tests by Jones et al in [52] also 

show lead cracks to exhibit very little retardation. This phenomenon was also observed by Molent et 

al in [55], who also defined lead cracks as the fastest growing cracks in a region of the airframe prone 

to crack growth. They also observed that growth of lead cracks in metallic structures can often be 

modelled as exponential. Molent and Singh [56] also defined lead cracks In metals in the same way, 

ŀƴŘ ŀƭǎƻ ƻōǎŜǊǾŜŘ ǘƘŀǘ ƭŜŀŘ ŎǊŀŎƪǎ Ŏŀƴ ƘŀǾŜ ŦŀǘƛƎǳŜ ǘƘǊŜǎƘƻƭŘǎ ƻŦ άŎƭƻǎŜ ǘƻ ȊŜǊƻέΦ  This later 

observation is similar to the conclusion discussed earlier in this chapter for the growth of naturally 

occurring delaminations/disbonds. 
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Therefore, it needs to be emphasised that for airframe design to be conservative, data scatter due to 

bridging (and possibly other effects) needs to be considered. This is because bridging tends to retard 

delamination growth substantially, and the use of data that is based on retardation-affected growth 

rates may lead to non-conservative design. In this context it is interesting to note that Murri [31] also 

observed that άƛƴ ƻǊŘŜǊ ǘƻ ōŜ ǳǎŜŦǳƭ ƛƴ ǎǘǊǳŎǘǳǊal modelling, expressions relating the fatigue 

ŘŜƭŀƳƛƴŀǘƛƻƴ ƎǊƻǿǘƘ ǊŀǘŜ ŀƴŘ {9ww Ƴǳǎǘ ōŜ ŎƻǊǊŜŎǘŜŘ ŦƻǊ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ŦƛōǊŜ ōǊƛŘƎƛƴƎέ. 

There are multiple other studies into the effects of fibre bridging such as [57-59]. However, the 

primary focus of this thesis is not the study of fibre bridging effects per se. It is, however, important 

that the effects of fibre bridging on variability be kept in mind, as variability and data scatter in 

composites is one of the key focal points of this thesis.  

2.9 Stress Intensity Factor (abbrev SIF) (K) and Threshold (Kth) 

The Stress Intensity Factor (K) is crucial to the understanding of propagation of cracks and therefore 

to fatigue in metallic structures. Irwin [10,60] used the Westergaard approach to derive the stress field 

function at the tip of a crack. According to this solution, the stress at the crack tip can be expressed as 

a function of the stress intensity factor K and the distance r from the crack tip.  

Irwin proposed that the stress intensity factor is a function of geometry of the specimen, the applied 

stress, and the size (length and width) of the given defect/crack. The stress intensity factor is 

commonly expressed as Equation 2.1: 

ὑ ‍ὥȟύ„Ѝ“ὥ   

   

 where ‍ὥȟύ  , which is referred to as the beta factor, is a parameter that depends on the geometry 

ƻŦ ǘƘŜ ŎǊŀŎƪŜŘ ǎǘǊǳŎǘǳǊŜΣ ŀƴŘ ˋ ƛǎ ǘƘŜ ŀǇǇƭƛŜŘ ǎǘǊŜǎǎΣ ŀƴŘ ŀ ŀƴŘ ǿ ǎǘŀƴŘ ŦƻǊ ǎŜƳƛ ŎǊŀŎƪ ƭŜƴƎǘƘ ŀƴŘ ǘƘŜ 

crack width, respectively. In metric units, the SIF is typically expressed in ὓὖὥЍά. A representation 

of the coordinate axes around a crack tip can be seen in [61]. 

Paris, Gomez and Anderson (1961) [62] revealed that K could also be used to study fatigue crack 

growth. They correlated data on crack growth in aerospace alloys with the stress intensity factor and 

proposed that the crack growth rate is a function of the stress intensity factor in a given cycle.  The 

original paper by Paris et al [62] related crack growth to the stress intensity factor in alloys as K plotted 

ŀƎŀƛƴǎǘ ҟόнŀύκόҟbύΦ 

Paris and Erdogan further expanded on this in their 1963 paper [14] and reviewed several different 

crack propagation models. This work led to what is now termed the Paris crack growth Equation: 

(2.1) 
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Ὠὥ

Ὠὔ
ὅЎὑ  

Where C and n are empirically determined parameters from a log-ƭƻƎ Ǉƭƻǘ ƻŦ ŘŀκŘb Ǿǎ ҟYΤ ƴ ƛǎ ǘƘŜ 

slope C is the base of the power law line of best fit. More details of this Equation will follow in the 

subsequent sections. 

The stress intensity factor for each particular mode is denoted by KI, KII and KIII respectively. At a certain 

ǾŀƭǳŜ ƻŦ ҟY ŦƻǊ ŀ ƎƛǾŜƴ ƳŀǘŜǊƛŀƭ ŀƴŘ ƎŜƻƳŜǘǊȅΣ ǘƘŜ ƳŀǘŜǊƛŀƭκǎǇŜŎƛƳŜƴ ǿƛƭƭ ǳƴŘŜǊƎƻ ŦŀƛƭǳǊŜΦ ¢Ƙƛǎ ǾŀƭǳŜ 

ƻŦ ҟY ŘŜƴƻǘŜŘ ōȅ ҟYc is a material parameter ǘƘŀǘ ƳŜŀǎǳǊŜǎ ŀ ƳŀǘŜǊƛŀƭΩǎ ǊŜǎƛǎǘŀƴŎŜ ǘƻ ŦǊŀŎǘǳǊŜΦ Lǘ 

ǎƘƻǳƭŘ ōŜ ǎǘǊŜǎǎŜŘ ǘƘŀǘ ҟYc is a function of the local constraint, and hence is not a material constant.   

Paris et al [62-64] did not mention a fatigue threshold in their papers. However, a distinct region can 

be observed in their plots where crack growth rate slows down dramatically. 

Frost [12] was one of the first to note the existence of a fatigue threshold. It was subsequently shown 

[65ϐ ǘƘŀǘ ǘƘŜ ŦŀǘƛƎǳŜ ǘƘǊŜǎƘƻƭŘ ɲYth was a function of the crack length (a) and that the crack length 

dependency could be approximated by Equation 2.3: 

Ўὑ Ўὑ
ὥ

ὥ ὥ
   

    

ǿƘŜǊŜ ҟKth0, which is a function of R, is the associated long crack threshold and a0 can be thought of 

ŀǎ ŀƴ άƛƴǘǊƛƴǎƛŎ ŎǊŀŎƪ ƭŜƴƎǘƘέΦ ¢Ƙƛǎ ƭŜƴƎǘƘ ǎŎŀƭŜ ŘŜǇŜƴŘŜƴŎȅ ƛǎ ǊŜƳŀǊƪŜŘ ƻƴ ƛƴ ǘƘŜ ŦŀǘƛƎǳŜ ǘŜǎǘ ǎǘŀƴŘŀǊŘ 

ASTM E647-13a [66]. In this context it should be noted that Appendix X3 in ASTM E647-13a also states 

that it is unclear if a fatigue threshold exists for naturally occurring cracks.   

2.9.1 Threshold K value (Kth) and importance to the no growth model 

Lindner (1965), under the supervision of Paris, carried out experiments on Al 7075-T6 which revealed 

that fatigue crack growth levelled off at around 10-8 ƛƴκŎȅŎ ǿƘŜƴ ɲY ǿŀǎ ǊŜŘǳŎŜŘ ώ15]. This indicated 

the presence of a distinct ǘƘǊŜǎƘƻƭŘ ɲY ǾŀƭǳŜΣ ōŜƭƻǿ ǿƘƛŎƘ ŎǊŀŎƪ ƎǊƻǿǘƘ ǿƻǳƭŘ ōŜ ǎƭƻǿ ŜƴƻǳƎƘ ǘƻ ōŜ 

considered ŀǎ άno growthέ [63][64]. This finding was subsequently validated by Schmidt [67] and Elber 

[68].  

The current ASTM fatigue test standard E647-мр ƴƻǘŜǎ ǘƘŀǘ ɲYth is arbitrarily defined as the value of 

ҟY ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ŀ ŎǊŀŎƪ ƎǊƻǿǘƘ ǊŀǘŜ όŘŀκŘbύ ƻŦ мл-10m/cyc. This definition is to some extent 

consistent with the values suggested by Linder [15], Schmidt [67] and Elber [68] as no growth criteria. 

(2.2) 

(2.3) 
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It would therefore stands to reason that any airframe based on the no growth design model should 

have a delamination growth rate lower than 10-10 m/cyc at their design load spectra. This raises the 

question of how to determine the design threshold given the extensive variability in the threshold 

region.  

The problem is further complicated by the observation that the growth of delaminations on airframes 

in service with in-service flight loads suggests that the thresholds for naturally occurring delaminations 

may be significantly smaller than those obtained by tests on long delaminations. This is in addition to 

the significant variation and data scatter observed in composites during fatigue testing and the clear 

dependence of the threshold on the amount of precracking done prior to a fatigue test. 

If as suggested in Chapter 5 a short crack effect exists for composites, then naturally occurring 

delaminations/flaws may have such low thresholds for propagation that it becomes impractical to 

design airframes to avoid them altogether. If true, then the slow growth model may be more 

appropriate. However, a slow growth design will have to be accompanied by an adequate inspection 

program. 

Murri et al [19] commented that the threshold for fatigue crack growth should correspond to no 

delamination growth in the structure. This was because up to 2009 the no growth model was the only 

permissible design model under FAA AC20-107A for civil airframes [27] and the then applicable 

standards for military airframes. 

Schon et al [32] also noted the importance of using fatigue thresholds in design. This raises an 

important question about whether fatigue thresholds used for airframe design need to take into 

account the retardation of crack/delamination growth due to fibre bridging. The author of this thesis 

considers this using threshold that were related to retardation could lead to a non-conservative 

design, and that to ensure conservatism any slow growth design should be based on the lead crack 

growth approach. 

ɲYth can be geometry and test process dependent [71-75]. Indeed, it has subsequently been shown 

[76-78] that the ASTM load-ǊŜŘǳŎƛƴƎ ǘŜǎǘ Ŏŀƴ ǇǊƻŘǳŎŜ ŜǊǊƻƴŜƻǳǎ ɲYth values.  

To conclude this section, airframe design under both the slow and no growth philosophies will need 

determination of fatigue thresholds. Further detail is provided in Section 2.15.  
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2.10 Short (sub-ƳƳύ ŎǊŀŎƪǎ ŀƴŘ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ɲYth 

 

Pearson [18ϐ ǊŜǾŜŀƭŜŘ ǘƘŀǘ ǎƘƻǊǘ ŎǊŀŎƪǎ ƛƴ ƳŜǘŀƭǎ Ŏŀƴ ƎǊƻǿ ŀǘ ƳǳŎƘ ƭƻǿŜǊ ɲY ǾŀƭǳŜǎ ǘƘŀn larger cracks. 

This phenomena is also evident in the work of Jones et al in [80-82]. Pearson [18] pointed out that 

pure LEFM approaches assume the region of plasticity around the crack tip to be very small in relation 

to the crack length. However, he also remarked that this explanation did not adequately explain the 

ǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ɲY ŀƴŘ ŘŀκŘb observed for sub-mm cracks.  

The reason behind this phenomenon was initially thought to be the size of the plastic zone around the 

crack tip relative to the length of the crack. Shorter (sub-mm) cracks have been shown to have much 

ƭƻǿŜǊ ɲYth values for onset and propagation compared to longer cracks [83]. LǊǿƛƴΩǎ ǇŀǇŜǊ ŜȄǇƭƛŎƛǘƭȅ 

mentioned the assumption that the plastic region was ŀǎǎǳƳŜŘ ǘƻ ōŜ άǾŜǊȅ ǎƳŀƭƭ ƛƴ ǊŜƭŀǘƛƻƴ ǘƻ ǘƘŜ 

ƭŜƴƎǘƘ ƻŦ ǘƘŜ ŎǊŀŎƪέΦ CƻǊ ǾŜǊȅ ǎƳŀƭƭ ŎǊŀŎƪǎ ǘƘŜ ǎƛȊŜ ƻŦ ǘƘŜ ǇƭŀǎǘƛŎ zone can be significant and EPFM 

(Elastic-Plastic Fracture Mechanics) may be more suitable. However, the absence of a clearly defined 

transition point and the difficulty of ascertaining the exact size of the plastic region will make this 

approach likely unsuitable for design purposes. The problem with the hypothesis that the small crack 

effect is associated with crack tip plasticity is that it is now known that for the growth of small cracks 

both in laboratory tests and in operational aircraft there is a generally linear relationship between the 

log of the crack length and the number of flight hours [53,81]. In other words although there are 

significant underloads and overloads in a flight spectrum retardation/accelaration effects due to crack 

tip plasticity are rarely seen. Indeed, a key feature of the growth of small cracks is that there is little R 

ratio effect [82]. Furthermore, as shown in [84] small cracks also appear to see minimal 

microstructural effects.  

Suresh and Ritchie [85] also studied short cracks in some depth and made similar observations, viz: 

that short (sub-mm) cracks did not have thresholds for initiation and growth as would be expected if 

similitude-based estimations for longer cracks were used. Lankford [86] also observed the same effect, 

ƴƻǘƛƴƎ ǘƘŀǘ ŦƻǊ ǘƘŜ ǎŀƳŜ ǾŀƭǳŜǎ ƻŦ ɲYΣ ǎƘƻǊǘ ŎǊŀŎƪǎ ƎǊŜǿ ŀǘ ƳǳŎƘ ŦŀǎǘŜǊ ǊŀǘŜs than long cracks in 

aerospace alloys.  

It is also accepted that short, sub-mm defects in materials are unavoidable and can occur due to 

manufacturing tolerances, handling, and general variation in material characteristics. This is 

particularly applicable to composites where curing conditions, handling and transport, and material 

variability can be contributory factors to these short cracks. If these defects are small in-plane 

disbonds, they fall under the definition of delaminations. Therefore, composites may also undergo the 

short crack effect if there are small, sub-mm defects present in the laminate due to handling variations 
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of the pre-preg, imperfect cures, damage during transport and installation and general material 

variability. Defects of sub-mm size are also undetectable through most NDI methods, particularly 

visual inspection.  

Lǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ǘƘŀǘ ǘƘŜǊŜ ƛǎ ƴƻ ŀƎǊŜŜŘ ŘŜŦƛƴƛǘƛƻƴ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ƻŦ ǿƘŀǘ ŎƻƴǎǘƛǘǳǘŜǎ ŀ άǎƘƻǊǘ 

ŎǊŀŎƪέΦ Iǳǎǎŀƛƴ ώ83] and Suresh and Ritchie [85] define short cracks as having localised plasticity zones 

comparable to the length of the cracks. Suresh and Ritchie [85ϐ  ǊŜŦŜǊ άƳƛŎǊƻ ǎŎŀƭŜ ŘƛǎŎƻƴǘƛƴǳƛǘƛŜǎέ 

such as grain boundaries, but general criteria in the paper is crack length being small relative to the 

ǎƛȊŜ ƻŦ ǘƘŜ ȊƻƴŜ ƻŦ ƭƻŎŀƭ ǇƭŀǎǘƛŎƛǘȅΣ ŀƴŘ ŎǊŀŎƪǎ ōŜƛƴƎ άǇƘȅǎƛŎŀƭƭȅ ǎƳŀƭƭ όлΦр-мƳƳύέΦ Therefore, any 

crack/delamination shorter than 1mm will be considered under the short crack category for this thesis. 

The short crack effect for metals is aptly illustrated in the Figure 2.11, adapted from [54].  

 

Figure 2.11: The short crack effect in 2090-T8E41, adapted from [54] 

Another example of the short crack effect is given in [80], reproduced here in Figure 2.12: 
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Figure 2.12: Short crack effect in metals showing lower fatigue thresholds for AA7050-T7451; adapted from [80] 

The damage assessment criteria for RAFF F/A-18 [87] requires the airframe to be assessed based on 

the lead crack philosophy i.e. the limiting factor is the fastest growing crack in a given structure [53-

56ϐΦ LŦ ǎƘƻǊǘ ŎǊŀŎƪǎ ƎǊƻǿ ŀǘ ŦŀǎǘŜǊ ǊŀǘŜǎ ǘƘŀƴ ƭƻƴƎ ŎǊŀŎƪǎ ŀǘ ǘƘŜ ǎŀƳŜ ŜǉǳƛǾŀƭŜƴǘ ɲY ǾŀƭǳŜǎΣ ǘƘŜ 

limitations in design will be linked to the growth of short cracks. If a no growth philosophy is to be 

used for airframe design, then design fatigue thresholds must be lower than the fatigue thresholds for 

lead cracks.  

It should be noted here that most of the existing studies into delamination growth in composites have 

had pre-existing cracks. Studies which also provided data for this thesis such as [19, 46, 92 ,109] also 

used DCB specimens with pre-cracks built into them at the time of layup. If the propagation of 

naturally occurring delaminations is analogous to the growth of short cracks in metals then specimens 

with geometries that allow for natural growth must be developed. One possible configuration that 

has the potential to study the growth of natural delaminations is discussed in Section 2.22. 

2.11 Energy Release Rate (G) 

The energy release rate, denoted by G is an expression of the energy dissipated per unit area of crack 

growth, under either fatigue or tensile loading. Mathematically, it can be expressed as the reduction 

in total potential energy per unit of growth of a crack [88][89]. The relationship between G and K is 

given by Equation(s) 2.4 :   
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where K is the stress intensity factor, ’ is poisson ratio and E is modulus of elasticity.   

This particular relationship between K and G has been explained by Soboyejo in [90].  

Energy release rate G is crucial to understanding fracture mechanics. Failure criteria can also be 

defined in terms of G instead of K. In such a scenario, the material or specimen will undergo failure 

when the G value exceeds a critical value Gc, similar to how K needs to exceed Kc for failure criteria 

based on the stress intensity factor. 

{ŜǾŜǊŀƭ ǎǘǳŘƛŜǎ ƘŀǾŜ ǎƘƻǿƴ ǘƘŀǘ ŦƻǊ ŎƻƳǇƻǎƛǘŜǎΣ ǘƘŜ ŜƴŜǊƎȅ ǊŜƭŜŀǎŜ ǊŀǘŜ DΣ ŀƴŘ ƛǘǎ ǊŀƴƎŜ ɲD ŀƴŘκƻǊ 

ҟDmax is more appropriate as a driving factor for delamination growth rather than the stress intensity 

ŦŀŎǘƻǊ ǊŀƴƎŜ ɲY ŀƴŘκƻǊ ҟYmax. This will be examined in more detail in the sections following. 

2.11.1 Methods of Energy Release Rate Calculation 

There are multiple methods of determining energy release rate. The two used most frequently for 

composites are Modified Beam Theory (MBT) and Modified Compliance Calibration (MCC).  

2.11.1A Modified Beam Theory 

In this method, the energy release rate G is calculated as shown in Equation 2.5: 

'  
σ0ɿ

ς"Á ȿЎȿ
  

The correction factor ȿЎȿ is obtained by taking the x-axis intercept of the plot of C1/3 vs a. C denotes 

the ratio of load point displacement with applied load (‏Ⱦὖ) and is known as Compliance. For 

illustration of this method, see [91]. 

2.11.1B Modified Compliance Calibration 

In this method, the energy release rate G is calculated as shown in Equation 2.6: 

'  
σ0#

ς!ÂÈ
  

Where P is applied load, C is Compliance (ratio of load point displacement and applied load Ⱦὖ ), b is 

specimen width, h is specimen thickness, and A1 is a parameter calculated by taking the gradient of a 

(2.4) 

(2.5) 

(2.6) 
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plot of disbond/delamination length divided by specimen thickness (a/h) vs cube root of compliance. 

An illustration of this is provided in [91]. 

Murri (2013) [92] points out that when using MCC for calculation of G, the data points on the plot of 

da/dN vs G can shift noticeably to the left or right in comparison to the data obtained by using MBT 

for calculating G. This is most likely because MCC accounts for specimen thickness in calculating G. 

Murri also pointed out that shifts between MCC and MBT-based G values were larger in specimens 

which were substantially thicker or thinner than the average for the batch.  

2.12 Stress Intensity Factor (SIF) and Energy Release Rate (ERR) for Orthotropic 

materials 

Paris et al in [62] postulated that as the stress intensity factor (K) uniquely describes the stress field at 

ǘƘŜ ǘƛǇ ƻŦ ŀ ŎǊŀŎƪ ǘƘŜ ƎǊƻǿǘƘ ƻŦ ŎǊŀŎƪǎ ǳƴŘŜǊ ŦŀǘƛƎǳŜ ǎƘƻǳƭŘ ōŜ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ɲY ŀƴŘκƻǊ ҟYmax. 

LǊǿƛƴ ŀƴŘ tŀǊƛǎΩ ǿƻǊƪ ǘƻ ǘƘƛǎ Ǉƻƛƴǘ ŦƻŎǳǎŜŘ ƻƴ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ŎǊŀŎƪƛƴƎ ŀƴŘ ŦǊŀŎǘǳǊŜ ƳŜŎƘŀƴƛŎǎ ƛƴ 

isotropic materials. Sih, Paris and Irwin [16] expanded the solution for K to orthotropic bodies and 

derived the generalised solutions for K for anisotropic (orthotropic) bodies. 

They observed that K in orthotropic bodies is a function of specimen geometry, crack size and width 

but also the directionality of the loading and the orientation of the material.  

Sih et al [16] also showed that the energy release rate G is a function of K in a given loading mode, as 

per Equation 2.7: 

' Ὢὑ  

IŜƴŎŜΣ ŜƴŜǊƎȅ ǊŜƭŜŀǎŜ ǊŀǘŜǎ ŎƻǳƭŘ ōŜ ŘŜǘŜǊƳƛƴŜŘ ŦǊƻƳ ŀ ƪƴƻǿƭŜŘƎŜ ƻŦ ǘƘŜ ŀǎǎƻŎƛŀǘŜŘ ǾŀƭǳŜǎ ƻŦ ҟK. 

The same paper also derived that the crack tip stress field in orthotropic materials was a function of 

ҞDΦ Lǘ ǘƘŜǊŜŦƻǊŜ ǎǘŀƴŘǎ ǘƻ ǊŜŀǎƻƴ ǘƘŀǘ ǘƘŜ ƭƻƎƛŎŀƭ ŜȄǘŜƴǎƛƻƴ ƻŦ ǘƘŜ tŀǊƛǎ ŎǊŀŎƪ ƎǊƻǿǘƘ Ŝǉǳŀǘƛƻƴ ǘƻ 

ŎƻƳǇƻǎƛǘŜǎ ƛǎ ǘƘŀǘ ŘŀκŘb ǎƘƻǳƭŘ ōŜ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ҞDmax ŀƴŘ ɲҞDΦ 

IƻǿŜǾŜǊΣ Ƴƻǎǘ ƭƛǘŜǊŀǘǳǊŜ ǳǎƛƴƎ ǘƘŜ άtŀǊƛǎ [ŀǿέ ǘƻ ŎƘŀǊŀŎǘŜǊƛǎŜ ŎƻƳǇƻǎƛǘŜǎ ǘŜƴŘ ǘƻ Ǉƭƻǘ ŘŀκŘb Ǿǎ D 

ǊŀǘƘŜǊ ǘƘŀƴ ҞDΦ Examples include [19, 46, 92 ,109] among others. 

2.13 Paris Law 

Paris, Gomez and Anderson (1961) proposed that initiation and propagation of cracks could be 

ŜȄǇƭŀƛƴŜŘ ōȅ ŀ άǎƛƴƎƭŜ Ǌŀǘƛƻƴŀƭ ǘƘŜƻǊȅέΦ ¢ƘŜ ƳƻǘƛǾŀǘƛƻƴ ŀǘ ǘƘŀǘ Ǉƻƛƴǘ ǿŀǎ ǘƻ ŦƻǊƳǳƭŀǘŜ ŀ ƳƻŘŜƭ ǘƘŀǘ 

could form the theoretical basis for predicting the fatigue life of air-frames [16,62]. This paper 

presented the hypothesis that crack growth was due to microscopic imperfections in the materials 

(2.7) 
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and the concept of cracks growing from such flaws pointed to a possible model for crack growth based 

on theoretical underpinnings. 

It had been observed in several instances that under fatigue loading, crack propagation occurred at 

loads much lower than measured static failure loads. It was therefore concluded that the plastic region 

in the vicinity of the crack tip was much smaller than previously postulated, and that linear elastic 

fracture mechanics (LEFM) was the appropriate method to characterise and model crack growth under 

fatigue loading. 

Paris et al [14] proposed a relation that correlated the maximum stress intensity factor Kmax to the 

growth rate da/dN of a crack, shown in Equation 2.8. The crack growth rate per cycle (da/dN) is a 

ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ƳŀȄƛƳǳƳ ǾŀƭǳŜ ƻŦ ҟY ŀǇǇǊƻŀŎƘŜŘ ƛƴ ŀ ƎƛǾŜƴ cycle, and the R ratio. The R ratio denotes 

the ratio between the minimum and maximum stress intensity factor in a given load spectra that is 

being applied to the material (Kmin/ Kmax).  

Ὠὥ

Ὠὔ
Ὢὑ ȟὙ  

Lǘ ǎƘƻǳƭŘ ŀƭǎƻ ōŜ ƴƻǘŜŘ ǘƘŀǘ ƛŦ ҟY ƛǎ ŀ ŦŀŎǘƻr of material geometry and applied stress, for the same 

geometry and environmental conditions, changes in K are proportionate to changes in the applied 

ǎǘǊŜǎǎ ˋΦ IŜƴŎŜ w Ŏŀƴ ŀƭǎƻ ōŜ ŜȄǇǊŜǎǎŜŘ ŀǎ    when defining testing conditions. 

Liu [94] presented a similar relationship to the form whereby   was a function of the range of stress 

ƛƴǘŜƴǎƛǘȅ ŦŀŎǘƻǊǎ ƻǾŜǊ ŀ ŎȅŎƭŜ ɲY Ґ όYmax ς Kmin), shown in Equation 2.9. 

Ὠὥ

Ὠὔ
ὪЎὑ  

If the specimen geometry is held constant, then Kmin and Kmax become functions of the minimum and 

maximum loads Pmin and Pmax ǊŜǎǇŜŎǘƛǾŜƭȅΦ CƻǊ ǎǳŎƘ ŎŀǎŜǎΣ ҟY Ƴŀȅ ōŜ ŜȄǇǊŜǎǎŜŘ ŀǎ 9ǉǳŀǘƛƻƴǎ нΦ10 and 

2.11. 

Ўὑ ὑρ Ὑ  
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(2.8) 

(2.9) 

(2.10) 

(2.11) 



 

35 
 

Paris and Erdogan [14] also derived a similar relationship, which showed a power law relationship 

ōŜǘǿŜŜƴ ɲY ŀƴŘ Φ ¢Ƙƛǎ ǿŀǎ ƭŀǘŜǊ ŘŜǊƛǾŜŘ ǘƻ ǘƘŜ ŦƻǊƳ ǿƘƛŎƘ ƛǎ ƴƻǿ ƪƴƻǿƴ ŀǎ ǘƘŜ άtŀǊƛǎ [ŀǿέΣ ŀǎ ǇŜǊ 

Equation 2.12: 

Ὠὥ

Ὠὔ
ὅЎὑ  

 

where C and m are experimentally obtained and are considered material constants. This was also 

briefly touched on in Equation 2.2. 

The Paris Law can yield a linear relationship if  ƛǎ ǇƭƻǘǘŜŘ ŀƎŀƛƴǎǘ ɲY ƻƴ ŀ ƭƻƎ-log plot. However, when 

plotted as such, a plot of log(ύ Ǿǎ ƭƻƎόɲYύ ȅƛŜƭŘǎ ǘƘǊee distinct regions. The Paris Equation only holds 

for the linear region of the plot. Figure 2.13 below illustrates this. 

 

Figure 2.13: The traditional form of the Paris equation plot, adapted from [6] 

The Paris Equation is unsuitable for use in either the pre-threshold region or the rapid cracking 

region.  

Based on the log-log graph, a linear relationship between log(  ύŀƴŘ ƭƻƎόɲYύ Ŏŀƴ ōŜ ŜǎǘŀōƭƛǎƘŜŘΦ ¢Ƙƛǎ 

is shown in Equation 2.13. 

ÌÏÇ
Ὠὥ

Ὠὔ
ÌÏÇὅ άȢÌÏÇῳὑ  

Equations 2.12 and 2.13 ŀǊŜ ǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴƭȅ ǳǎŜŘ ŦƻǊƳǎ ƻŦ ǘƘŜ άtŀǊƛǎ [ŀǿέ ǘƻ ŘŀǘŜ ƛƴ ǘƘŜ ƻǇŜƴ 

literature.  

(2.12) 

(2.13) 
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2.14 The relationship between G and K, and Paris Law for Composites 

Several sources [95-102] have suggested that G is a much more suitable parameter to model 

delamination growth than K. As we previously discussed Sih et al [16] revealed that G is a function of 

K, with K being proportionate to ЍὋΦ ¢ƘŜǊŜŦƻǊŜΣ ŦƻǊ ŀ ƎƛǾŜƴ ƭƻŀŘ ǎǇŜŎǘǊŀΣ ɲY ǎƘƻǳƭŘ ŀƭǎƻ ōŜ 

ǇǊƻǇƻǊǘƛƻƴŀǘŜ ǘƻ ɲҞDΣ ŀƴŘ Ymin and Kmax ǎƘƻǳƭŘ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ҞDmin ŀƴŘ ҞDmax respectively.  

As such, in Region II we should be able to write a relationship for composites for region 2 of the log() 

Ǿǎ ƭƻƎόɲYύ ŎǳǊǾŜΣ ƻŦ ǘƘŜ ŦƻǊƳ ǎƘƻǿƴ ƛƴ 9ǉǳŀǘƛƻƴ нΦ14 and Equation 2.15. 

Ὠὥ

Ὠὔ
ὅЎЍὋ   

 

ÌÏÇ
Ὠὥ

Ὠὔ
ÌÏÇὅ άȢÌÏÇῳЍὋ  

Where C and m are empirically determined parameters from the plot as per Equation 2.15. 

As we have previously discussed, this equation 2.14 represents the logical extension of the Paris 

equation to composite structures. However, plots that express da/dN as a function of ῳG are more 

commonly used. The common use of G rather than K for composites may be due to the difficulty of 

calculating K for composite specimens [123].  

Theoretically, this should allow for modelling crack/delamination growth in composites as a function 

of ῳҞDΣ ŀƴŀƭƻƎƻǳǎ ǘƻ Ƙƻǿ ŎǊŀŎƪ ƎǊƻǿǘƘ ƛƴ ƳŜǘŀƭǎ Ŏŀƴ ōŜ ŜȄǇǊŜǎǎŜŘ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ YΦ /ƻƴǎƛŘŜǊƛƴƎ ǘƘŀǘ 

when characterised using K, crack growth only oŎŎǳǊǎ ŀǘ ŀ ǘƘǊŜǎƘƻƭŘ ǾŀƭǳŜ ƻŦ ҟY όҟYth), it would 

ǘƘŜǊŜŦƻǊŜ Ŧƻƭƭƻǿ ŦǊƻƳ ǘƘŜ ǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ҞD ŀƴŘ Y ǘƘŀǘ ƛŦ ŀ ǎƛƳƛƭŀǊ ŎƘŀǊŀŎǘŜǊƛǎŀǘƛƻƴ ŦƻǊ ŎƻƳǇƻǎƛǘŜǎ 

ƛǎ ǘƻ ōŜ ǳǎŜŘΣ ŘŜƭŀƳƛƴŀǘƛƻƴ ƎǊƻǿǘƘ ǎƘƻǳƭŘ ƴƻǘ ƻŎŎǳǊ ōŜƭƻǿ ŀ ŎŜǊǘŀƛƴ ǘƘǊŜǎƘƻƭŘ ǾŀƭǳŜ ƻŦ ҟҞDΣ ǿƘƛŎƘ 

can be ƭŀōŜƭƭŜŘ ŀǎ ҟҞDth. 

However, as previously remarked, the most common extension of the Paris-type plot for composites 

ƛǎ ǘƻ Ǉƭƻǘ ŘŀκŘb Ǿǎ ҟDΦ /ƻƳƳƻƴƭȅ ǳǎŜŘ ǾŜǊǎƛƻƴǎ ƻŦ ǘƘŜ tŀǊƛǎ [ŀǿ ŦƻǊ ŎƻƳǇƻǎƛǘŜǎΣ ŜȄŀƳǇƭŜǎ ƻŦ ǿƘƛŎƘ 

can be seen in [19], [46], [109] among others are shown in Equations 2.16 and 2.17. 

Ὠὥ

Ὠὔ
ὅЎὋ   

 

ÌÏÇ
Ὠὥ

Ὠὔ
ÌÏÇὅ άȢÌÏÇῳὋ  

(2.14) 

(2.15) 

(2.16) 

(2.17) 
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Here C and m are empirically determined parameters from the plot as per Equation 2.17. 

One version of the Paris equation for composites yields a plot of the form shown in Figure 2.14. 

 

Figure 2.14: Paris-type Plot for composites with G instead of K; adapted from [46] 

However, as detailed in the next section, composite materials present a unique set of challenges that 

make the Paris Equation either unsuitable altogether or yields parameters that are unsuitable for use 

in the prediction of fatigue life or delamination growth rates. 

It stands to reason here that this άimperfectέ adaptation of the Paris Law may be contributory towards 

the anomalies and scatter seen in fatigue test results. This shortcoming has been pointed out by Rans 

et al in [104], where the direct assumption of G and K having similar similitude behaviour can lead to 

ŀƴƻƳŀƭƻǳǎ ǊŜǎǳƭǘǎΦ ¢ƘŜ ǇǊƻǇƻǎŜŘ ƳƻŘƛŦƛŎŀǘƛƻƴ ƛǎ ǘƻ ǘŀƪŜ ҟãD ŀǎ όҞDmax-ҞDmin). This is also pointed out 

by Jones et al in [105], and Pascoe et al in [106]. In [107], it was also observed that plotting fatigue 

ŘŜƭŀƳƛƴŀǘƛƻƴ ƎǊƻǿǘƘ ǊŀǘŜǎ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ҟY2 does not yield meaningful results. It is therefore 

recommended that moving forward, delamination growth in composites under fatigue be 

ŎƘŀǊŀŎǘŜǊƛǎŜŘ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ҟҞD ǊŀǘƘŜǊ ǘƘŀƴ ҟYΦ 

нΦмр ¢ƘŜ LƳǇƻǊǘŀƴŎŜ ƻŦ ŦŀǘƛƎǳŜ ǘƘǊŜǎƘƻƭŘǎ όɲYth and ɲDth)   

Regardless of the approach used to design/certify airframes (no growth or slow growth), accurate 

characterisation of crack/delamination growth is essential.  If the no growth approach to the damage 

tolerant design of airframes is to be used, it must be ensured that crack/delamination growth does 

not occur at in-ǎŜǊǾƛŎŜ ƭƻŀŘ ǎǇŜŎǘǊŀΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ҟY ŀƴŘκƻǊ ҟҞD ǾŀƭǳŜǎ ǘƘŀǘ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǿƛƭƭ ŜƴŘǳǊŜ 

in use must be kept below their respective fatigue thresholds, which can be mode dependent. 
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This necessitates that the threshold for crack/delamination growth be determined with reasonable 

accuracy. As pointed out in JSSG-2006 [7] and CMH-17-3G[22], for composites the variability observed 

in material properties and in particular, fatigue tests is a problem that needs to be addressed. CMH-

17-3G in particular notes that the variability observed in fatigue test data for composites means it will 

a FSFTs will need to last fourteen lifetimes for the B-basis variables to give the same level of confidence 

as a test to two lifetimes for metallic airframes. 

However, as discussed in [4] among others, there are now numerous instances where composite 

airframes and composite repairs to airframes and metallic structures designed using the no growth 

model have experienced delamination/disbonding under operational flight loads/laboratory testing. 

As previously discussed this suggests that the threshold for the growth of delaminations from naturally 

occurring material defects is much lower than previously theorised. 

LŦ ǘƘŜ ǘƘǊŜǎƘƻƭŘǎ ŦƻǊ ǘƘŜ ƻƴǎŜǘ ƻŦ ŦŀǘƛƎǳŜ ŘŜƭŀƳƛƴŀǘƛƻƴǎ όҟDth ƻǊ ҟҞDth) from sub-mm disbonds or 

defects is much lower than the thresholds associated with longer delaminations, then the no growth 

approach to aircraft certification will likely be unsuitable for composite airframes. 

¢ƘŜ ǘƘǊŜǎƘƻƭŘ ǾŀƭǳŜǎ όҟYth ƻǊ ҟGth) are of fundamental importance to the no growth model. If airframe 

design is to be such that delaminations will not grow during in-service flight loads to comply with the 

ǊŜǉǳƛǊŜƳŜƴǘǎ ƻŦ W{{DнллсΣ ǘƘŜ ҟҞDκҟY ǾŀƭǳŜǎ Ƴǳǎǘ ōŜ ōŜƭƻǿ ǘƘŜƛǊ ǊŜǎǇŜŎǘƛǾŜ C/D ǘƘǊŜǎƘƻƭŘǎΦ ¢ƘŜ 

ҟҞD ŀƴŘκƻǊ ҟY ǾŀƭǳŜǎ Ƴǳǎǘ ƴƻǘ ŜȄŎŜŜŘ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ŦƻǊ ŦŀǘƛƎǳŜ ƭƻŀŘƛƴƎ ƻǾŜǊ ǘǿƻ ƭƛŦŜ-cycles of the 

airframe [7,8]. Using the minimum threshold from a given data set is not recommended as it may lead 

to anomalously low or high design thresholds due to the data scatter. Fibre bridging effects may lead 

to anomalously high measured fatigue thresholds if the retardation effects of fibre bridging are not 

adequately accounted for. 

2.16 Application of the Paris Equation to composites  

Attempts to apply the Paris Equation, or similar equations, to composites are not new. In 1990 Murri 

and Martin [19] tried modelling delamination growth in composites as a function of G with a simple 

Paris Law type equation. Even though the analysis was in Imperial units, the exponents obtained were 

6 or greater. Khan [108] also tried a similar approach on a different dataset and the exponents 

obtained were even larger. 

Murri and Martin (1990) commented [19]:  

For composites, the exponents for relating propagation rate to strain energy release rate have been 

shown to be high, especially in Mode I. With large exponents, small uncertainties in the applied loads 

will lead to large uncertainties (at least one order of magnitude) in the predicted delamination growth 
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rate. This makes the derived power law relationships unsuitable for design purposes. Hence, for 

composite materials more emphasis must be placed on the strain energy release rate threshold. 

Therefore, it is important to ensure that the threshold value obtained corresponds to no delamination 

growth in the structure. 

Another example is shown in Figure 2.15, adapted from [92], where we see an exponent of 11.65. 

 

Figure 2.15: An example of a Paris Plot for composites showing high exponents, adapted from [92] 

It is therefore clear that, as explained by Murri [19,92], Paris-law type characterisations of 

delamination growth in composites are unsuitable for use in determining the service life of 

composites. The large exponents mean any uncertainties in the data or measurements will lead to 

uncertainties or errors at least an order of magnitude greater in the predicted delamination growth 

rates. 

It has also been observed in the ESIS TC4 round robin tests [109] for a range of composites (AS4/Peek, 

IM7/977-2 and G30-500/5276) that the exponents for simple Paris-type plots of da/dN vs GImax yield 

exponents of 10 or more (illustrated in Figure 2.16). 

It is therefore evident that when da/dN is plotted against Gmax on a Paris-type plot, the exponent of 

the power law relationship between da/dN and Gmax is large enough to increase any uncertainties in 

the experimental data by an order of magnitude or more. This means that the approach should not 

be used for any predictive purposes. This unfortunate situation is consistent across different types of 

composites, and tests performed at different laboratories. 
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Figure 2.16: Slopes of Paris-type plots for (a) G300/5276 and (b) AS4/PEEK from ESIS TC4 round-robin tests, adapted from [] 

As such the Paris equation appears to be unsuitable for predictive usage in composite delaminations 

and fatigue life. The slow growth model has not as yet been used to design operational composite 

airframes.  A detailed discussion on this can be found in [110]. 

The points raised in this Chapter, when taken together with the increasing use of composites in 

modern airframes (e.g. Boeing 787, Airbus A350, Boeing 777-8 and 9 series), means that there is now 

increasing need for a mathematical model that can be used for to predict delamination growth, and 

also for improved methods for determining the A-Basis values for the fatigue thresholds that are 

required by JSSG2006.  

In this context it should be noted that Section 3.2.19.1 in the US Joint Services Structural Guidelines 

JSSG2006 states: The allowable structural properties shall include all applicable statistical variability, 
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and that "Aέ ŘŜǎƛƎƴ allowables shall be used in the design of all critical parts (see definitions 6.1.23 

through 6.1.23.4).[7]  Indeed, MIL-STD-1530D [8] ǎǘŀǘŜǎ Χ  ά¢ƘŜ ōǳƛƭŘƛƴƎ ōƭƻŎƪ ǘŜǎǘ ǇǊƻƎǊŀƳ ǎƘŀƭƭ 

include sufficient testing to characterize the effects of material, processing, and manufacturingέ. To 

the best of the authors knowledge the Hartman-Schijve crack growth equation [69,107 ,111-113] is 

currently the only formulation that has been used to determine the variability and the associated A- 

and B- basis curves.  

2.17 Variability and data scatter in composites in the threshold region  

JSSG-2006 and CMH-17-3G highlight the need to account for the variability in fatigue performance of 

composite structures. This variability is a feature of the data presented by Murri in [19,46,92], and 

Stelzer et al in [109], where we see that the da/dN vs G curves for composites often show substantial 

variability, particularly in the threshold region. Analyses performed as part of this thesis have revealed 

that, depending on the test protocol, the threshold ǾŀƭǳŜǎ ƻŦ ҟD can vary by an order of magnitude. 

Figure 2.17 shown below, which is taken from [92], is a sample of part of the data analysed as part of 

this thesis. (This particular figure has not been converted from Imperial to SI units.) It can be clearly 

ƻōǎŜǊǾŜŘ ǘƘŀǘ ǘƘŜ ҟD ǾŀƭǳŜǎ ƛƴ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ǊŜƎƛƻƴ exhibit a large degree of scatter. It can also be 

observed that the exponent of the Paris-type relationship between delamination growth rate da/dN 

ŀƴŘ ҟD ƛǎ ƎǊŜŀǘŜǊ ǘƘŀƴ млΦ 

 

 

Figure 2.17: A Paris Plot for IM7/8552 showing substantial variability in the threshold region; adapted from [92] 
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Similar results have been observed from multiple tests in other laboratories, and on different 

composite material systems. This is illustrated in figure below, which is taken from an analysis of the 

ESIS TC4 round-robin study into delamination growth [109]. HŜǊŜ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ǊŜƎƛƻƴ Ƙŀǎ ҟD ǾŀƭǳŜǎ 

can be seen to vary by a relatively large margin. The exponent of the Paris-type characterisation for 

this data set is also (generally) greater than 5. This led Stelzer et al [109] to state: άThe inter-laboratory 

scatter of the raw data is significant (amounting to more than two decades in delamination 

propagation da/dN for a given value of GImaxύέ. This is conclusion is aptly illustrated in Figure 2.18. 

 

Figure 2.18: Paris Plot from ESIS TC4 round robin tests for 2 materials. Both show significant variability in the threshold 
region [109] 

It was also noted, in [109], that small variations in measured load during testing can result in large 

amount of data scatter when a compliance-based approach is used to calculate G.  

This poses a unique challenge for any mathematical model that is proposed for predict the growth of 

delaminations in composite structures, viz: It must be able to account for the relatively large 

exponents seen in the ŘŀκŘb Ǿǎ ҟD ǊŜƭŀǘƛƻƴǎƘƛǇΣ ŀƴŘ ŀƭǎƻ ŀŎŎƻǳƴǘ ŦƻǊ ǘƘŜ ǾŀǊƛŀōƛƭƛǘȅ ƛƴ this relationship. 

Any predictive model that fails to account for this data scatter will not be robust enough for use in the 

determination of the fatigue life of composite structures. In this context Stelzer et al [109] also 

commented about the relevancy of a Paris-type characterisation of da/dN vs G, viz: άLǘ may hence be 

ǉǳŜǎǘƛƻƴŜŘ ǿƘŜǘƘŜǊ ǘƘŜ ƭŀǘǘŜǊ Řŀǘŀ Ŏŀƴ ōŜ ǳǎŜŘ ƛƴ ŦǊŀŎǘǳǊŜ ƳŜŎƘŀƴƛŎǎ ōŀǎŜŘ ǎǘǊǳŎǘǳǊŀƭ ŘŜǎƛƎƴέΦ 

The difficulty of determining a singular threshold from the Paris Law type plots indicates that it can be 

difficult to comply with either of the two allowable design philosophies discussed aboveΦ ¢ƘŜ άƴƻ 
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ƎǊƻǿǘƘέ ŘŜǎƛƎƴ ǇƘƛƭƻǎƻǇƘȅ ǊŜǉǳƛǊŜǎ ǘƘŜ ŘŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜ ǘƘǊŜǎƘƻƭŘǎ ŦƻǊ ŦŀǘƛƎǳŜ ŘŜƭŀƳƛƴŀǘƛƻƴ 

growth, where composites show significant scatter. (This topic will be discussed in more detail in the 

next section.) The slow growth model needs determination of a threshold and accounting for the 

significant observed data scatter.  

A study into airframe lifing was also carried out by Sivakumar [115] for the FAA. While several methods 

of studying and categorising the data scatter have been tried, this study does not explicitly look at 

minimisation of the scatter associated with composites under fatigue loading [115]. 

 

2.18 The fatigue threshold manifold and the need for multi-axial testing 
 

Jones et al [114] explained that, to be consistent with CMH-173G [22], JSSG 2006 [7] and MIL-STD-

1530D [8], the fatigue thresholds should be established with sufficient margins to ensure that damage 

growth due to repeated loads will not occur. However, the multi-axial nature of in-flight loads raises 

a few key questions that need to be addressed for airframe design criteria to be defined in a robust 

and conservative manner. The need to account for the multi-axial load states associated with 

delamination damage in service aircraft under operational flight loads has also been pointed out in 

[38-40] 

Jones et al in [114] postulated that the fatigue threshold for composites in multiaxial loading is a 

ŎƻƳǇƭŜȄ о5 άǎƘŜƭƭέ that will be a function of the interaction of the threshold along each axis (load 

ƳƻŘŜύΦ ¢ƘŜ ǾŀǊƛŀōƛƭƛǘȅ ƛƴ ǘƘŜ ŦŀǘƛƎǳŜ ǘƘǊŜǎƘƻƭŘ ƛƴ ŜŀŎƘ ƭƻŀŘ ƳƻŘŜ ƳŜŀƴǎ ǘƘŜ άǎƘŜƭƭέ Ƙŀǎ ŀ ǾŀǊƛŀōƭŜ 

thickness. Figure 2.19, adapted from [114], represents this graphically: 

 
Figure 2.19: Schematic representation of the fatigue threshold manifold (thick shell), from [114]. 
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Unfortunately, laboratory testing for composite specimens has been generally uniaxial in [46],[51] 

[109], for example. If flight loads are indeed multiaxial (and hence the loading mixed-mode), it needs 

to be considered whether uniaxial (single-mode) tests can be adequately used to determine fatigue 

thresholds and characterise/account for the associated variability in a multi-axial (mixed-mode) load 

states representative of flight load spectra. 

Similarly, it needs to be considered how/whether uniaxial (single mode) tests can be used to 

adequately determine and account for the variability and data scatter observed in fatigue 

crack/delamination growth rates in multi-axial (mixed mode) load states that represent flight load 

spectra.  

As scatter in single-mode tests has been observed to be high, multi-axial tests will carry over the 

scatter. The variability in delamination growth rates and thresholds can be due to the inherent 

variability and scatter exhibited by composites under fatigue, in addition to contributory factors such 

as fibre bridging as discussed in preceding sections. 
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2.19 Alternative approaches to characterisation of delamination growth (Internal 

Energy/Energy Balance approach) 

 

Note: some of the literature cited for this section use the symbol d to represent displacement. However, 

to prevent confusion and ensure consistency with previous sections, displacement measured at load 

point will be referred to as ɻ. This thesis will continue to use d as a term for change (e.g. da/dN for 

crack growth per cycle) and ɻ as a term for displacement. It should also be noted here that D and D 

are also separate terms, representing parameters of certain crack growth models such as the Hartman-

Schijve Equation. 

 

It has recently been proposed [116-124] that for tests under cyclic loads the crack growth rate (da/dN) 

can be related to the terms (dUtot/dN) and/or to (dUcyc/dN) which were defined as per Equations 2.18 

and 2.19: 

Ὗ
ρ

ς
ὖ ‏ ‏  

Ὗ
ρ

ς
ὖ ὖ ‏ ‏   

 

 

Here Pmax and Pmin ŀǊŜ ǘƘŜ ƳŀȄƛƳǳƳ ŀƴŘ ƳƛƴƛƳǳƳ ǾŀƭǳŜǎ ƻŦ ǘƘŜ ƭƻŀŘ ƛƴ ŀ ƎƛǾŜƴ ŎȅŎƭŜΣ ʵmax ŀƴŘ ʵmin are 

ǘƘŜ ƳŀȄƛƳǳƳ ŀƴŘ ƳƛƴƛƳǳƳ ŘƛǎǇƭŀŎŜƳŜƴǘǎ όŀǘ ǘƘŜ ƭƻŀŘ ǇƻƛƴǘύΣ ŀƴŘ ʵ0 is the displacement (at the load 

point) at zero load. 

 
Yao et al in [123] provided a graphical representation of this relationship. Note that the original figure 

as given in the paper uses the term d to represent the displacement. This has been replaced by ʵ to 

maintain consistency with the nomenclature used in this thesis. 

The term Ucyc represents the energy applied during the load cycle. Some of the energy will be 

consumed by crack growth and some will be associated in other irreversible processes, see Figure 

2.20. 

(2.18) 

(2.19) 



 

46 
 

 

Figure 2.20: Methodology for calculating Ucyc, as shown in [123] 

 

However, these studies assume a linear material response between the two load limits. The authors 

stated that this could lead to erroneous measurements dependent on the R ratio but concluded that 

this error can be estimated and corrected. The authors also stated that the error due to assumption 

of material linearity is likely to be overestimated.  

A key difference between the tests analysed in [116-124] and most other researchers is that these 

tests were performed under strain control. This causes the energy dissipation to decrease as 

delamination length increases. The reduction in Ucyc with accumulated cycles given in [123] for one 

such test is shown in Figure 2.21: 

 

Figure 2.21: Ucyc vs N for force-controlled tests, from [123] 

Force-controlled tests results in the energy dissipation increasing with increasing with the number of 

cycles. 

mɻin mɻax 
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The quantities dUcyc/dN and dUTot/dN are calculated from a polynomial fit to the U vs N curve. Figure 

2.22 below illustrates the curve specifically for Ucyc vs N. The authors recommend a power law fit for 

U vs N. 

 

Figure 2.22: Derivation of dUcyc/dN from Ucyc,from [124]   

 

Reference [123] presented the data sets shown in [122-124] plotted as functions of dUcyc/dN and 

dUtot/dN , see Figure 2.23. This Figure reveals that the data scatter in the plot of da/dN vs dUcyc/dN is 

greatly reduced compared to the standard Paris-ǘȅǇŜ Ǉƭƻǘǎ ǳǘƛƭƛǎƛƴƎ ŜƛǘƘŜǊ ҟD ƻǊ ҟҞDΦ  

 

Figure 2.23: da/dN vs dUcyc/dN and dUtot/dN for the same tests. From [123] 

¢ƘŜ ŀǳǘƘƻǊǎ ǎǳōǎŜǉǳŜƴǘƭȅ ŘŜǊƛǾŜŘ ŀ άŎƻǊǊŜŎǘŜŘ D ǾŀƭǳŜέ ŎŀƭƭŜŘ Dϝ which they plotted against da/dN 

[123]. The G* quantity is a measure of the strain energy release rate corrected for plastic deformation 

of the material during cyclic loads, as shown in Equation 2.20. 

mɻax mɻin 
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Ὃᶻ  
ὨὟ

Ὠὔ
Ȣ
Ὠὔ

Ὠὃ
  

The term Ὃᶻ  is the G* term with a corrector term used to adjust the Ucyc term for the 

over/underestimation due to assumption of elastic material behaviour. This is shown in Figure 2.24.  

 

 

Figure 2.24: A Paris-type plot of da/dN vs G*; G*corr is the value of G corrected for plastic deformation. Scatter in the 
threshold region is still significant. From [123] 

 

Unfortunately, the plot of da/dN vs G*corr still exhibits scatter in the threshold region. Nevertheless, 

Figure 2.23 and Figure 2.25 suggest that relating dUcyc/dN or  (dUTot/dN) to da/dN may be 

advantageous. In this context Yao et al [122ϐ ŎƭƻǎŜŘ ǿƛǘƘ ǘƘŜ ŎƻƳƳŜƴǘ άLǘ ƛǎ ǘƘŜǊŜŦƻǊŜ ǊŜŎƻƳƳended 

to investigate and establish a fatigue delamination prediction model based on the correct principle of 

ŜƴŜǊƎȅ ōŀƭŀƴŎŜ ŀƴŘ ǳǎƛƴƎ ŜƴŜǊƎȅ ŀǎ ǘƘŜ ŘǊƛǾƛƴƎ ŦƻǊŎŜ ŦƻǊ ŘŜƭŀƳƛƴŀǘƛƻƴ ŀƴŀƭȅǎƛǎ ƛƴ ŦǳǘǳǊŜ ǎǘǳŘƛŜǎέΦ 

However, as discussed in the following sections, the assumption that material response is linear 

through the entire load range may be problematic. 

As such, this approach may be useful in characterisation of delaminations that nucleate and grow from 

naturally occurring sub-mm material defects and will be investigated further in this thesis. 

 

(2.20) 
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Figure 2.25: Plotting da/dN vs dUcycκŘb ǊŀǘƘŜǊ ǘƘŀƴ ҟD ȅƛŜƭŘǎ ƳǳŎƘ ƭŜǎǎ ǎŎŀǘǘŜǊ. From [122] 

2.20 Alternative approaches to characterisation of delamination growth 

(Normalisation of ҟG and/or ҟK)  

As noted in CMH-17-3G [22] another possible approach for characterisation of delamination growth 

is to express da/dN as a function of the ratio of G/Gc instead of G. This approach has been examined 

by numerous researchers, see Allegri et al [43] and Jones et al [113]. An example of such a plot is given 

in Figure 2.26 ǿƘŜǊŜ ǘƘŜ ǘŜǊƳ ˒ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ƳƻŘŜ ƳƛȄƛǘȅΣ л ōŜƛƴƎ ǇǳǊŜ aƻŘŜ L ŀƴŘ м ōŜƛƴƎ ǇǳǊŜ 

Mode II loading, for more details see [43]. Data scatter and exponents for such a model were not 

explicitly studied in [43]. However, a digitised version of this plot can be used to study that. The plots 

for IM6/6736 and T300/3100 from [43] are digitised in Figure 2.27. In this approach  the Gc value has 

to be experimentally determined for each batch of specimens [46,19 ,92], and cannot be treated as a 

material constant.  
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Figure 2.26: A potential method of non-dimensionalising G to account for R ratio and mode mixity effects, from [43] 

 

 

Figure 2.27: Non-dimensionalised Paris Plot for IM6 and T300; exponents and scatter are both still high. The figure is a 
digitised adaptation of a plot from [43] 
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A similar approach was applied in [127] to T800H/3631 under Mode II loading. Plots of da/dN against 

G/Gc yield good agreement with their predicted counterparts. However, there is no investigation into 

scatter. The exponents are also large (close to 7 for some specimens). Moreover, determining G in 

Mode II can be difficult as pointed out in [43] and [44]. This shows that normalisation can potentially 

account for R-ratio effects in fatigue tests. 

It is evident from these plots that the scaling of the G values by Gc do not yield a significant insight into 

prediction of delamination growth. It should also be noted that in [43,127] the sample sizes were 

relatively small and the issue of data scatter was not addressed.  

Another possible approach for scaling Paris-type plots has been proposed by Schönbauer et al in [128]. 

While studying the propagation of short cracks in turbine blades from corrosion-induced pits, it was 

found that normalising the Paris-ǘȅǇŜ Ǉƭƻǘ ƻŦ ŘŀκŘb Ǿǎ ҟY ōȅ ҟYth was useful in removing the short 

crack anomaly.  The fatigue crack propagation investigated in the paper is reproduced below in Figure 

2.28. 

 

Figure 2.28: CŀǘƛƎǳŜ ŎǊŀŎƪ ƎǊƻǿǘƘ Ǿǎ ҟY ŦƻǊ мн҈ /Ǌ ǘǳǊōƛƴŜ ōƭŀŘŜ ǎǘŜŜƭ ώ128] 

 

It can be observed that the cracks emanating from pits show much higher growth rates than a long 

ŎǊŀŎƪ ŦƻǊ ǘƘŜ ǎŀƳŜ ǾŀƭǳŜǎ ƻŦ ҟYΦ ¢Ƙƛǎ ƛǎ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ǘƘŜ ōŜƘŀǾƛƻǳǊ ƻŦ ǎƘƻǊǘ ŎǊŀŎƪǎ ŀǎ ǇƻƛƴǘŜŘ ƻǳǘ ƛƴ 

[71,74]. As the fatigue threshold has to be empirically determined for each curve, the normalisation 

or scaling factor is different for each curve.  

If the value of ҟY ŦƻǊ ŜŀŎƘ ŎǊŀŎƪ ƛǎ ƴƻǊƳŀƭƛǎŜŘκǎŎŀƭŜŘ ōȅ ǘƘŜ ҟYth measured for the particular specimen, 

then short crack effects was greatly reduced, see Figure 2.29. 
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Figure 2.29: CŀǘƛƎǳŜ ŎǊŀŎƪ ƎǊƻǿǘƘ Ǿǎ ҟYκҟYth for 12% Cr turbine blade steel [128] 

 

It is therefore evident that normalising a Paris-type plot with the fatigue thresholds Kth or Gth rather 

than the fracture toughness Kc or Gc may be more useful in accounting for the short crack effect. This 

approach will be investigated in this thesis using data sets from NASA and ESIS in Chapter 4. 

 

2.21 The Hartman-Schijve Equation 

As previously discussed, the Paris 9ǉǳŀǘƛƻƴΩǎ ǳǘƛƭƛǘȅ ƛǎ ƭƛƳƛǘŜŘ ǘƻ ǘƘŜ wŜƎƛƻƴ н ŀǊŜŀ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ 

2.20. To address this shortcoming Forman [129] extended the Paris Equation to account for K 

approaching the fracture toughness Kc of the material, as per Equation 2.21:  

Ὠὥ

Ὠὔ

ὅЎὑ

ρ Ὑ ὑ Ўὑ
  

 

Hartmann and Schijve [17] further modified this relation to the form where  is a function of the 

ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ɲY ŀƴŘ ǘƘŜ ŦŀǘƛƎǳŜ ǘƘǊŜǎƘƻƭŘ ɲYthr of a material.  Schwalbe [130] subsequently 

proposed that the crack driving force ῳὯ took the form shown in Equation 2.22:  

ῳὯ
ῳὑ ῳὑ

ρ
ὑ
ὃ

 
 

The led Jones [20] to express the following expression for the crack growth as per Equation 2.23:  

(2.21) 

(2.22) 
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Ὠὥ

Ὠὔ
ὈῳὯ  

  

Here D and A are material constants, ῳὑ  ƛǎ ǘƘŜ ŦŀǘƛƎǳŜ ǘƘǊŜǎƘƻƭŘΣ ʰ ƛǎ ŀ ƳŀǘŜǊƛŀƭ ŎƻƴǎǘŀƴǘΣ ŀƴŘ ƛƴ 

Ƴƻǎǘ ŎŀǎŜǎ ʰ Ƙŀǎ ŀ ǾŀƭǳŜ ŀǊƻǳƴŘ нώ134].  

нΦнм! ¢ƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ҟYthr ŀƴŘ ҟYth 

The Hartman-Schijve variant of the Nasgro equation used in this thesis takes the form shown in 

Equation 2.24: 

Ὠὥ

Ὠὔ
Ὀ

ụ
Ụ
Ụ
ợ
Ўὑ  Ўὑ

ρ
ὑ
! Ứ
ủ
ủ
Ủ

 

It is important to note that the term Ўὑ  differs from the quantity Ўὑ  which corresponds to the 

value of Ўὑ associated with a crack/delamination growth rate, da/dN, of 10-10 m/cycle. The use of  

ῳὑ   in      Equation 2.23 is inappropriate. Since, at Ўὑ = Ўὑ   then      Equation 2.23 would return a 

value of da/dN that is zero instead of the required value of da/dN = 10-10 m/cycle.  Therefore, the term 

ῳὑ   is introduced to ensure that at Ўὑ = ῳὑ   the value of da/dN is equal to 10-10 m/cycle. Hence, 

the values of ῳὑ  and ῳὑ  are related by Equation (2.25), viz:  

ρπ Ὀ

ụ
Ụ
Ụ
ợ
Ў ὑ   Ўὑ  

ρ
ὑ  
ὃ Ứ

ủ
ủ
Ủ

 ςȢςυ 

 

To illustrate the magnitude of the difference, which is generally very small, let us consider the case of 

crack growth in 7050-T7451. In this instance D = 7 x 10-10, n = 2, so that difference between ҟKthr and 

ҟKth is лΦоу atŀ ҞƳΣ ƛΦŜΦ quite small. Nevertheless, from a mathematical and an engineering 

perspective, it is better to use ҟKthr rather than ҟKth in Equation (2.24), otherwise unnecessary errors 

can be introduced at low crack growth rates. 

Jones et al in their 2012 study [20] showed that for crack growth in metals, the Hartman-Schijve 

Equation can model the growth of both long and short cracks quite well, with the exponent n in 

Equation (2.24) often being approximately 2. Figure 2.30 and Figure 2.31 reveal that, unlike when 

da/dN is expressed as a function of ɲYΣ when da/dN is plotted against the Schwalbe similitude 

parameter ῳὯ  the anomalous the "short-crack" effect vanishes. As such ῳὯ would appear to be   a 

valid similitude parameter. This phenomenon is also shown in [20,80,131 -132] .  

(2.23) 

(2.24) 
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Figure 2.30 Plot of da/dN Ǿǎ ɲY ŦƻǊ тлтр-T451 (adapted from [20]) 

It should be noted here that ῳὯ is the Schwalbe Similitude Paramater as per Equation 2.22. it is not 

the same as ҟK which represents the stress intensity factor K scaled by (1-R). 

 

Figure 2.31 Hartmann-Schijve Plot for 7050-T7451 from [20] 

It would thus appear that for a range of materials, the Hartman-Schijve equation and/or its variants 

can model both short and long crack growth, with the value of the exponent n in Equation (2.23) being 

approximately 2. Since a similitude parameter is essential expressing da/dN as a function of ῳὯ rather 

than  ЎK would appear to be more appropriate.  
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This conjecture, i.e. that ɝὯ is a more appropriate similitude parameter, is reinforced by the recent 

finding [21]  that even if lonƎ ŎǊŀŎƪǎ ƛƴ ŀŘƘŜǎƛǾŜǎ ƘŀǾŜ ǘƘŜ ǎŀƳŜ ǾŀƭǳŜǎ ƻŦ ҟD ŀƴŘ Dmax their growth 

rates (da/dN) can differ. Hence, for cracking in adhesives the expressions for the crack driving force 

used in the Paris and other related crack growth equations are not valid similitude parameters. In 

contrast, [21] revealed that, for cracking in adhesives, ɝὯ appears to be a valid similitude parameter. 

As such the suitability of the Hartman-Schijve Equation, also referred to as the HS Equation to 

composites is one of the key questions that will be explored in this thesis. 
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2.22 Mode II specimens under axial loading configuration 

 

The ENF (end notched flexure) test specimen is most probably the configuration most commonly used  

to measure Mode II delamination growth. These tests, similar to the DCB tests used for Mode I, use 

specimens with pre-cracks, or pre-induced delaminations, that are induced from artificial insets that 

are built in to the specimens during the layup/cure process. The MMB test configuration described by 

Reeder et al [39] is a variant of this test, with a movable load lever added to the test rig so as to 

examine mixed mode delamination growth. 

Using specimens with pre-cracks precludes these specimens from being representative of natural 

delaminations, that can arise as a result of either the manufacturing process or handling, that nucleate 

and subsequently grow from sub-mm material defects. In this context it should be noted that the 

double overlap fatigue test specimen geometry developed by Baker [133] to study the durability of 

bonded repairs to cracked metallic airframes has proven to result in the nucleation and growth of 

naturally occurring cracking in adhesives.  A schematic diagram of a typical DOFS (Double Overlap 

Fatigue specimen) is shown in Figure 2.32. This is an illustration based on studies of literature such as 

[133] and is not directly sourced from literature. The upper and lower adherends are bonded to each 

other. 

 

Figure 2.32: Indicative (not to scale) representation of DOF specimen geometry. Original graphic by author. 

 

As previously mentioned this specimen geometry was developed to study the durability of the 

adhesive bonded associated with bonded composite repairs to cracked metallic airframes. 

Consequently, the specimen consists of two outer composite doublers bonded to an inner metallic 

adherend. The symmetric double overlap joint configuration was chosen so as to best simulate the 

central region of a bonded repair to a cracked metallic skin, see [127-130] for more details. As shown 

in Figure 2.32 ǘƘŜ ǎǇŜŎƛƳŜƴ Ŏƻƴǘŀƛƴǎ ŀ ŎŜƴǘǊŀƭ άƎŀǇέΦ ¢ƘŜ ǇǳǊǇƻǎŜ ƻŦ ǘƘƛǎ ƎŀǇ is to simulate a crack in 

the metallic airframe.  When subjected to fatigue loads a debond (crack) nucleates at point A in Figure 

2.44 and then, provided the surface treatment is adequate, initially grows in the adhesive in a cohesive 

A A 
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fashion. The large variability in the associated cohesive crack growth rates associated with the growth 

of naturally occurring cracks in bonded composite repairs to cracked metallic structures is illustrated 

in Figure 2.33. 

Stress field in the adhesive and the adherends associated with such double overlap bonded joints is 

discussed in [134-139].   

 

 

Figure 2.33: Crack growth history with naturally debonded composite repairs, from [134] 

 

 

The ability of DOFs specimens to generate naturally occurring cohesive cracks suggests that axially 

loaded CCP (cut central ply) specimens, as studied in [140-145], which are a variant of the DOFS 

specimens may also be useful in studying he nucleation and growth of delaminations in composite 

specimens.  Such specimens are laid up with some of the central plies in the layup being cut, see Figure 

2.34. 
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Figure 2.34: Indicative geometry of DOFS/CCP specimens sourced from [142] 

.ŀǎŜŘ ƻƴ ŜȄǇŜǊƛŜƴŎŜ ǿƛǘƘ ǘƘŜ 5hCΩǎ ǎǇŜŎƛƳŜƴǎ ƛǘ ƛǎ ŜƴǾƛǎŀƎŜŘ ǘƘŀǘΣ ǳƴŘŜǊ ŦŀǘƛƎǳŜ ƭƻŀŘƛƴƎΣ 

delaminations in these specimens should nucleate and subsequently  propagate from the cut ply site. 

It is anticipated that the absence of pre-cracks in these specimens should first lead to failure of the 

resin that bridges the discontinuity in the plies, and that this would be followed by delamination 

growth along the interlaminar interface between the continuous and discontinuous plies [140,143]. If 

this hypothesis was true it would enable the study of the growth of naturally occurring damage in 

composites. (At the moment there is minimal data on such naturally occurring damage.) 

Petrossian and Wisnom [140] derived a closed form solution for the energy release rate G for 

delaminations that grew at the interface between the continuous and discontinuous plies. The 

tendency for delaminations to grow along laminar interfaces is also mentioned, as most composites 

have much higher strength in the fibre direction as compared to transversal and inter-laminar 

strength. This work specifically focused on tapered laminates. A schematic of such laminates is shown 

in the Figure 2.35 below. 

.  

Figure 2.35: A DOFS specimen with "dropped" plies, from [140] 

 

Wisnom et al [141] also tested similar specimens, in various configurations, and attempted to derive 

closed form solutions for delamination growth. Fatigue tests were not examined in [141]. It was 

observed that, in all specimens, delaminations grew from the ply cut sites. 

Allegri et al [127] derived an empirical relationship between the delamination growth rate da/dN and 

energy release rate G for such specimens. This work made some key progress towards characterisation 
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of delamination growth in such specimens. Unfortunately, the complexity of the possible 

permutations of delamination growth meant that similitude and symmetry needed to be assumed. 

The configuration tested in [127] is shown in Figure 2.36: 

 

Figure 2.36: Specimen configuration as tested in [127]. Note symmetric growth and midplane symmetry. 

It is noteworthy here that in [127][140] delamination growth was assumed to be symmetric. It was 

also assumed that the placement of the extensometer was exactly symmetrical about the cut plies.  

However, optical measurements revealed that delamination growth was not entirely symmetrical.  

To this end Chapter 5 in this thesis studies the potential for asymmetric growth in DOFS/CCP 

specimens. This study indicates the potential for asymmetry in growth of delaminations. An example 

is shown in Figure 2.37, from [127], where we see that there can be significant asymmetry. 

 

Figure 2.37: Asymmetry of delamination growth in DOFS specimen, from [127] 

  

  



 

60 
 

The equation derived for G for such specimens by Allegri et al in [127], viz:  

Ὃ
ὖ

τὄὉὸ

ὢ

ρ ὢ
  

is independent of the delamination length. Here P is the applied load, B is the specimen width, E is the 

¸ƻǳƴƎΩǎ aƻŘǳƭǳǎΣ ǘ ƛǎ ǘƘŜ ǘƘƛŎƪƴŜǎǎ ŀƴŘ · ƛǎ ǘƘŜ ŦǊŀŎtion of cut plies to total plies.  Since for small 

delamination lengths the value of G should asymptote to zero as the length of the delamination goes 

to zero it is clear that Equation 2.26 does not hold for small delaminations. Indeed, [127] stated that 

the minimum delamination length for this relationship to be valid should be around 8 times the 

thickness of the individual plies that are cut. For a typical layup of T300/970 with a nominal ply 

thickness of 0.2mm, this would indicate Equation 2.26 would need a minimum delamination length of 

around 1.6mm to be valid.  This indicates that Equation 2.26 is not suitable for sub-mm delaminations 

that nucleate and grow from naturally occurring material defects. 

The delamination length in the experiments in [127] was calculated using the localised Modulus 

between the extensometer arms. The equation derived for calculation of the delamination length is 

given below in Equation 2.27. 

 

ςὥ ὒ
ρ ὢ

ὢ

Ὁὄὸ

ὖ
‐ᶻ ρ  

ǿƘŜǊŜ ʶϝ ƛǎ ŀ ƳŜŀǎǳǊŜ ŦƻǊ ƭƻŎŀƭƛǎŜŘ ǎǘƛŦŦƴŜǎǎ ŀǘ ǘƘŜ ŜȄǘŜƴǎƻƳŜǘŜǊΦ 

As this approach assumes the relationship between a and G to be independent, the only change to 

delamination growth should be from the applied load if the specimen geometry is also held constant. 

From the literature reviewed on these specimens, particularly [127], [140],[141] and [143] the 

assumption of delamination growth being symmetrical and independent of G is used to enable a 

closed form solution. There is also no convenient mechanism to establish fatigue thresholds or onset 

criteria. 

Other approaches have been used to model these delaminations [142-144]. It has been suggested 

[142] that the finite element analysis of this class of problems using of cohesive elements is not 

particularly accurate. More background into these specimens can also be found in [143]. 

(2.26) 

(2.27) 



 

61 
 

2.23 Material non-linearity and Hysteretic Energy Dissipation by carbon-epoxy 

composites under fatigue 

Numerous studies have established that when subjected to fatigue loads carbon-epoxy composites 

can exhibit extensive material non linearity, particularly when loaded in the off-axis direction [142-

155]. An example of one such non-linear response is illustrated in [142] where a composite specimen 

is loaded under shear strain, reproduced in Figure 2.38: 

 

Figure 2.38:  Non-linearity under fatigue in a composite specimen, as shown in [142] 

 

Extensive in-elastic behaviour was observed and highlighted in [147], [151] and [154]. Furthermore, 

[144] reported that the in-elastic response of double carbon lap joints was highly dependent on the 

loading rate. This observation has been seen in both single and double lap joints [151], see Figure 2.39. 

 

Figure 2.39: Load rate dependency of composites as shown in [151] 
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Other experimental examples of material non-linearity in composites are given in [146] and [150]. In 

particular, [150] provides an extensive analysis of nonlinear behaviour composites. It can be observed 

from the study that composites exhibit both extensive in-elastic behaviour and load rate dependency, 

see Figure 2.40 and Figure 2.41. Similar results were presented by Zhu et al in [152], see Figure 2.42 . 

In this context it should be noted that Mast et al [154] also highlighted the importance of energy 

dissipation, that arises as a result of the in-elastic response of composites, in the failure of composite 

structures. It is therefore evident that material nonlinearity may become an important consideration 

both in design and in assessing the durability of composite airframes. As such it stands to reason that 

the nonlinear response of composites under fatigue loading should also be investigated. This latter 

statement is supported by the extensive experimental study presented in [126], where it was shown 

ǘƘŀǘ ǘƘŜǊŜ ǿŀǎ ŜȄǘŜƴǎƛǾŜ ŜƴŜǊƎȅ ŘƛǎǎƛǇŀǘƛƻƴ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ŦŀǘƛƎǳŜ ƻŦ 5hCΩǎ ǎǇŜŎƛƳŜƴǎΦ !ǎ ǎǳŎƘ 

Chapter 4 examines the relationship between energy dissipation damage growth in CCP specimens. 

 

 

 

Figure 2.40: Load rate dependency of double bonded lap joints, from [150] 

 

B-24 Strain rate = 0.00001/sec 
B-15 Strain rate = 0.00017/sec 
B-17 Strain rate = 0.0188/sec 
B-22 Strain rate = 0.152/sec 
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Figure 2.41: Load rate dependency and non-linearity as shown in [149] 

 

 

Figure 2.42: Load rate dependency of AS4/PEEK from [152] 

It is anticipated that a complex combination of delamination growth, fibre bridging, fibre breakage, 

and in-elastic behaviour of the matrix materials may occur in composite specimens under fatigue 

loading. ¢ƻ ǘƘŜ ŀǳǘƘƻǊΩǎ ƪƴƻǿƭŜŘƎŜΣ ǘƘŜǊŜ ƘŀǾŜ ōŜŜƴ no studies examining the combined effects to 

date. 

To avoid confusion it should also be noted that the definition of the energy dissipated per cycle during 

fatigue that is adopted in [122-124] assumes that the materials response is elastic. As such the terms  

dUcyc/dN and dUtot/dN used to relate crack growth with what [122-124]  term the dissipated energy 

per cycle are calculated assuming a linear elastic material response. Moreover, the definition of cyclic 

1st cycle 
5th cycle 
8th cycle 
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energy in these papers is based solely on the energy applied during the load part of the load-unload 

cycle, not the complete cycle.  

2.24 Summary and key points from literature review 

The following key points can be summarised from this literature review: 

ǒ As outlined in the US Joint Services Structural Guidelines JSSG2006 [7] there must be no 

yielding at 115% design limit load. (Design limit load equals the maximum load seen in 

operational service.) The US Air Force airworthiness certification standard MIL-STD-1530D 

[8] states that there must be no yielding at 100% design limit load.   

ǒ CMH-17-3G notes that due to the extensive material property variability in composites, it 

would take FSFTs to fourteen lifetimes for composites to assure the same level of safety as 

metal airframes. 

ǒ Both CMH-17-3G [22] and JSSG-2006 note that extensive variability is observed in 

composites. The variability occurs in material properties due to factors such as 

manufacturing imperfections, handling and transport damage etc. Significant variability is 

also observed in fatigue testing results of composites. 

ǒ To be consistent with CMH-173G, JSSG 2006 and MIL-STD-1530D, the fatigue thresholds 

should be established with sufficient margins to ensure that damage growth due to repeated 

loads will not occur. 

ǒ ¢ƘŜ άǎƭƻǿ ƎǊƻǿǘƘέ ŘŜǎƛƎƴ ŀǇǇǊƻŀŎƘΣ ŀǎ ƻǳǘƭƛƴŜŘ ƛƴ C!!-AC20-107B [28] for civil aircraft and 

JSSG-2006 for military aircraft, can be used for the design and certification of both bonded 

and composite airframes.  

ǒ In this context it is important to note that JSSG2006 recommends using A-Basis design 

allowable for structures which if they fail would compromise the airworthiness of the 

airframe. 

ǒ Despite the importance of similitude in the DADT assessment of aircraft structures the range 

ƻŦ ǘƘŜ ǎǘǊŜǎǎ ƛƴǘŜƴǎƛǘȅ ŦŀŎǘƻǊ ƛƴ ŀ ƎƛǾŜƴ ŎȅŎƭŜ ɲY ƛǎ bh¢ ŀ ǾŀƭƛŘ ǎƛƳƛƭƛǘǳŘŜ ǇŀǊŀƳŜǘŜǊ [21]. 

ǒ No-ƎǊƻǿǘƘ ŘŜǎƛƎƴǎ ǎƘƻǳƭŘ ōŜ ōŀǎŜŘ ŀǊƻǳƴŘ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ǾŀƭǳŜǎ ƻŦ ɲKthr (for metals) and 

ɲҞGthr for composite and bonded structures. 

ǒ Short (sub-ƳƳύ ŎǊŀŎƪǎ ƛƴ ƳŜǘŀƭǎ ŀǊŜ ƻōǎŜǊǾŜŘ ǘƻ ƎǊƻǿ ŀǘ ƳǳŎƘ ƭƻǿŜǊ ɲY ǾŀƭǳŜǎ ǘƘŀƴ ƭƻƴƎŜǊ 

ŎǊŀŎƪǎΦ bƻ ƎǊƻǿǘƘ ŘŜǎƛƎƴǎ Ƴǳǎǘ ŀŎŎƻǳƴǘ ŦƻǊ ŘŜǎƛƎƴ ǘƘǊŜǎƘƻƭŘǎ ɲKthr associated with short 

crack to be significantly lower than those associated with long cracks. 

ǒ Whilst it is unclear if a short crack phenomenon holds for naturally occurring delaminations 

in composites, the fatigue threshold associated with small sub mm cracks in aircraft 
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structural adhesives has been shown to be very low. This suggests that composites will also 

see a short crack behaviour. This point needs further investigation. 

ǒ Composites are not a homogeneous isotropic material. 

ǒ ¢ƘŜ ǎǘǊŜǎǎ ǘƛǇ ŦƛŜƭŘ ŀǘ ǘƘŜ ǘƛǇ ƻŦ ŀ ŎǊŀŎƪ ƛƴ ŀ ŎƻƳǇƻǎƛǘŜ ƛǎ ǳƴƛǉǳŜƭȅ ŘŜǎŎǊƛōŜŘ ōȅ ҞD ǊŀǘƘŜǊ ǘƘŀƴ 

G [16]. Therefore, da/dN in composites should be expressed as a function of ȹҞD ŀƴŘ ҞDmax 

instead of ȹG and Gmax . 

ǒ The Hartman-Schijve Equation, which characterises crack growth as a function of The 

Schwalbe parameter ɲə, can represent the growth of both short and long cracks in metals 

and the growth of both short and long (cohesive) cracks in adhesively bonded joints.  

ǒ For crack growth ƛƴ ƳŜǘŀƭǎ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ǘŜǊƳ ɲYthr in the Hartman-Schijve threshold is not 

ǘƘŜ ǎŀƳŜ ŀǎ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ɲYth as defined by ASTM.   Similarly, for cohesive crack growth in 

ŀŘƘŜǎƛǾŜǎ ŀƴŘ ŘŜƭŀƳƛƴŀǘƛƻƴ ƎǊƻǿǘƘ ƛƴ ŎƻƳǇƻǎƛǘŜǎ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ǘŜǊƳ ɲҞD thr in the Hartman-

{ŎƘƛƧǾŜ Ŝǉǳŀǘƛƻƴ ƛǎ ƴƻǘ ǘƘŜ ǎŀƳŜ ŀǎ ǘƘŜ ǘŜǊƳ ɲҞD th. 

ǒ Delamination growth has been observed in both civil and military air frames under flight load 

spectra.  

ǒ Mode mixity is a potential contributor to the uncertainty and data scatter in composites 

during fatigue tests.  

ǒ Fatigue testing of Mode I DCB specimens also shows significant retardation of crack growth 

in some specimens to varying degrees due to fibre bridging. However, there are instances 

where the  growth of lead delaminations/damage, i.e. the fastest growing damage states,  do 

not show signs of retardation.  

ǒ Induced impact damage on lab specimens to start delaminations shows no clear pattern, with 

some specimens undergoing retardation and some not 

ǒ  Experimental data on delamination growth suggests that lead cracks (the fastest growing 

delaminations) can grow at exponential rates with almost no retardation.  

ǒ These findings suggests that designs should be based on the growth of such lead crack, i.e. 

should assume minimal fibre bridging. 

ǒ The fatigue thresholds used in no growth designs should account for the large scatter seen 

in delamination and should account for the fact that the fatigue surface is a complex manifold 

(thick shell) in Mode I, Mode II and Mode III space rather than a simple 2 dimensional (thin) 

surface.  

ǒ Attempts to characterise composites using a direct relationship between delamination 

growth rate da/dN and Gmax ƻǊ ɲҞD ȅƛŜƭŘ ŎǳǊǾŜǎ ǿƛǘƘ ǾŜǊȅ ƭŀǊƎŜ ŜȄǇƻƴŜƴǘǎΦ ¢Ƙƛǎ ƭŜŀŘǎ ǘƻ ǘƘŜ 

problem of increasing the order of magnitude of uncertainties.  
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ǒ da/dN Ǿǎ ɲD ŎǳǊǾŜǎ ŦƻǊ ŎƻƳǇƻǎƛǘŜǎ ƘŀǾŜ ǾŜǊȅ ƭŀǊƎŜ Řŀǘŀ ǎŎŀǘǘŜǊ ƛƴ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ǊŜƎƛƻƴ 

ǒ The Hartman-Schijve equation when applied to delamination growth enables the A- and B- 

basis curves required in JSSG2006 to be easily determined. 

ǒ Composite materials can exhibit significant material non-linearity during fatigue loading. 

ǒ Specimens with cut central plies (CCP) may have the potential to be used to study the 

nucleation and growth of delaminations in composites.  

ǒ The current formulations developed for CCP specimens are of limited use when studying the 

nucleation and growth of delaminations in composites. 

ǒ There is little work on if the short crack effect also applies to delaminations in composite 

specimens.  

ǒ There is little work on fibre bridging effects in CCP specimens.   
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2.25 Thesis Research Goals (Research Questions/Problems Identified from Literature 

Review) 
This project aims to quantify and provide a method for the prediction of delamination growth in 

composites.  This is essential to enable slow growth design compliant with FAA AC 20-107B and CMH-

17G. Here it should be noted that FAA AC 20-107B and CMH-17G requires the growth of flaws to be 

"slow, stable and predictable".  

Whilst there are instances where the no-growth design philosophy has been found to be inadequate 

due to delaminations were found to grow during operational usage, the scatter exhibited by the data 

in [29,30,81 and 99] presents a substantial challenge to predicting both a valid fatigue threshold and 

delamination growth. To this effect, the growth of delaminations from small (sub-mm) naturally 

occurring material defects will also be studied. 

For Mode I DCB specimens, this research aims to: 

ǒ Assess the ability of the Hartman-Schijve Equation to model delamination growth in 

composite structures 

ǒ Assess the ability of the Hartman-Schijve equation to account for the variability and scatter 

seen in delamination tests on carbon fibre/epoxy composites 

ǒ Assess the ability of the Hartman-Schijve equation to account for the variability across 

multiple labs. 

ǒ Provide a systematic method of determining the material constants in the Hartman-Schijve 

equation.  

ǒ Use the Hartman-Schijve Equation to determine the fatigue thresholds and study their 

magnitudes and variability  

ǒ Assess ways to normalise a standard Paris plot for delamination growth so as to reduce 

scatter 

ǒ Assess the A-basis allowables calculated using the Hartman-Schijve Equation and 

normalisation approaches 

 

In relation to delaminations that result from small, naturally occurring material defects, this research 

aims to: 

ǒ Investigate the initiation and rates of propagation for naturally arising delaminations in 

CCP/DOFS specimens.  

ǒ Investigate the relationship between cyclic applied strain energy dUcyc/dN and delamination 

growth rates for such specimens over a range of delamination lengths, ranging from sub-mm 

to >10mm 
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ǒ Investigate if material non-linearity, specifically hysteretic energy dissipation, can be linked 

to delamination growth.  

ǒ Perform an idealised calculation of the energy release rates and thresholds for delaminations 

that nucleate and grow from naturally occurring material defects in specimens with no pre-

fabricated delaminations 

ǒ Use CT X-ray imaging to investigate characteristics of delaminations in DOFS specimens at the 

end of the test program 
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3. Mode I Delamination Growth Modelling  

Please note: Unless otherwise stated, all values of G are in J/m2 ŀƴŘ ҞD ƛƴ Ҟ (J/m2) 

This section examines approaches used to model and predict delamination growth in carbon-epoxy 

ŎƻƳǇƻǎƛǘŜǎ ƛƴ aƻŘŜ L ƭƻŀŘƛƴƎΦ ¢ƘŜ Řŀǘŀ ǿŀǎ ƻōǘŀƛƴŜŘ ŦǊƻƳ 5Ǌ DǊŜǘŎƘŜƴ aǳǊǊƛΩǎ ŜȄǇŜǊƛƳŜƴǘŀƭ ǿƻǊƪ 

that was performed at the NASA Langley Research Center in 2010 and 2013 [46,92], and from the ESIS 

Round Robin tests [109], which was performed in multiple labs across in Europe. 

The scatter in these various tests will be examined and the Hartman-Schijve Equation will be adapted 

to account for this scatter. To this end the results will be analysed and compared against the 

requirements identified in the research aims as below: 

ǒ Assess the ability of the Hartman-Schijve Equation to model delamination growth in 

composite structures 

ǒ Assess the ability of the Hartman-Schijve equation to account for the variability and scatter 

seen in delamination tests on carbon fibre/epoxy composites 

ǒ Assess the ability of the Hartman-Schijve equation to account for the variability across 

multiple labs. 

ǒ Provide a systematic method of determining the material constants in the Hartman-Schijve 

equation.  

ǒ Use the Hartman-Schijve Equation to determine the fatigue thresholds and study their 

magnitudes and variability  

ǒ Determine the A-basis allowables using the criteria from JSSG-2006/MIL-HDBK-5 for 

IM7/8552, IM7/977-3 and G30-500/R626 under mode I loading 
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3.1 Test protocols and data 

The experiments analysed in this Chapter were performed in several different labs (NASA Langley for 

the datasets in [46] and [92], and across multiple labs for the ESIS Dataset [109]). These specimens 

were tested under Mode I loading. The specimens were configured as DCB (double cantilever beam) 

plates and were loaded under fatigue. An indicative test setup is shown in Figure 3.1 and Figure 3.2. 

 

Figure 3.1: Illustration of test setup adapted from [46]Φ bƻǘŜ ǘƘŀǘ άƘέ ƛǎ ǳǎŜŘ ŦƻǊ ǎǇŜŎƛƳŜƴ ǘƘƛŎƪƴŜǎǎ ƛƴ ǘƘƛǎ ǎǘǳŘȅΦ 

 

Figure 3.2: Test setup showing specimen in test rig [92] 

The length of the delamination was measured optically, and the number of cycles accumulated at each 

point was tabulated. Based on the methodology detailed for MCC and MBT in Sections 2.11.1A and 
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2.11.1B, G values were calculated for each da/dN point. It is to be noted that NASA provided the data 

in the form of da/dN values and corresponding G values calculated using both MCC and MBT for the 

2013 dataset. The NASA 2011 dataset and ESIS dataset are MBT only. 

 

Figure 3.3: A typical representation of the Paris Law as commonly applied to composites, from [46] 
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3.2 Delamination Growth in IM7/8552 Specimens (NASA 2013 Dataset) 

Two sets of specimen tests were reported in [92]; Set 1 involved tests on 23 specimens and Set 2 

involved tests on 16 specimens. Each set of specimens were from obtained a different source. The 

material was IM7/8552 in a 12K tow, unidirectional 00 configuration. The data for these tests was 

published in [92]. 

3.2.1 NASA 2013 Dataset Source 1 

Data associated with the Source specimens is shown in Figure 3.4 and Figure 3.5.  It is evident that the 

standard Paris-type power law characterisation does not work well with this data set. By this we mean 

that scatter in the data is large and, as a result, there is no unique relationship. Furthermore, the 

exponents are generally greater than 10. 

 

Figure 3.4: Paris Plot for NASA 2013 Source 1 Specimens, MBT 

It can also be observed that the data scatter on the G axis, particularly in the threshold region is almost 

an order of magnitude. Even if a Paris law type of curve was suitable in an individual instance, the 

scatter evident in the threshold region means that a simple power-law characterisation in this instance 

will not be particularly robust, as the parameters will be substantially different for each specimen.  
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The same data set with G values calculated using the MCC approach is shown in Figure 3.5 . It is again 

evident that the exponent of the Paris equation is again greater than 10. It is interesting to note that 

changing the methodology used to calculate the G values from MBT to MCC does not substantially 

change the data. However, several curves shift noticeably to the left or right, and the data set does 

ŀǇǇŜŀǊ ǘƻ ōŜ ǎƻƳŜǿƘŀǘ ƳƻǊŜ ŎƻƳǇŀŎǘ ƻǊ άŎƻƳǇǊŜǎǎŜŘέΦ 

 

Figure 3.5: Paris Plot for NASA 2013 Source 1 Specimens, MCC 

3.2.2 NASA 2013 Dataset Source 2 

For the second set of data, sixteen specimens of IM7/8552 were tested. These were from a different 

source to the set 1 specimens and had different properties when it came to delamination resistance 

and fracture toughness GC. The delamination growth curves associated with the source 2 specimens 

are shown in Figure 3.6 and Figure 3.7. The Paris-type trendline yields an exponent of more than 8. 

This contrasts with exponents of more than 10 obtained for the Set 1 tests.  
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Figure 3.6: Paris Plot for NASA 2013 Source 2 Specimens, MBT 

 

The curves obtained with the G values calculated using the MCC approach are shown Figure 3.7. It is 

observed that calculating G values using MCC instead of MBT again yields somewhat more condensed 

and compacted curves i.e. there is less visible scatter along the G axis. However, the overall scatter is 

not significantly affected. This is especially true in the threshold region. In this instance the exponent 

for the Paris Law trendline is greater than 9. 
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Figure 3.7: Paris Plot for NASA 2013 Source 2 Specimens, MCC 
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3.3 NASA 2011 Dataset (IM7/977-3) 

Murri et al [46] also performed tests on IM7/977-3. Sixteen specimens were tested. However, only 

data from ten specimens was available for analysis, see Figure 3.8. Here it can again be seen that there 

is a large amount of data scatter in the threshold region. This particular data set is also provided in 

[46]. It should, however, be noted that the plot provided in [46] consists of all sixteen specimens and 

is in Imperial units. In this Chapter the data points in the various plots have been converted to SI units. 

It should also be noted that in Figure 3.8 the G values were calculated only using the MBT formulation. 

 

 

Figure 3.8: IM7/977-3 experimental data from NASA 2011; ten specimens digitised and plotted. Original plot in Imperial 
units given in [46] 

It is therefore evident that the problems of data scatter and variability, and large exponents associated 

with traditional άtŀǊƛǎ ǘȅǇŜέ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴǎ ƻŦ ŘŜƭŀƳƛƴŀǘƛƻƴ ƎǊƻǿǘƘ ŀǊŜ ƴƻǘ ǊŜǎǘǊƛŎǘŜŘ ǘƻ ŀ ƎƛǾŜƴ 

material, lab or testing regime. These problems are persistent and occur with multiple composite 

materials, tested in different labs and sourced from different manufacturing sources. 

It should also be noted that extensive scatter and high exponents in the Paris Law equation have also 

been observed in other studies into delamination growth in other types composite materials, viz: 

S2/5216 [46]  which is a glass fibre/epoxy composite. However, the primary focus in this thesis is on 

carbon/epoxy composites as they are much more widespread in aerospace structural applications.   
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3.4 ESIS-TC4 Round Robin Dataset  

Stelzer et al [109] also presented the results of a round robins study into Mode I fatigue delamination 

propagation organized by Technical Committee 4 of the European Structural Integrity Society (ESIS). 

The tests were performed on unidirectional G30-500/R5276 laminates. Figure 3.9 presents the scatter 

seen in a sub-set of these tests. The entire data set was not analysed as not all specimens yielded valid 

data. It should also be noted that, as in [107], the identities of the various laboratories taking part in 

the ESIS study have been anonymised for privacy reasons. 

 

Figure 3.9: Paris Plot for G30-500/R5276 from ESIS TC4 Round Robins [109] 

If a simple Paris-type characterisation is applied to this data set, the exponent is lower than the data 

sets from NASA. However, the scatter in the threshold region is still substantial. This study spanned 

multiple laboratories and there is additional uncertainty from the use of different equipment and 

observations. An important observation is that variability was observed in Gc values measured within 

each laboratory as well as across different laboratories. Consequently, the effects of varying the value 

of A (which is taken to be the same as Gc) in the Hartman-Schijve on the fit to the data will also be 

investigated. 
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3.5 General Observations from NASA 2013 and 2011, and ESIS TC4 experimental 

Datasets 

An interesting observation in the IM7/8552 plots is that the curves appears to be more compact if the 

MCC approach is used to calculate G. This is particularly true for Source 2 specimens from the 2013 

NASA Dataset, where some curves shift noticeably to the left or right. This is explained by the MCC 

method correcting for the thickness of the specimen when calculating G [91,92]. For specimens 

substantially thicker or thinner than the average of the cohort, using MCC will mean a correction to 

their G values, and hence a shift of the curves. 

The general shape of the curves associated with the NASA and the ESIS tests is quite similar i.e. they 

are almost linear on the log-log plot of da/dN vs G. This shows that beyond the threshold region where 

the delaminations start propagating, they may not have approached the rapid growth phase (i.e. 

Region III).   

The variability in the various curves in the near threshold region makes it difficult to determine a valid 

άƴƻ ƎǊƻǿǘƘέ ŦŀǘƛƎǳŜ ǘƘǊŜǎƘƻƭŘΦ  LŦ ǘƘƛǎ ǾŀǊƛŀōƛlity can be accounted for using the Hartman-Schijve 

equation it may be possible to determine the A- basis value of the fatigue threshold required by 

JSSG2006. 

The exponent of the Paris Equation associated with the ESIS TC4 data set is substantially lower than 

that associated with the various NASA studies. Nevertheless, it is still high enough to make the Paris 

Law unsuitable as a predictive tool. The authors of the ESIS data set also observed that the values of 

the fracture toughness (Gc) also varied across different specimens, and especially across the different 

laboratories. Considering the variability in material properties of composites due to manufacturing, 

handling and storage, this may not be unusual. If this variability can be accounted for using the 

Hartman-Schijve equation it may be possible to determine the A- basis value (of Gc) required by 

JSSG2006. 

With these observations in mind, the following problems need to be addressed by any model 

proposed for predicting fatigue life of composites undergoing delamination growth: 

ǒ If the model is to be a power or exponential model, the exponents should be small enough so 

as to not increase the uncertainties in the measured data by an order of magnitude.  

ǒ The scatter shown in the data must be able to be accounted for. An initial analysis of the plots 

presented above shows that the scatter in G values can be up to an order of magnitude or 

greater.  
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To this end the next section will examine the ability of the Hartman-Schijve Equation to represent 

delamination growth in these various tests. 

 

3.6 Corrected version of the Paris Law type plot for NASA 2013 Dataset, Source 1 

specimens (MBT) 

As discussed in Section 2.16 , the logical extension of the Paris Law to orthotropic materials is to plot 

da/dN vs ҟҞDmax as per [16].  However, sources considered to date generally plot da/dN vs Gmax. This 

is consistent in [46],[92],[103] and [109ϐΦ ¢ƻ ǘƘƛǎ ŜƴŘΣ ǘƘŜ {ƻǳǊŎŜ м ǎǇŜŎƛƳŜƴǎΩ tŀǊƛǎ tƭƻǘ ǿƛǘƘ a.¢ 

calculations (from Figure 3.4ύ ǿŀǎ ǊŜǇƭƻǘǘŜŘ ǎǳŎƘ ǘƘŀǘ ŘŀκŘb ǿŀǎ ǇƭƻǘǘŜŘ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ҞDmax. This 

is given in Figure 3.10. 

 

Figure 3.10Υ b!{! нлмо {ƻǳǊŎŜ м a.¢ 5ŀǘŀΣ ǿƛǘƘ ǘƘŜ tŀǊƛǎ tƭƻǘ ŎƻǊǊŜŎǘŜŘ ǘƻ ǳǎŜ ҟҞDmax ƛƴǎǘŜŀŘ ƻŦ ҟDmax 
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3.7 Adaptation of Hartman-Schijve Equation for Composites 

The form of the Hartman-Schijve equation for crack growth in metals was given in Chapter 2. Noting 

ǘƘŀǘ ŦƻǊ ōƻǘƘ ƳŜǘŀƭǎ ŀƴŘ ŎƻƳǇƻǎƛǘŜǎ Y ƛǎ ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ҞD ώ4,155-160] expressed a form of the 

Hartman-Schijve Equation for composite and bonded structures as per Equations 3.1 and 3.2: 

Ὠὥ

Ὠὔ
ὈῳὯ  

where the crack driving force ῳὯ was given as: 

ῳὯ
ῳЍὋ ῳ Ὃ

ρ
Ὃ
ὃ

   

 

Here A is often taken as Gc, the critical fracture toughness energy release rate for a given material. D 

ŀƴŘ ʰ ŀǊŜ ƳŀǘŜǊƛŀƭ ǇǊƻǇŜǊǘȅ ǇŀǊŀƳŜǘŜǊǎΦ aǳƭǘƛǇƭŜ ǎƻǳǊŎŜǎ ǎǳŎƘ as [20] have shown that the exponent 

όʰύ ƛƴ ǘƘŜ IŀǊǘƳŀƴ-Schijve Equation generally lies in the range from 1.6-3. This value will be used as a 

starting point, and the value can be adjusted iteratively. The value of the parameter D varies for each 

material and will be chosen empirically. 

Much like the application of this equation to metals, plotting  vs ῳὯ, where ῳὯ
Ѝ Ѝ

Ѝ

 , on 

a logarithmic axis should yield a straight line, and by varying the Gthr , all the curves should collapse 

ƛƴǘƻ ŀ ǎƛƴƎƭŜ άƳŀǎǘŜǊ ŎǳǊǾŜέΦ ¢Ƙƛǎ Ǉƭƻǘ ǿƛƭƭ ōŜ ǊŜŦŜǊǊŜŘ ǘƻ ŦǊƻƳ ǘƘƛǎ Ǉƻƛƴǘ ƻƴǿŀǊŘǎ ŀǎ ŀ Hartman-Schijve 

plot. The Hartman-Schijve Equation will also be referred to as the HS Equation for convenience. 

As suggested in [158,159] this equation should hold for both Mode I and Mode II delamination growth. 

Moreover, as [21] showed, the Hartman-Schijve Equation can also account for thickness effects. It has 

also been shown in [51] that the Hartman-Schijve Equation can also capture scatter in delamination 

growth regardless of the configuration of the plies between which delamination occurs, and regardless 

of the effects of flexural stiffness. 

As such, considering the promising results shown by application of the HS Equation to metals in terms 

of: (i) not being restricted to a particular region of the da/dN vs ȹK curve, and (ii) accounting for 

short/long crack effects in the prediction of crack growth, let us next examine if the HS equation can 

be used to represent delamination growth in the tests on carbon/epoxy composites described in the 

previous section.  

  

(3.1) 

(3.2) 
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3.8 Application of the Hartman-Schijve Equation to the Datasets from NASA (2013) 
 

The HS Equation, i.e Equations 3.1 and 3.2, was applied to the 2013 NASA datasets.  For simplicity, the 

value of A was taken to be the value of Gc given in [92]. Adopting this assumption means the parameter 

Gthr becomes the only term that can be varied in the da/dN versus ῳὯ ǇƭƻǘǎΦ ¢ƘŜ ǾŀƭǳŜǎ ƻŦ 5 ŀƴŘ ʰ ǿƛƭƭ 

then arise from the Excel chart fit to the da/dN versus ῳὯ curves. The values of will Gthr (for each 

Dataset) will be determined in an iterative process until the various curves all lie on (approximately) 

the same da/dN versus ῳὯ curve. 

Murri provided the following material data about the specimens which were tested as part of the 

NASA 2013 data set: 

 Gc (MBT) (J/m2) Gc (MCC) (J/m2) 

Source 1 239.9 239.9 

Source 2 271.4 274.9 

Table 3-1: Material property summary for the NASA specimens from 2013. Source [92] 

For Source 2 specimens the Gc value differs slightly between the MCC and MBT methods of calculation. 

This is due to the Source 2 specimens having greater variation in their thicknesses. Provided the actual 

A (Gc) values for a given set of specimens are not significantly different, this should allow the da/dN 

value at any point to be computed for a given value of G. 

This approach was applied to the 2013 NASA Dataset and the values of Gthr thus obtained are 

tabulated. It should be noted that because of the large number of curves to be plotted on the same 

graph, the data has been split and plotted across multiple graphs for better visibility. 

As previously noted, the basic methodology used is to vary the value of Gthr for each specimen and 

compute the da/dN for the given value of Gthr. For each specimen the value of Gthr is adjusted till all 

curves for da/dN vs ҟk ŎƻƭƭŀǇǎŜ ŀǎ ŎƭƻǎŜ ŀǎ ǇƻǎǎƛōƭŜ ǘƻ ŀ ǎƛƴƎƭŜ άƳŀǎǘŜǊ ŎǳǊǾŜέ ƻƴ ǘƘŜ I{ ǇƭƻǘΦ ¢ƘŜ 

values of Gthr hence obtained are then used to compute the values of da/dN for each specimen, which 

are then plotted on the Paris Equation type plot for each specimen alongside the experimentally 

measured data. It should be noted here that the Paris Equation type plots were provided in the 

literature as da/dN vs G. They may be plotǘŜŘ ƛƴ ǘƘŜ ǎŀƳŜ ŦƻǊƳ ƻǊ ŀ ŎƻǊǊŜŎǘŜŘ ŦƻǊƳ όŘŀκŘb Ǿǎ ҞDύΦ 

The values of Gthr are then tabulated, and their mean, median and standard deviation values 

ŎƻƳǇŀǊŜŘΦ Lƴ ƻǘƘŜǊ ǿƻǊŘǎΣ ŘŀκŘb ǿƛƭƭ ŎƻƳǇǳǘŜŘ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ҟҞD ŀƴŘ 

ҟҞDthr for eacƘ ǎǇŜŎƛƳŜƴ ǊŀǘƘŜǊ ǘƘŀƴ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ҟҞDΣ ǿƘƛŎƘ ƛǎ Ƙƻǿ ǘƘŜ tŀǊƛǎ-type equation 

characterisation works. 
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3.8.1 NASA 2013 Dataset, source 1 specimens 

As a recap, the following material properties were provided for these twenty-three source 1 

specimens: 

 Gc (MBT) (J/m2) Gc (MCC) (J/m2) 

IM7/8552 Source 1 239.9 239.9 

Table 3-2: Properties of IM7/8552 from source 1, as provided in [92] 

For the MBT approach this process yielded the master curve shown in Figure 3.11 with the values of 

5 ŀƴŘ ʰ ŀǎ ƎƛǾŜƴ ƛƴ Table 3-3. The corresponding computed da/dN vs G curves are compared with the 

measured curves in Figure 3.12 through Figure 3.14. 

 h 2.65 

D 1.80E-09 

Table 3-3: Hartman-Schijve parameters for NASA 2013 Source 1 specimens 

 

Figure 3.11: Hartman-Schijve Plot for NASA 2013 Source 1 specimens, MBT 
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Figure 3.12: Measured and computed da/dN vs G curves for specimens 1-5 from the NASA 2013 Source 1 specimens, MBT 
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Figure 3.13: Measured and computed da/dN vs G curves for specimens 6-10 from the NASA 2013 Source 1 specimens, MBT 

 

Figure 3.14: Measured and computed da/dN vs G curves for specimens 11-23 from the NASA 2013 Source 1 specimens, MBT  
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¢ƘŜ ǾŀƭǳŜǎ ƻŦ ҞDthr used to obtain the computed values of da/dN are tabulated as Table 3-4 

Specimen Gthr (J/m2) ҞDthr όҞWκƳύ Specimen Gthr (J/m2) ҞDthr Ҟ(J/m2)  

1-1 89 9.43 1-13 62.5 7.91 

1-2 58 7.62 1-14 75 8.66 

1-3 68 8.25 1-15 67 8.19 

1-4 58 7.62 1-16 53 7.28 

1-5 65.5 8.09 1-17 67 8.19 

1-6 56 7.48 1-18 60 7.75 

1-7 62 7.87 1-19 82.5 9.08 

1-8 67 8.19 1-20 53 7.28 

1-9 55 7.42 1-21 83 9.11 

1-10 73 8.54 1-22 68 8.25 

1-11 54 7.35 1-23 56 7.48 

1-12 76 8.72    

Table 3-4: Values of Gthr ŀƴŘ ҞDthr used for the Hartman-Schijve fitting of NASA 2013 Source 1 specimens, MBT 

The mean, median, standard deviation and the A-basis allowable of the Gthr values used is tabulated 

in Table 3-5. 

 Gthr (J/m2) ҞDthr Ҟ(J/m2)  

Mean 65.6 8.08 

Median 65.5 8.09 

{ǘ5ŜǾ όˋύ 10.28 0.62 

Mean -о  ̀

(A-basis allowable) 38.69 6.22 

Table 3-5: Key statistics of the Gthr values for nASA 2013 Source 1 specimens, MBT 
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The same process was repeated for this dataset, with G values calculated using MCC rather than MBT. 

¢ƘŜ ǇŀǊŀƳŜǘŜǊǎ 5 ŀƴŘ ʲ ŦƻǊ ǘƘŜ IŀǊǘƳŀƴ-Schijve Equation thus determined were (essentially) the 

same as in Table 3-3. The Figure 3.15 through Figure 3.17 show the measured and computed curves 

of da/dN vs G (calculated using MCC) for NASA 2013 Dataset, source 1, MCC based calculations. 

 

Figure 3.15: measured and computed curves of da/dN vs G for NASA 2013 Source 1 specimens 1-5, MCC 

 

Figure 3.16: measured and computed curves of da/dN vs G for NASA 2013 Source 1 specimens 6-10, MCC 
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Figure 3.17: measured and computed curves of da/dN vs G for NASA 2013 Source 1 specimens 11-23, MCC 

Lǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ƘŜǊŜ ǘƘŀǘ ǘƘŜ 5 ŀƴŘ ʰ ǾŀƭǳŜǎ ǳǎŜŘ ƛƴ ƻbtaining these thresholds are the same as 

Table 3-3Φ ¢ƘŜ ǾŀƭǳŜǎ ƻŦ ҞDthr used to obtain the computed values of da/dN are tabulated as Table 3-6. 

The mean, median and standard deviation of the Gthr values used is tabulated in Table 3-7. 

Specimen Gthr (J/m2) ҞDthr Ҟ(J/m2)  Specimen Gthr (J/m2) ҞDthr Ҟ(J/m2)  

1-1 93 9.64 1-13 67 8.19 

1-2 61.2 7.82 1-14 83 9.11 

1-3 70 8.37 1-15 70.55 8.40 

1-4 62 7.87 1-16 55.5 7.45 

1-5 64 8.00 1-17 71.5 8.46 

1-6 61 7.81 1-18 65.5 8.09 

1-7 59 7.68 1-19 82 9.06 

1-8 70 8.37 1-20 57.5 7.58 

1-9 57 7.55 1-21 90 9.49 

1-10 79 8.89 1-22 72 8.49 

1-11 52 7.21 1-23 59 7.68 

1-12 82 9.06    

Table 3-6: Gthr ŀƴŘ ҞDthr values used for computing the da/dN curves for NASA 2013 Source 1 specimens, MCC 
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 Gthr (J/m2) ҞDthr Ҟ(J/m2) 

Mean 68.9 8.27 

Median 67 8.19 

{ǘ5ŜǾ όˋύ 11.3 0.67 

Mean -о  ̀

(A-basis allowable) 38.19 6.26 

Table 3-7: Key statistics of the Gthr values for NASA 2013 Source 1 specimens, MCC 

The Hartman-Schijve plot for NASA 2013 Source 1 specimens under MCC method is shown as follows 

in Figure 3.18. 

 

Figure 3.18: Hartman-Schijve Plot for NASA 2013 Source 1 specimens, MCC 

It is evident that using both MCC and MBT to compute G, the Hartman-Schijve Equation works well in 

suppressing the data scatter and yielding good agreement between measured and computed G values. 

The exponent of the HS equation is less than 3, and the variability in the ҞGthr values is much lower 

than the variability that is observed using a more traditional Paris-type plot and the A-basis value of 

the threshold obtained by these two methods is quite consistent.  
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3.8.2 NASA 2013 Dataset, source 2 specimens 
As a recap, the following material properties were provided for these sixteen specimens: 

 Gc (MBT) (J/m2) Gc (MCC) (J/m2) 

IM7/8552 Source 2 271.4 274.9 

Table 3-8 : Key material properties of IM7/8552 specimens in NASA 2013 Source 2 

These curves associated with these tests are shown in Figure 3.19 and Figure 3.20. Assuming that 

Hartman-{ŎƘƛƧǾŜ ǇŀǊŀƳŜǘŜǊǎ 5 ŀƴŘ ʲ ŦƻǊ ǘƘŜǎŜ ǎǇŜŎƛƳŜƴǎ ŀǊŜ ǘƘŜ ǎŀƳŜ ŀǎ Ŧƻr the Source 1 specimens 

(as given in Table 3-3ύ Σ ŀƴŘ ǳǎƛƴƎ ǘƘŜ ǾŀƭǳŜǎ ŦƻǊ ҞDthr as given in Table 3-9, yielded the Hartman-Schijve 

plot shown in Figure 3.21. The measured and computed da/dN vs G curves for this data set are shown 

in Figure 3.22 through Figure 3.24. The mean, median and standard deviation values of Gthr thus 

calculated as provided in Table 3-10. 

 

 

Figure 3.19: Paris Plot for NASA 2013 source 2 specimens, MBT 
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Figure 3.20: Paris Plot for NASA 2013 source 2 specimens, MCC 

Specimen Gthr (J/m2) ҞDthr Ҟ(J/m2) 

2_1 62 7.87 

2_2 96 9.80 

2_3 64 8.00 

2_4 80 8.94 

2_5 70 8.37 

2_6 68 8.25 

2_7 67 8.19 

2_8 57 7.55 

2_9 86 9.27 

2_10 78 8.83 

2_11 75 8.66 

2_12 78 8.83 

2_13 73.75 8.59 

2_14 71.5 8.46 

2_15 68 8.25 

2_16 68 8.25 

Table 3-9: Gthr ŀƴŘ ҞDthr values used for computing the da/dN curves for NASA 2013 Source 2 specimens, MBT 
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 Gthr (J/m2) ҞDthr Ҟ(J/m2) 

Mean 72.6 8.51 

Median 70.8 8.41 

{ǘ5ŜǾ όˋύ 9.6 0.55 

Mean -о  ̀

(A-basis allowable) 47.06 6.86 

Table 3-10: Key statistics of the Gthr values for NASA 2013 Source 2 specimens, MBT 

 

 

Figure 3.21:Hartman-Schijve Plot for NASA 2013 Source 2 specimens, MBT 
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Figure 3.22: measured and computed curves of da/dN vs G for NASA 2013 Source 2 specimens 1-8, MBT 

 

Figure 3.23: measured and computed curves of da/dN vs G for NASA 2013 Source 1 specimens 9-12, MBT 
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Figure 3.24: measured and computed curves of da/dN vs G for NASA 2013 Source 1 specimens 13-16, MBT 
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The same process was repeated for the specimens from this set with G calculated using MCC, see 

Figure 3.25 through Figure 3.27, in addition Table 3-11 and Table 3-12. 

 

Figure 3.25: Hartman-Schive Plot for NASA 2013 Datset specimens, Source 2 MCC 
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Figure 3.26: measured and computed curves of da/dN vs G for NASA 2013 Source 2 specimens 1-8, MCC 

 

Figure 3.27: measured and computed curves of da/dN vs G for NASA 2013 Source 2 specimens 9-16, MCC 
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Specimen Gthr (J/m2) ҞDthr Ҟ(J/m2) 

2_1 65 8.06 

2_2 89 9.43 

2_3 56.5 7.52 

2_4 81.5 9.03 

2_5 76 8.72 

2_6 70 8.37 

2_7 71 8.43 

2_8 59 7.68 

2_9 92 9.59 

2_10 80 8.94 

2_11 79 8.89 

2_12 84.5 9.19 

2_13 79 8.89 

2_14 76 8.72 

2_15 75 8.66 

2_16 72 8.49 

Table 3-11: Gthr values used for computing the da/dN curves for NASA 2013 Source 2 specimens, MCC 

 

The mean, median and standard deviation values of Gthr were calculated as provided in the table: 

 Gthr (J/m2) ҞDthr Ҟ(J/m2) 

Mean 75.3 8.66 

Median 76 8.72 

{ǘ5ŜǾ όˋ ) 9.7 0.57 

Mean -о  ̀

(A-basis allowable) 48.3 6.95 

Table 3-12: Key statistics of the Gthr values for NASA 2013 Source 2 specimens, MCC 
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3.8.3 Comparing MCC and MBT 
 

Both the MBT and MCC approaches for calculating the energy release rate (G) are widely used in the 

open literature. The MCC approach corrects for rotation of the specimens during loading. However, 

with adequately calibrated machines, this is not generally a large contributor to uncertainty. The MBT 

method corrects for variations in specimen thickness. There have been several comparisons made for 

the two methods. The FAA funded study by Sivakumar [91] stated that the difference between the 

ǘǿƻ ƳŜǘƘƻŘǎ ǿŀǎ ƛƴǎƛƎƴƛŦƛŎŀƴǘ ŀƴŘ άƎŜƴŜǊŀƭƭȅ ƭŜǎǎ ǘƘŀƴ р҈έΦ ¢Ƙƛǎ ǎǘǳŘȅ ǊŜŎƻƳƳŜƴŘŜŘ ǘƘŀǘΣ Řue to the 

small difference between the two methods, and as a result of its simplicity the MBT should generally 

be favoured.   

Murri [92], in her experiments on IM7/8552, analysed thirty-nine specimens with G calculated during 

using both MBT and MCC approaches. This study stated that when the method of calculating G was 

changed from MCC to MBT, some growth rate curves did shift noticeably to the left or right along the 

horizontal axis of the Paris plot. This was stated to be associated with specimens with thicknesses that 

were either much greater or smaller than the average thickness of the cohort. However, when 

analysing this data using the Hartman-Schijve equation the variation in the values of ãGthr and the 

corresponding A-basis value, associated with the MCC and MBT-based analyses are very consistent. It 

is also important to note that the A-ōŀǎƛǎ ǾŀƭǳŜǎ ƻŦ ǘƘŜ ŦŀǘƛƎǳŜ ǘƘǊŜǎƘƻƭŘ ǘŜǊƳ ҞDthr obtained from the 

Source 1 and Source 2 tests are also quite consistent. This can be seen in Table 13 which presents a 

comparison between the threshold values obtained for the Source 1 tests using both MCC and MBT. 

Here we see that for most specimens in this set the ҞGthr for MCC is slightly higher than the MBT 

values. However, the differences in the values of ҞGthr determined for these two different approaches 

are relatively small, except for specimens 1-10, 1-12,1-14, 1-18, and 1-21. There is no apparent 

systematic pattern to the difference between the values obtained. 

It should be noted that the A-basis allowable values are almost identical between MCC and MBT for 

this dataset. 

 

Specimen 

Gthr (MBT) 

(J/m2) 

Gthr (MCC) 

(J/m2) 

Difference 

(MCC)-(MBT) 

ҞDthr 

(MBT) 

όҞWκƳύ 

ҞDthr 

(MCC) 

όҞWκƳύ 

DIfference 

(MCC)-(MBT) 

1-1 89 93 4 9.43 9.64 0.21 

1-2 58 61.2 3.2 7.62 7.82 0.21 
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1-3 68 70 2 8.25 8.37 0.12 

1-4 58 62 4 7.62 7.87 0.26 

1-5 65.5 64 -1.5 8.09 8.00 -0.09 

1-6 56 61 5 7.48 7.81 0.33 

1-7 62 59 -3 7.87 7.68 -0.19 

1-8 67 70 3 8.19 8.37 0.18 

1-9 55 57 2 7.42 7.55 0.13 

1-10 73 79 6 8.54 8.89 0.34 

1-11 54 52 -2 7.35 7.21 -0.14 

1-12 76 82 6 8.72 9.06 0.34 

1-13 62.5 67 4.5 7.91 8.19 0.28 

1-14 75 83 8 8.66 9.11 0.45 

1-15 67 70.55 3.55 8.19 8.40 0.21 

1-16 53 55.5 2.5 7.28 7.45 0.17 

1-17 67 71.5 4.5 8.19 8.46 0.27 

1-18 60 65.5 5.5 7.75 8.09 0.35 

1-19 82.5 82 -0.5 9.08 9.06 -0.03 

1-20 53 57.5 4.5 7.28 7.58 0.30 

1-21 83 90 7 9.11 9.49 0.38 

1-22 68 72 4 8.25 8.49 0.24 

1-23 56 59 3 7.48 7.68 0.20 

Mean 65.59 68.86 3.27 8.08 8.27 0.20 

Median 65.5 67 4 8.09 8.19 0.21 

Std Dev ů 10.28 11.35 2.81 0.62 0.67 0.17 

A-Basis 

(Mean - 3 ů) 38.69 38.19 0.5 6.22 6.26 0.04 

Table 3-13: Difference between MCC and MBT values of Gthr for NASA 2013 Source 1 specimens 

The corresponding data for the Source 2 specimen tests is shown in Table 3-14, where we again see 

that the differences in the values of Gthr determined for these two different approaches are relatively 

small. 

Specimen 

Gthr (MBT) 

(J/m2) 

Gthr 

(MCC) 

(J/m2) 

Difference 

(MCC)-(MBT) 

ҞDthr 

(MBT) 

όҞWκƳύ 

ҞDthr 

(MCC) 

όҞWκƳύ 

Difference 

(MCC)-(MBT) 

2-1 62 65 3 7.87 8.06 0.19 
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2-2 96 89 -7 9.80 9.43 -0.36 

2-3 64 56.5 -7.5 8.00 7.52 -0.48 

2-4 80 81.5 1.5 8.94 9.03 0.08 

2-5 70 76 6 8.37 8.72 0.35 

2-6 68 70 2 8.25 8.37 0.12 

2-7 67 71 4 8.19 8.43 0.24 

2-8 57 59 2 7.55 7.68 0.13 

2-9 86 92 6 9.27 9.59 0.32 

2-10 78 80 2 8.83 8.94 0.11 

2-11 75 79 4 8.66 8.89 0.23 

2-12 78 84.5 6.5 8.83 9.19 0.36 

2-13 73.75 79 5.25 8.59 8.89 0.30 

2-14 71.5 76 4.5 8.46 8.72 0.26 

2-15 68 75 7 8.25 8.66 0.41 

2-16 68 72 4 8.25 8.49 0.24 

Mean 72.64 75.34 2.70 8.51 8.66 0.16 

Median 70.75 76.00 4.00 8.41 8.72 0.23 

Std Deviation ̀  9.59 9.74 4.25 0.55 0.57 0.25 

A-Basis 

(Mean - 3 ů) 47.06 48.3 1.24 6.86 6.95 0.09 

Table 3-14: Difference between MCC and MBT values of Gthr for NASA 2013 Source 2 specimens 

The 2011 NASA dataset and the ESIS TC4 Round Robins data is only available in MBT based calculations 

of G, hence no comparative analysis can be performed for these datasets between MBT and MCC. 
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3.9 NASA 2011 Dataset (IM7/977-3) from [46], including application of Hartman-

Schijve parameters obtained from [20] for IM7/977-2 

 

The following material properties were used in the analysis of this data, as provided in [46]. 

GIc
NL (MBT) (J/m2) GIc

CR (MBT) (J/m2) 

154.2 178.7 

Table 3-15 : Material properties of IM7/977-3 as provided in [46] 

As with the approach used for IM7/8552 analyses the value of A was taken to be GIc
cr, and the values 

ƻŦ 5Σ ʰ ŀƴŘ Dthr were obtained as described above. Analysis of the data associated with these 

ǎǇŜŎƛƳŜƴǎ ȅƛŜƭŘŜŘ ǘƘŜ ǾŀƭǳŜǎ ƻŦ 5 ŀƴŘ ʰ ƎƛǾŜƴ ƛƴ Table 3-16, see Figure 3.28 through Figure 3.30. The 

Gthr values used to obtain these curves are given in Table 3-17, with their key statistics in Table 3-18. 

 h 2.65 

D 1.40E-09 

Table 3-16: Hartman-Schijve Parameters for NASA 2011 data for IM7/977-3 

 

Figure 3.28: Hartman-Schijve plot for the NASA 2011 data set on IM7/977-3 
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¢ƘŜ ǾŀƭǳŜǎ ƻŦ 5 ŀƴŘ ʰ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ǘƘŜ Dthr values given in were then used to compute the da/dN v 

Gmax curves for the 10 specimen tests, see Figure 3.29 and Figure 3.30.  Here we see that, in each 

case, the computed and measured da/dN vs G curves are in good agreement. 

 

 

Figure 3.29: Measured and computed da/dN vs G curves for IM7/977-3 Specimens 1-5 from the NASA 2011 Dataset 
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Figure 3.30: Measured and computed da/dN vs G curves for IM7/977-3 Specimens 6-10 from the NASA 2011 Dataset 

Specimen Gthr (J/m2) ҞDthr όҞWκƳύ 

1 63 7.94 

2 36 6.00 

3 45.5 6.75 

4 46 6.78 

5 41 6.40 

6 35 5.92 

7 65 8.06 

8 50 7.07 

9 55.5 7.45 

10 39 6.24 

Table 3-17: Gthr ŀƴŘ ҞDthr values used for computing da/dN for IM7/977-3 for the NASA 2011 data set 

 Gthr (J/m2) ҞDthr όҞWκƳύ 

Mean 47.6 6.86 

Median 45.8 6.76 

StDev ̀  10.68 0.76 

A-Basis (Mean -оˋύ 15.56 4.58 

Table 3-18: Key statistics for the Gthr values used on the NASA 2011 data set 

1.E-11

1.E-10

1.E-09

1.E-08

1.E-07

1.E-06

1.E-05

20.00 200.00

d
a

/d
N

 [
m

/c
yc

]

Gmax [J/m2]

Measured and Computed da/dN vs G, NASA 2011 
Specimens 6-10 (IM7/977-3)

Spec6 Spec6-Comp

Spec7 Spec7-Comp

Spec8 Spec8-Comp

Spec9 Spec9-Comp

Spec10 Spec10-Comp



 

103 
 

Jones et al [20]used the Hartman-Schijve equation to model delamination growth in IM7/977-2. The 

constants given in [20] are shown in Table 3-19. 

 h 2.14 

D 1.16E-09 

Table 3-19: Hartman-Schijve Parameters for IM7/977-2 from [20] 

It should be noted here that these coefficients are not for the same material. Whilst IM7/977-3 and 

IM7/977-2 are both carbon/epoxy resins with the same fibre, the temperature and pressure of curing 

the adhesive differs between them. Cycom 977-2 cures for around 3-3.5 hours at 6 bar and 1770C, 

whilst 977-3 curves for 6-7h at the same temperature and pressure. As a result, they have differing 

mechanical properties. However, it may be possible to use properties from similar materials as an 

approximation when modelling delamination growth. In the case of IM7/977 (both the -2 and -3), the 

fibre properties are identical. 

Using the parameters provided by Jones et al (Table 3-19), the ãGthr values were adjusted and the 

following fits were obtained, as shown in Figure 3.31 and Figure 3.32. Of particular interest is the fact 

that the A-basis value of ãGthr, i.e. ǘƘŜ ǾŀƭǳŜ ǊŜǉǳƛǊŜŘ ǘƻ ŀǎǎŜǎǎ ǘƘŜ ǾŀƭƛŘƛǘȅ ƻŦ ŀ άƴƻ ƎǊƻǿǘƘέ ŘŜǎƛƎƴΣ 

obtained using this 1st approximation is similar to that obtained previously. 

The Hartman-Schijve plot for this set of ten specimens is given as under in Figure 3.31, with the 

ǇŀǊŀƳŜǘŜǊǎ 5 ŀƴŘ ʰ ǳǎŜŘ ŦǊƻƳ Table 3-19.  
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Figure 3.31: Hartman-Schijve plot for NASA 2011 specimens, with the HS coefficients obtained from [20] 

The Gthr values used to obtain the computed da/dN curves (Figure 3.32) are shown in Table 3-20. The 

statistical summary is provided in Table 3-21. 

Specimen Gthr [J/m2] ҞDthr ώҞWκƳϐ 

1 63 7.94 

2 37 6.08 

3 45.5 6.75 

4 46 6.78 

5 41 6.40 

6 36 6.00 

7 60 7.75 

8 50 7.07 

9 53 7.28 

10 40 6.32 

Table 3-20: Gthr ŀƴŘ ҞDthr values used to compute da/dN values for NASA 2011 data set using Hartman-Schijve coefficients 
from [20] 
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 Gthr [J/m2] ҞDthr ώҞWκƳϐ 

Mean 47.2 6.84 

Median 45.8 6.76 

{ǘ5ŜǾ ˋ 9.30 0.67 

A-Basis (Mean -оˋύ 19.3 4.83 

Table 3-21: Key statistics for the Gthr values for the NASA 2011 data set using Hartman-Schijve coefficients from [20] 

 

Figure 3.32: Measured and computed da/dN vs G curves for IM7/977-3, using parameters from IM7/977-2 
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fibre matrix material. In this context it should be recalled that the parameters given in Table 19 are 

for a differently cured epoxy composite. At this point it should be noted that the Gc value that 

generated a better agreement between computed and measured curves in Figure 3.31 was the GIc
NL 

value of 154.2 J/m2. This is the G value where non-linear behaviour in the material response becomes 
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Equation fixed and changing the value of A (Gc) in order to obtain an improved fit between the 

computed and measured da/dN vs G curves.   

An important observation here is tƘŀǘ ŎƘŀƴƎŜǎ ƛƴ !Σ 5 ŀƴŘ ʰ ǘǊŀƴǎƭŀǘŜ ǘƻ ǊŜƭŀǘƛǾŜƭȅ ǎƳŀƭƭ ŎƘŀƴƎŜǎ ƛƴ 

the ãGthr values and as a result the A-basis value of ãGthr, i.e. the value required to assess the validity 

ƻŦ ŀ άƴƻ ƎǊƻǿǘƘέ ŘŜǎƛƎƴΣ ƻōǘŀƛƴŜŘ ǳǎƛƴƎ ǘƘƛǎ мst approximation would appear to be reasonably 

accurate.  

3.10 Data Scatter across tests carried out in different laboratories (ESIS TC4 Round 

Robins) 

The European Structural Integrity Society (ESIS) performed a series of Mode I fatigue delamination 

tests on unidirectional G30-500/R5276 laminates [109]. These tests were performed across multiple 

laboratories. Specimens were fabricated in a single batch and sent to multiple labs for testing, where 

fatigue delamination tests were performed, and plots of da/dN vs G obtained. The data was obtained 

from the authors of the paper, and was analysed in the same way as the NASA Datasets from [46] and 

[92]. 

This series of tests was unique in that it investigated the variability across specimens from the same 

batch when tested across different facilities/laboratories. The resultant crack growth curves are 

shown in Figure 3.33: 
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Figure 3.33: Paris-type plot for 18 specimens of G30-500/R5276 from ESIS TC4 round-robins 

It is evident from this plot that there is also substantial scatter in both the toughness and the fatigue 

threshold. This indicates that allowance must be made for the variability in the values of both A and 

Gthr. It should be noted that as per [107] the data has been anonymised to protect the privacy of the 

data sources. 

The values of D and h obtained for this data set are given in Table 3-22, the values of A and Gthr are 

given in Table 3-23. The Hartman-Schijve master curve for this data set is given in Figure 3.34. 
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Figure 3.34: Hartman-Schive plot for the ESIS TC4 data on G30-500/R5276 

 h 2.3 

D 4.0E-10 

Table 3-22: Hartman-Schijve parameters for the data in Figure 3.35 

Material: G30-500/R5276 

Test series: ESIS TC4 Round-Robins 

Lab Specimen A (GIc) Gthr [J/m2] ҞDthr ώҞWκƳϐ 

A 

1 350 70 8.37 

2 350 70 8.37 

3 280 50 7.07 

4 320 55 7.42 

B 

1 500 60 7.75 

2 500 70 8.37 

3 500 50 7.07 

C 
1 350 65 8.06 

2 350 65 8.06 
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3 280 50 7.07 

4 280 30 5.48 

5 320 55 7.42 

D 

2 350 18 4.24 

4 280 60 7.75 

5 320 55 7.42 

E 

1 800 40 6.32 

4 350 70 8.37 

5 320 55 7.42 

Table 3-23 :GthrΣ ҞDthr and A values used in computing da/dN using the Hartman-Schijve Equation for ESIS TC4 round robins 

The Gthr and Gc (A) values had the following characteristics as per Table 3-24. 

 A Gthr [J/m2] ҞDthr ώҞWκƳϐ 

Mean 377.78 54.89 7.33 

Median 350 55 7.42 

StDev 128.18 14.23 1.08 

Mean -3  ̀

(A-basis allowable) *  16.73 4.09 

*The standard deviation is so large that it yielded a negative value 

 

Table 3-24: Key statistics of G, Gthr and A for the Hartman-Schijve fitting of the ESIS TC4 data on G30-500/R5276 

 

A combined plot of all eighteen measured da/dN vs G curves along with their computed curves is 

shown in Figure 3.36. 
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Figure 3.36: Measured and computed da/dN vs G curves for data from ESIS TC4 round robins, all specimens 

This plot is very dense and it is not easy to visualise the computed and measured curves adequately. 

It was therefore decided to split these plots into multiple sub-plots for better visibility. The measured 

and computed curves for Labs A and B are shown in Figure 3.37. 
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Figure 3.37: Measured and computed da/dN vs G curves for data from ESIS TC4 round robins, Labs A and B 

The measured curves for Lab C are shown in Figure 3.38. 

 

Figure 3.38: Measured and computed da/dN vs G curves for data from ESIS TC4 round robins, Lab C 
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The measured and computed curves for Labs D and E are shown in Figure 3.39. 

 

Figure 3.39: Measured and computed da/dN vs G curves for data from ESIS TC4 round robins, Labs D and E 
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3.11 Key findings from Chapter: Parameters for prediction/computation of da/dN and 

potential for use in determination of design and service life of composites 

Since ҞGthr as determined via fitting of the experimental data can be regarded as the one of the main 

results, the dependence of ҞGthr on the selection of the other parameters ό!Σ 5Σ ʲύ ǿƛƭƭ ōǊƛŜŦƭȅ ōŜ 

discussed. If the value of parameter A is taken as the quasi-static GIc value from a standard Mode I 

test, as it has been for the NASA data sets in Sections 3.7-3.8 the average, then the quasi-static GIc-

value can be used if a range is provided. However, in [46] and [92] a single constant value for GIc was 

given, and it has been used as such.  

If the effect of varying A is of interest, the lower and upper limits determined from quasi-static GIc-

testing a series of specimens (the standards usually require five repeats) can be chosen as minimum 

and maximum values, respectively of A, or the average plus/minus one standard deviation or multiples 

thereof (with related statistical significance). The data set from the ESIS TC4 Round Robin tests [109] 

shows significant variance in A for some specimens. This is corroborated by the da/dN vs G plots 

showing scatter in the rapid growth region. While rapid growth is important from a design perspective, 

there may be a need for the average of the cohort being used, or a range being used based on the 

ŀǾŜǊŀƎŜ ǇƭǳǎκƳƛƴǳǎ ŀ ƳǳƭǘƛǇƭŜ ƻŦ ǘƘŜ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴΦ 5 ŀƴŘ ʲ ŎƻǳƭŘ ǘƘŜƴ ōŜ ŘŜǘŜǊƳƛƴŜŘ from a 

linear fitting of the data. The values will depend on the range of data chosen for the fit. A quality 

indicator such as the Coefficient of Determination (R2) could be used to determine the suitable range, 

and then the full data set used to calculate a second set of fit parameters; this can be used to get a 

ǎǳƛǘŀōƭŜ ǊŀƴƎŜ ƻŦ 5 ŀƴŘ ʲ ǘƻ ōŜ ǘŜǎǘŜŘΦ Cƛƴŀƭƭȅ ҞGthr is then determined for the different values of A, D 

ŀƴŘ ʲΣ ŀƎŀƛƴ ōȅ ŀ ōŜǎǘ Ŧƛǘ ŎǊƛǘŜǊƛƻƴΦ A-basis allowables are (mean - 3ˋύ as per JSSG2006/MIL-HDBK-5. 

This would finally yield ҞGthr and an estimate of the possible error from fitting. These data could 

possibly then be used in a design criterion (yet to be defined). Selected implications for using ҞGthr 

data from the procedure described above are presented and discussed in [160]. The range of scatter 

induced in ҞGthr ōȅ ǾŀǊƛŀǘƛƻƴǎ ƻŦ ǘƘŜ ǎŜƭŜŎǘŜŘ ŦƛǘǘƛƴƎ ǇŀǊŀƳŜǘŜǊǎ !Σ 5 ŀƴŘ ʲ ŀǊŜ ŜǎǘƛƳŀǘŜŘ ŦƻǊ ƻƴŜ Řŀǘŀ 

set in [160] and this is further investigated in ongoing data analysis.  

From a structural design perspective, the relatively low values of ҞGthr derived from the Hartman-

Schijve fitting presented here (average of 8.08 and 8.27 Ҟ(J/m2) for MBT and MCC data analysis, 

respectively for source 1, and of 8.51 and 8.66 Ҟ(J/m2) for MBT and MCC data analysis, respectively 

for source 2) may limit the designs, even if estimated scatter is on the order of ±1.4 Ҟ(J/m2) for both 

sources (i.e., about 15%).  

However, first the methodology for determining repeatable and reproducible ҞGthr-values from round 

robin testing has to be established, before the use of such values in composite structural design (see, 
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e.g., [161] for some effects that may have to be considered for that) can be discussed. The ESIS TC4 

round robins were part of efforts towards this.  

The important distinction here is that unlike a direct Paris Law type relation, where the G values for 

ƛƴƛǘƛŀǘƛƻƴ ŀƴŘ ǇǊƻǇŀƎŀǘƛƻƴ ƻŦ ŘŜƭŀƳƛƴŀǘƛƻƴǎ Ŏŀƴ ǾŀǊȅ ǎƛƎƴƛŦƛŎŀƴǘƭȅΣ ǘƘŜ ҞDthr values seen in the HS   

Equation do not have such a large variation. It would thus appear that the HS approach may represent 

a consistent method for determining the A-basis thresholds that is needed to assess growth/no growth.   

While the variability in the region of rapid delamination growth is of particular interest it should be 

recalled that current designs ŀǊŜ ōŀǎŜŘ ƻƴ ǘƘŜ άƴƻ ƎǊƻǿǘƘέ ŘŜǎƛƎƴ ǇƘƛƭƻǎƻǇƘȅΦ !ǎ ǎǳŎƘ ǘƘŜ ŦƛǊǎǘ 

challenge is to extend designs to allow for limited (slow) growth. In this context these preliminary 

studies have shown that consistent fatigue thresholds can be established and that the variability in 

the threshold region can be reasonably well accounted. 

¢ƘŜ άƳŀǎǘŜǊ ŎǳǊǾŜέ Ǉƭƻǘǎ όIŀǊǘƳŀƴ-Schijve plots) are useful in the iterative refinement of the values 

ƻŦ ǘƘŜ 5 ŀƴŘ ʰ ǇŀǊŀƳŜǘŜǊǎ ƛƴ ǘƘŜ IŀǊǘƳŀƴ-Schijve Equation. Ultimately the ҞGthr and A values that are 

appropriate for a given use case will depend on the level of conservatism. A lower A value will predict 

faster delamination growth for a given ҞG value, and a lower ҞGthr value will also generally yield a 

faster predicted delamination growth rate for the same G values. If the maximum allowable crack 

growth rate are to be used to determine service life, then to be consistent with JSSG2006 the lower 

A-basis threshold values should be used.  
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3.12 Publications and notes 
The following publications have been generated specifically from the preceding chapter: 

3.12.1 Journal Papers 
 

ǒ A. Mujtaba, S. Stelzer, A.J. Brunner, R. Jones, 
Thoughts on the scatter seen in cyclic Mode I fatigue delamination growth in DCB tests, 
Composite Structures, Volume 160, 2017, Pages 1329-1338, ISSN 0263-8223, 
https://doi.org/10.1016/j.compstruct.2016.11.002. 
 

ǒ A. Mujtaba, S. Stelzer, A.J. Brunner, R. Jones, 
Influence of cyclic stress intensity threshold on the scatter seen in cyclic Mode I fatigue 
delamination growth in DCB tests, 
Composite Structures, Volume 169, 2017, Pages 138-143, ISSN 0263-8223, 
https://doi.org/10.1016/j.compstruct.2016.07.080. 
 

 
ǒ [161] Andreas J. Brunner, Ahmad Mujtaba, Steffen Stelzer, Rhys Jones, 

Modified Hartman-Schijve fitting of mode I delamination fatigue data and the resulting 
variation in threshold values Gthr, 
Procedia Structural Integrity, Volume 2,2016, Pages 88-95, ISSN 2452-3216, 
https://doi.org/10.1016/j.prostr.2016.06.012. 
 

ǒ Andreas J. Brunner, Steffen Stelzer, Ahmad Mujtaba, Rhys Jones, 
Examining the application of the Hartman-Schijve equation to the analysis of cyclic fatigue 
fracture of polymer-matrix composites, 
Theoretical and Applied Fracture Mechanics, Volume 92,2017, Pages 420-425, ISSN 0167-
8442, 
https://doi.org/10.1016/j.tafmec.2017.08.011. 
 
 

3.12.2 Conference Proceedings 
ǒ A. Mujtaba,  R. Jones,  Brunner A; Stelzer Stephen, "Thoughts on accounting for the scatter 

seen in delamination growth", 2nd International Convention on Mechanics of Composites, 
Porto (July 2016) 
 

ǒ R. Jones, A. Mujtaba, T.J. Kinloch, A.J. Brunner, Steffen Stelzer, "Thoughts on accounting for 
the scatter seen in delamination growth", 16th Australian International Aerospace Congress 
(AIAC16), Melbourne 2015 
 

 
ǒ Andreas J. Brunner , Ahmad MujtabaΣ {ǘŜŦŦŜƴ {ǘŜƭȊŜǊΣ wƘȅǎ WƻƴŜǎΣ άaƻŘƛŦƛŜŘ IŀǊǘƳŀƴ-Schijve 

fitting of mode I delamination fatigue data and the resulting variation in threshold values GthrέΣ 
ECF21, Catania (June 2016) 
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4. Normalisation Techniques 

The previous Chapter has illustrated the extensive variability (scatter) that can be seen in delamination 

growth tests. The question thus arises:  

 

ΨIƻǿ Ŏŀƴ ǘƘŜ ƴŜŎŜǎǎŀǊȅ άǿƻǊǎǘ-ŎŀǎŜέΣ ƛΦŜΦ ǳǇǇŜǊ-bound, delamination curves needed to predict the 

growth of the fastest possible delamination be determinedΚΩ 

 

Whilst the previous Chapter has illustrated how the Hartman-Schijve equation can be used to account 

for this scatter, other approaches whereby the energy release-rate is divided by the resistance to 

delamination growth GR(a) have also been proposed. One commonly used normalisation approach 

outlined in the US Composites Materials Handbook CMH-17-3G [22], that was first proposed by 

Poursartip [162], suggests that delamination growth rate da/dN should be expressed as a function of 

GC/GR(a), where GR(a) is the delamination resistance and is a function of both the delamination length 

and also the test procedure. This approach to representing delamination growth, which is entirely 

empirical, is now moderately widely used [46,163-170], and has the advantage that it can significantly 

reduce the data scatter. Murri [164] subsequently suggested that da/dN should be expressed as a 

function of (Gmax/GR(a))GC0 where GC0 is the quasi-static initiation value of GC. It can be argued that, 

since the da/dN versus GΩmax (= (Gmax/GR(a))GC0) curves essentially collapsed the experimentally-

measured da/dN versus Gmax curves, the upper-bound of the collapsed da/dN versus (Gmax/GR(a))GC0 

curves might well represent an approximate worst-case curve. Yao et al [167] suggested a variant of 

this approach whereby da/dN was expressed in the form as shown in Equation 4.1: 

 

Ὠὥ

Ὠὔ
ὧ

Ὃ ЍὋ 

Ὃ ὥ ὥ
 

  

where c and m are constants, G0 is the fatigue delamination resistance with no fibre bridging, Gfc(a-

a0) represents the critical resistance which increase with fatigue crack extension and  

 

ЍὋ  Ὃ  Ὃ    

    

This approach has the advantage that it takes into account the difference between the quasi-static 

crack resistance and the crack resistance that occurs during fatigue crack growth. Variants of this 

approach can be found in the papers by Gong and co-workers [171,172], and a novel means for 

determining Gfc is given in [172]. 

(4.1) 

(4.2) 
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A problem with this approach is that despite the reduction in the scatter that arises if the 

ƴƻǊƳŀƭƛǎŀǘƛƻƴ ŀǇǇǊƻŀŎƘ ƛǎ ǳǎŜŘΣ ǘƘŜǊŜ ƛǎ ƴŜǾŜǊǘƘŜƭŜǎǎ ŎƻƴǎƛŘŜǊŀōƭŜ ǎŎŀǘǘŜǊ ǊŜƳŀƛƴƛƴƎ ƛƴ ǘƘŜ άƴŜŀǊ-

ǘƘǊŜǎƘƻƭŘέ ǊŜƎƛƻƴ ǳǎƛƴƎ ǘƘƛǎ ŀǇǇǊƻŀŎƘΦ ¢Ƙƛǎ ǎƘƻǊǘŎƻƳƛƴƎ ƛǎ ŀǇǘƭȅ illustrated in Figure 4.1 which presents 

the normalised curves associated with tests on IM7/977-3 given in [164]. In this context it should be 

noted that as shown in [113] the scatter in these normalised curves can be captured using the 

Hartman-Schijve equation. 

 

 

Figure 4.1: The normalised delamination growth curves for IM7/977-3 CFRP, from [164], and the upper-ōƻǳƴŘ όΨƳŜŀƴ - оˋΩύ 
curve from the Hartman-Schijve methodology given in [113]. 

 

To overcome this problem this Chapter will examine an alternative normalisation approach, which is 

based on normalising with respect to the fatigue threshold. It should be noted that the value of the 

fatigue threshold used for scaling/normalising the Paris-type plots for delamination growth will be 

independently established for each data set. This value will be chosen to represent the fatigue 

threshold Gth as defined in ASTM E647, which corresponds to a growth rate (da/dN) of 10-10 m/cycle 

and as discussed earlier in this thesis differs from the Hartman-Schijve threshold Gthr.  

It should be pointed out here that the normalisation threshold Gth selected for each specimen was the 

Gmax, ƻǊ ҟDmax value, depending on whether da/dN was expressed as a function of Gmax, ƻǊ ҟDmax, in the 
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dataset closest to a value of da/dN of 10-10m/cycle. As these tests cover Mode I DCB specimens, it 

typically corresponded to the minimum measured G value in a given dataset for each specimen. 

As discussed in previous chapters, for orthotropic materials the crack tip stress field is uniquely 

ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ǘƘŜ ǘŜǊƳ ҞDΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘƛǎ ŎƘŀǇǘŜǊ ǿƛƭƭ ŜȄŀƳƛƴŜ Řŀǘŀ ƴƻǊƳŀƭƛǎŀǘƛƻƴ ǳǎƛƴƎ ҞDκҞDth 

rather than G/Gth. The normalisation threshold was determined empirically for each specimen. 

 

4.1 Plots of da/dN versus (ҞG/ҞGth)  
 

The normalisation approach examined in this Chapter is based on that proposed by Schonbauer et al  

[128ϐΦ ¢Ƙƛǎ ǎǘǳŘȅ ǇǊƻǇƻǎŜŘ ǇƭƻǘǘƛƴƎ ŘŀκŘb ŀǎ ŀ ŦǳƴŎǘƛƻƴ ɲYκɲYth.  

The ability of this approach to reduce the scatter for tests on IM7/8552 in the 2013 NASA Dataset and 

IM7/977-3 from the 2011 NASA Dataset delamination growth curves shown in Chapter 3 is illustrated 

in Figure 4.2 through Figure 4.5. The values of the normalisation thresholds ҞGth that are used are 

provided with each figure, in tables Table 4-1 through Table 4-4. The details of each dataset are 

provided within each figure, and further information is provided in the preceding chapter. 

The NASA 2013 Dataset Source 1 Specimens with MBT calculations are plotted in Figure 4.2 and the 

Gth values with their key statistics are provided in Table 4-1. 

 

Figure 4.2Υ tƭƻǘ ƻŦ ҞDmaxκҞDth for NASA 2013 Source 1 specimens, MBT 
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Specimen Gth (J/m2) ҞDth Ҟ(J/m2) Specimen Gth (J/m2) ҞDth Ҟ(J/m2)  

1-1 97.17 9.86 1-13 71.71 8.47 

1-2 63.98 8.00 1-14 88.01 9.38 

1-3 73.18 8.55 1-15 78.61 8.87 

1-4 73.28 8.56 1-16 58.824 7.67 

1-5 69.95 8.36 1-17 74.77 8.65 

1-6 73.24 8.56 1-18 69.43 8.33 

1-7 68.59 8.28 1-19 104.47 10.22 

1-8 82.99 9.11 1-20 60.25 7.76 

1-9 67.05 8.19 1-21 97.92 9.90 

1-10 83.73 9.15 1-22 76.82 8.76 

1-11 58.82 7.67 1-23 60.93 7.81 

1-12 86.65 9.31    

   Gth (J/m2) ҞDth Ҟ(J/m2)   

  Mean 75.67 8.67  

  Median 73.24 8.56  

  {ǘ5ŜǾ ˋ 12.75 0.72  

  
A-basis 

(mean - оˋύ 37.42 6.51 
 

Table 4-1: Values of Gth used for normalisation of NASA 2013 Dataset, Source 1 Specimens (MBT) 

The NASA 2013 Dataset Source 1 Specimens with MCC calculations are plotted in Figure 4.3 and the 

Gth values with their key statistics are provided in Table 4-2 

 

Figure 4.3Υ tƭƻǘ ƻŦ ҞDmaxκҞDth for NASA 2013 Source 1 specimens, MCC 
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Specimen Gth (J/m2) ҞDth Ҟ(J/m2)  Specimen Gth (J/m2) ҞDth Ҟ(J/m2)  

1-1 102.29 10.11 1-13 76.11 8.72 

1-2 67.61 8.22 1-14 101.79 10.09 

1-3 76.35 8.74 1-15 81.28 9.02 

1-4 80.42 8.97 1-16 61.16 7.82 

1-5 69.10 8.31 1-17 79.16 8.90 

1-6 78.22 8.84 1-18 73.56 8.58 

1-7 64.30 8.02 1-19 93.42 9.67 

1-8 85.29 9.24 1-20 63.71 7.98 

1-9 69.20 8.32 1-21 104.58 10.23 

1-10 89.75 9.47 1-22 80.48 8.97 

1-11 56.58 7.52 1-23 64.55 8.03 

1-12 91.51 9.57    

   Gth (J/m2) ҞDth Ҟ(J/m2)   

  Mean 78.7 8.84  

  Median 78.22 8.84  

  {ǘ5ŜǾ ˋ 13.6 0.76  

  
A-basis 

(mean - оˋύ 37.9 6.56 
 

Table 4-2: Values of Gth used for normalisation of NASA 2013 Dataset, Source 1 Specimens (MCC) 
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The NASA 2013 Dataset Source 2 Specimens with MBT calculations are plotted in Figure 4.4 and the 

Gth values with their key statistics are provided in Table 4-3 

 

Figure 4.4Υ tƭƻǘ ƻŦ ҞDmaxκҞDth for NASA 2013 Source 2 specimens, MBT 

Specimen Gth (J/m2) ҞDth Ҟ(J/m2)  Specimen Gth (J/m2) ҞDth Ҟ(J/m2)  

2_1 66.87 8.18 2_9 100.66 10.03 

2_2 103.41 10.17 2_10 86.39 9.29 

2_3 73.71 8.59 2_11 80.12 8.95 

2_4 87.95 9.38 2_12 89.40 9.46 

2_5 86.47 9.30 2_13 78.20 8.84 

2_6 72.77 8.53 2_14 75.64 8.70 

2_7 81.98 9.05 2_15 73.77 8.59 

2_8 64.01 8.00 2_16 81.63 9.04 

   Gth (J/m2) ҞDth Ҟ(J/m2)   

  Mean 81.44 9.01  

  Median 80.88 8.99  

  {ǘ5ŜǾ ˋ 10.84 0.60  

  
A-basis 

(mean - оˋύ 48.92 7.21 
 

Table 4-3: Values of Gth used for normalisation of NASA 2013 Dataset, Source 2 Specimens (MBT) 
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Similarly, the process was repeated for the NASA 2013 Dataset, Source 2 specimens (MCC). The plot 

is given in Figure 4.5and key statistics and Gth values provided in Table 4-4. 

 

Figure 4.5Υtƭƻǘ ƻŦ ҞDmaxκҞDth for NASA 2013 Source 2 specimens, MCC 

Specimen Gth (J/m2) ҞDth Ҟ(J/m2)  Specimen Gth (J/m2) ҞDth Ҟ(J/m2)  

2_1 69.6 8.34 2_9 105.85 10.29 

2_2 97 9.85 2_10 89.13 9.44 

2_3 60.478 7.78 2_11 87.40 9.35 

2_4 89.76 9.47 2_12 94.18 9.70 

2_5 86.02 9.27 2_13 83.37 9.13 

2_6 74.31 8.62 2_14 79.760 8.93 

2_7 77.99 8.83 2_15 80.13 8.95 

2_8 67.17 8.20 2_16 80.57 8.98 

   Gth (J/m2) ҞDth Ҟ(J/m2)   

  Mean 82.7 9.07  

  Median 81.97 9.05  

  StDev ̀  11.6 0.64  

  
A-basis 

(mean - оˋύ 47.9 7.15 
 

Table 4-4: Values of Gth used for normalisation of NASA 2013 Dataset, Source 2 Specimens (MCC) 

 

The same process was repeated for the NASA 2011 Dataset. This plot was generated for both cases, 
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these specimens with iteratively determined coefficients is shown in Figure 4.6 and the associated Gth 

values with their key statistics provided in Table 4-5. 

 

Figure 4.6Υ tƭƻǘ ƻŦ ҞDmaxκҞDth for NASA 2011 Specimens, coefficients determined via iterative fitting 

Specimen Gth (J/m2) ҞDth Ҟ(J/m2)  

1 63 7.94 

2 36 6.00 

3 45.5 6.75 

4 46 6.78 

5 41 6.40 

6 35 5.92 

7 65 8.06 

8 50 7.07 

9 55.5 7.45 

10 39 6.24 

Mean 47.6 6.86 

Median 45.8 6.76 

{ǘ5ŜǾ ˋ 10.68 0.76 

A-basis (mean - оˋύ 15.56 4.58 
Table 4-5: Values of Gth used for normalisation of NASA 2011 Dataset (MBT); Coefficients determined by iterative fit 
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For the same dataset with the Hartman-Schijve coefficients sourced from [20] , the plot and Gth values 

with key statistics are given in Figure 4.7 and Table 4-6 respectively. 

 

Figure 4.7Υ tƭƻǘ ƻŦ ҞDmaxκҞDth for NASA 2011 specimens, coefficients sourced from [20] 

 

Specimen Gth (J/m2) ҞDth Ҟ(J/m2)  

1 63 7.94 

2 37 6.08 

3 45.5 6.75 

4 46 6.78 

5 41 6.40 

6 36 6.00 

7 60 7.75 

8 50 7.07 

9 53 7.28 

10 40 6.32 

Mean 47.2 6.84 

Median 45.8 6.76 

{ǘ5ŜǾ ˋ 9.30 0.67 

A-basis (mean - оˋύ 19.3 4.83 
Table 4-6: Values of Gth used for normalisation of NASA 2011 Dataset (MBT); Coefficients sourced from [20] 
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The same process was repeated for the ESIS TC4 Dataset from [109]; the results are plotted in Figure 

4.8 and the associated thresholds are provided in Table 4-7. 

 

Figure 4.8Υ tƭƻǘ ƻŦ ҞDmaxκҞDth for G30-500/R5276 from ESIS TC4 tests 

 

Lab Specimen A (Gc) (J/m2) Gth (J/m2) ҞDth Ҟ(J/m2)  

A 

1 350 70.00 8.37 

2 350 70.00 8.37 

3 280 50.00 7.07 

4 320 55.00 7.42 

B 

1 500 60.00 7.75 

2 500 70.00 8.37 

3 500 110.00 10.49 

C 

1 350 65.00 8.06 

2 350 65.00 8.06 

3 280 50.00 7.07 

4 280 45.00 6.71 

5 320 55.00 7.42 

D 

2 350 50.00 7.07 

4 280 60.00 7.75 

5 320 55.00 7.42 

E 

1 800 65.00 8.06 

4 350 70.00 8.37 

5 320 55.00 7.42 

 Mean 377.78 62.22 7.85 
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 Median 350 60 7.75 

 StDev ̀  128.18 14.37 0.84 

 A-basis (mean - оˋύ N/A* 19.11 5.33 
Table 4-7: Values of Gth used for normalisation of ESIS TC4 Data on G30-500/R5276 

*Negative value due to large variance and standard deviation 

Despite best efforts, this dataset in Figure 4.8 could not be collapsed as well as the NASA datasets 

given in Figure 4.2 to Figure 4.7. It should be added here that as the normalisation was done using a 

visual best fit approach, using the Hartman-Schijve thresholds from Chapter 3 as starting points. The 

Gth values for each specimen were adjusted to obtain the best possible collapse of all curves such that 

the scatter along the horizontal axis, particularly in the threshold region was minimised. 

Allegri et al [43] presented a dataset on IM6/6736, which has been reproduced in Figure 4.9 (same as 

Figure 2.27). Using the values of Gc provided in [43], the plot was converted to a Paris-type plot, which 

is shown in Figure 4.10 and normalised in the same fashion as the NASA 2013 and 2011 Datasets as 

well as the ESIS TC4 Datasets (See Figure 4.2 to Figure 4.8). The Hartman-Schijve plot for this dataset 

is given in Figure 4.11 and the Normalisation plot in Figure 4.12. 

 

Figure 4.9: Non-dimensionalised Paris Plot for IM6 and T300; exponents and scatter are both still high. The figure is a 
digitised adaptation of a plot from [43] 
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Figure 4.10: Paris Type plot for T300 and IM6 

 

Figure 4.11: Hartman-Schijve Plot for T300 and IM6, based on Figure 4.12 
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Figure 4.12 Normalisation Plot for IM6 and T300 from [43] 

It should be noted here that unlike the datasets in Figure 4.2 to Figure 4.8, this dataset was deemed 

insufficient by volume to carry out a statistical analysis of the thresholds. However, it does indicate 

potential utility in scatter suppression because this dataset covers multiple similar materials and load 

modes. 

The recent paper [113], which was inspired by the findings presented in this Chapter, gave a large 

cross-ǎŜŎǘƛƻƴ ƻŦ ǇǊƻōƭŜƳǎ ǇƭƻǘǘƛƴƎ ŘŀκŘb ŀǎ ŀ ŦǳƴŎǘƛƻƴ ɲYκɲYth collapsed the R ratio dependent da/dN 

ǾŜǊǎǳǎ ɲY ŎǳǊǾŜǎ ƻƴǘƻ ŀ ǎƛƴƎƭŜ ŘŀκŘb ǾŜǊǎǳǎ ɲYκɲYth   master curve.  In other words [113] revealed 

that what had previously been thought to be a crack closure dependency was merely a dependency 

of the crack growth rate on the fatigue threshold. Indeed, [113] also proposed and extension of this 

normalisation approach to delamination growth in composites whereby by da/dN was expressed as a 

ŦǳƴŎǘƛƻƴ ƻŦ ɲҞDκɲҞGth. 

Lǘ ƛǎ ǘƘŜǊŜŦƻǊŜ ŜǾƛŘŜƴǘ ǘƘŀǘ ƴƻǊƳŀƭƛǎƛƴƎ ǘƘŜ tŀǊƛǎ ǘȅǇŜ Ǉƭƻǘǎ ŦƻǊ ŎƻƳǇƻǎƛǘŜǎ ǿƛǘƘ ǘƘŜƛǊ ҞDth values can 

in some instances significantly reduce data scatter, and also account for R-ratio effects. However, in 

some cases there is still significant scatter. As such delamination growth prediction using a 

normalisation approach was not pursued further. It should also be noted here that all the datasets 

analysed in this chapter used a constant R-ratio. 
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5. Study of delaminations growing naturally from sub-mm defects and 

material non-linearity in DOFS specimens 

As detailed in the literature review, several sources [1-5,29-34] point to the growth of delaminations, 

in both experimental studies and in-service airframes, from naturally occurring material defects in 

composites. Indeed, in this context, Brunner et al [160] commented: 

ά/ȅŎƭƛŎ ŦŀǘƛƎǳŜ ŦǊŀŎǘǳǊŜ ǘŜǎǘǎ ƻƴ ƳŀǘŜǊƛŀƭ ŎƻǳǇƻƴǎ ŀƴŘ ǎǘǊǳŎǘǳǊŀƭ ŜƭŜƳŜƴǘǎ ǿƛǘƘ naturally occurring 

initial delaminations will also be essential for comparison with the behavior of delaminations with 

initiation simulated by film inserts or cracks from cutting. Finally, these combined efforts may result 

in a sufficient understanding for defining the appropriate design guidelinesΦέ 

It is therefore essential to understand and characterise naturally occurring delaminations. 

Most studies into Mode I delamination growth such as [46], [19], [92], [107], [109] and [20], use DCB 

specimens. As detailed in [46], [51] and [92] among others, these specimens have a pre-crack (initial 

delamination) inserted into the specimen as part of the layup process. This is generally done by 

inserting a release film insert into the layup. As the delamination is generally several mm in length, 

data from these studies cannot be used to characterise/understand delaminations that nucleate and 

subsequently grow from small (sub-mm) material defects.  

As noted in Chapter 2 DOFS specimens, which do not contain pre-fabricated disbonds have been 

successfully used to study the durability of bonded composite repairs. Chapter 2 also remarked how 

cut central ply (CCP) specimens, which as explained can be viewed as an extension of the methodology 

inherent in the DOFs specimens to composite structures, have also been used to study delamination 

growth. However, to date most such specimen tests have contained large artificial delaminations.  

However, it is postulated that CCP specimen tests may also be useful to study the growth of small 

naturally growing delaminations.  

In relation to delaminations that result from small, naturally occurring material defects, this chapter 

aims to: 

ǒ Investigate the initiation and rates of propagation for naturally arising delaminations in 

CCP/DOFS specimens.  

ǒ Investigate the relationship between cyclic applied strain energy dUcyc/dN and delamination 

growth rates for such specimens over a range of delamination lengths, ranging from sub-mm 

to >10mm 

ǒ Investigate if material non-linearity, specifically hysteretic energy dissipation, can be linked 

to delamination growth.  
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ǒ Perform an idealised calculation of the energy release rates and thresholds for delaminations 

that nucleate and grow from naturally occurring material defects in specimens with no pre-

fabricated delaminations 

ǒ Use CT X-ray imaging to investigate characteristics of delaminations in DOFS specimens at the 

end of the test program 

ǒ Construct an FEA model to calculative indicative values of thresholds for DOFS specimens 

 

5.1 Experiment plan and setup  
The composite material selected for these experiments is T300/970. It was selected because of the 

availability of fabrication facilities and the material. The material was sourced as a pre-preg fabric. The 

fabric was specified by the manufacturer as a 3K tow, 00/900 plain cross weave, 198 gsm uncured 

weight. 

5.2 Specimen Geometry 
The specimen geometry was partially derived from the test standard ASTM D3309. The most notable 

difference between the CCP specimens and ASTM D3309 specimens is the lack of an adhesively 

bonded aluminium tabs on the ends that are clamped under the machine grips. The rationale for this 

decision was to mitigate the risk of the tests being interrupted by failure of the adhesive bond between 

the metallic tabs and composite specimens. The machine grip pressure was adjusted to minimise 

slippage while preventing crushing. The exact dimensions of the specimens are illustrated in Figure 

5.1. The layup ply configuration is shown in Figure 5.2. The width was kept at 44mm to match the 

machine grips. 

 

 

 

 

 

 

 

 

 

 
 44mm 

230mm 

Figure .: Indicative dimensions of the DOFS specimens to be fabricated; thickness is 20 plies 

Upper adherend, 
7 continuous plies 
 
Lower adherend, 
6 plies with a discontinuity 
 
Upper adherend, 
7 continuous plies 
 

 

 

 

  

Figure .: Ply configuration of the specimens to be tested 

Figure 5.1 Indicative dimensions of the DOFS specimens to be fabricated; thickness is 20 plies (~0.22mm each) 

Figure 5.2: Ply configuration of the specimens to be tested 
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5.3 Specimen Layup and Fabrication 
 

The pre-preg was supplied as 1.8m x 50m roll. A 1.5x1.8m rectangle was cut from the roll. Cutting was 

performed using carbide steel blades. The layup was placed between steel plates of 10mm thickness, 

coated with Telfon release film to prevent the layup from bonding to the steel plates. The steel plates 

were polished with progressively finer grits of sandpaper, and de-greased with acetone to prevent 

contamination of the composite layup. 

The layup was vacuum-bagged with a pressure of -100kPa and cured as per the manufacturer 

specifications (1770C for 3 hours at minimum 550kPa). The cured plates were then cut into specimens 

that were 230mm long and 44mm wide. The cutting was done using steel bandsaws with powered 

clamp feeds. 

Aluminium tabs 10 mm x 10 mm and 3mm thick, with a 1 mm groove running along the centroid of 

the top surface were fabricated and then sand blasted and de-greased. These tabs were then mounted 

to the specimens using a 24-hour curing 2-part epoxy adhesive. Prior to testing the specimens were 

then left to cure for a further 24-72 hours in room temperature conditions. These aluminium tabs 

were to attach an MTS clip extensometer. 

White nano-pigment suspension was used to colour the sides of the specimen white to increase the 

visibility of the delamination. Sources such as [46] and [92] used a white correction fluid. However, it 

was decided that for these specimens that correction fluid may impede delamination visibility. The 

nano-pigment suspension was De Atramentis Document Ink White, which is a white nano-powder in 

an aqueous suspension meant for use with fountain pens. 

The layup process is shown in the figures Figure 5.3-Figure 5.6: 
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Figure 5.3: Pre-preg fabric with protective wrapping; the stencil plate is used to trace for cutting 

 

Figure 5.4: Pre-preg fabric cut into sized rectangles to form the plies of the layup 
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Figure 5.5: Upper adherend full plies laid on the release film; the green tape along the edges is thermal flash tape to secure 
the layup to the base plate. The green peel ply has not been removed to protect the layup from dust ingress. 

 

Figure 5.6: Cut plies (lower adherend) layered on the layup 

The layup was vacuum-bagged as shown in Figure 5.7, with breather fabric wrapped around the 

layup, which was sandwiched between Teflon release film coated steel plates. Aerospace-grade 

thermal curing flash tape was also used to minimise the risk of air contamination. 
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Figure 5.7: Vacuum bagged layup (inset: vacuum gauge to monitor evacuation of bag) 

The layup was cured at 1770C for 3 hours at 550-700kPa (The maximum pressure was set to 7bar, but 

ǘƘŜ ŀǳǘƻŎƭŀǾŜΩǎ ǎǘŀōƭŜ ƘƻƭŘƛƴƎ ǇǊŜǎǎǳǊŜ ǿŀǎ ŎƭƻǎŜǊ ǘƻ рΦрōŀǊύΦ ¢ƘŜ curing process was monitored using 

thermal sensors placed on the layup at different positions, which were monitored in real time. The 

layup in the autoclave, once it has been vented, is shown in Figure 5.8. 

 

Figure 5.8: Layup prepared and cured in autoclave 
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! Ŧǳƭƭȅ ŎǳǊŜŘ ƭŀȅǳǇ ǘȅǇƛŎŀƭƭȅ ȅƛŜƭŘŜŘ ŀ άƳŀǎǘŜǊ ǇƭŀǘŜέ ǿƛǘƘ ǘƘŜ ŘƛƳŜƴǎƛƻƴǎ олл Ȅ нулƳƳΦ Lǘ ǿŀǎ ǘƘŜƴ 

cut into six 44 x230 mm specimens, see Figure 5.9. 

 

Figure 5.9: The layup after curing, with markings added for cutting of specimens 230x44mm. The resin-deficit areas on the 
edges are discarded 

The specimens were then decontaminated, and aluminium tabs were affixed to the surface in the 

vicinity of the cut plies. The aluminium notched tabs were sand-blasted, de-greased and mounted 

using Selleys/Araldite® 24H curing 2-part epoxy. The specimens post-cutting are shown in Figure 5.10. 

The cutting was performed using clamped power feeds and steel band saws. (Ideally carbon-epoxy 

layups should be cut with high precision UHP waterjets, however a waterjet cutting facility was not 

available for these experiments). 
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Figure 5.10: Cut and ready specimens, with aluminium tabs affixed for holding a clip-on extensometer 

A close-up view of the notched aluminium tabs, that were used to attach the extensometer, and the 

side of the specimen with white nanopigment suspension applied is shown in Figure 5.11. 

 

Figure 5.11: Close-up of the specimen at the ply discontinuity region. White nano-pigment suspension coating on sides, and 
the aluminium tabs are mounted using 24-hour curing 2-part epoxy 

  






























































































































