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ABSTRACT 

 

This paper discusses two approaches that have been proposed to account for the data scatter 

observed in delamination growth tests under cyclic-fatigue loading and thereby enable an 

estimate of a worst-case delamination growth curve for use in the damage tolerance and 

durability assessment of composite and adhesively-bonded airframes. The two approaches 

discussed are: (a) the normalisation approach, whereby the energy release rate is divided by 

the resistance to delamination growth, GR(a), and (b) the Hartman-Schijve approach to 

delamination growth. It is shown that for the cases considered this normalisation approach can 

be used to yield curves that are similar to the ‘mean-3σ’, “worst-case”, i.e. upper-bound, curve 

obtained using the Hartman-Schijve equation. However, despite the reduction in the scatter that 

arises if this particular normalisation approach is adopted, there is still considerable scatter in 

the important “near-threshold” region. In this region the normalised curves are bounded above 

by the ‘mean-3σ’ curve obtained using the Hartman-Schijve equation. To address this issue, an 

alternative normalisation approach is then proposed. This alternative normalisation approach 

has the advantage of having reduced scatter in the near-threshold region but elsewhere is 

significantly more conservative than the Hartman-Schijve approach. 
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NOMENCLATURE 
 
a total crack (delamination) length, measured from the loading line 
a0  length of the initial delamination in the test specimen, i.e. the length of the 

(thin) film used as a starter crack, measured from the loading line 
ap                     length of the pre-crack (pre-delamination), measured from the loading line, 

in the test specimen  
ap-a0 pre-crack (pre-delamination) extension length in the test specimen  
da/dN  rate of delamination growth per cycle 
N number of fatigue cycles 
A a constant in the Hartman-Schijve equation 
D a constant in the Hartman-Schijve equation 
n exponent in the Hartman-Schijve equation 
G energy release-rate 
GC quasi-static interlaminar fracture energy 
GC0 quasi-static initiation value of GC 

Gfc(a-a0)  the critical fatigue resistance increase as a function of the fatigue crack 
extension (a-a0) 

Gmax  maximum value of the applied energy release-rate in the fatigue cycle  
Gmax.th  maximum value of the applied energy release-rate in the fatigue cycle at a 

value of da/dN of 10-10 m/cycle 
Gmin  minimum value of the applied energy release-rate in the fatigue cycle  
GR(a) functional dependence of the quasi-static energy release rate on (a-ap)  
∆G  range of the applied energy release-rate in the fatigue cycle, as defined below 

∆𝐺𝐺 = 𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 

∆√𝐺𝐺 range of the applied energy release-rate in the fatigue cycle, as defined below 

∆√𝐺𝐺 =  �𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 −  �𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 

∆�𝐺𝐺𝑡𝑡ℎ  value of ∆√𝐺𝐺 at a value of da/dN of 10-10 m/cycle 

∆�𝐺𝐺𝑡𝑡ℎ𝑟𝑟   range of the fatigue threshold value of  ∆√𝐺𝐺, as defined below 

∆�𝐺𝐺𝑡𝑡ℎ𝑟𝑟 =  �𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚.𝑡𝑡ℎ𝑟𝑟  −  �𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚.𝑡𝑡ℎ𝑟𝑟 

�𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚.𝑡𝑡ℎ𝑟𝑟 threshold value of �𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 

�𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚.𝑡𝑡ℎ𝑟𝑟 threshold value of �𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 

R displacement or stress ratio  

σ standard deviation 
CFRP carbon-fibre reinforced-plastic 
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CT compact tension specimen 
DCB double cantilever beam 
DSTO Defence Science and Technology Organisation 
FCG fatigue crack growth 
JSSG-2006 Joint Services Specification Guidelines 
MT middle-tension specimen 
NASA National Aeronautics and Space Administration 
SENT single-edged notched tension specimen 
US United States 
USAF United States Airforce 
 

1. INTRODUCTION 

The damage tolerance and durability requirements associated with composite and bonded US 

military aircraft are delineated in the USAF certification standard MIL-STD-1530D [1] and the  

United States Joint Services Specification Guidelines JSSG-2006 [2], and guidelines for  

achieving these requirements are given in US Composite Materials Handbook CMN-17-3G [3]. 

The importance of determining the extensive scatter associated with the structural performance 

of a composite material is a key feature of [1-4]. In this context MIL-STD-1530D [1] explains 

that damage growth must be predictable and that the objectives of full-scale aircraft structure 

durability tests is to validate, or correct, the damage tolerance analysis. The question thus arises:  

 

‘How can we determine the necessary “worst-case”, i.e. upper-bound, delamination curves 

needed to predict the growth of the fastest possible delamination?’ 

 

To this end, the present paper first discusses two approaches that have been proposed in the 

literature to estimate these worst-case curves. The two approaches compared are: (a) the 

normalisation approach, whereby the energy release-rate is divided by the resistance to 

delamination growth GR(a), and (b) the Hartman-Schijve approach to delamination growth. 

 

This normalisation approach follows from the work of Poursartip [5] who was the first to 

suggest 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 [e.g. 6-14], and has the advantage that it can 
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significantly reduce the data scatter. Murri [6] 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 G’
max (= (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 [11] suggested a variant of this approach whereby da/dN was expressed 

in the form: 

 

𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 = 𝑐𝑐 � 𝐺𝐺0 ∆√𝐺𝐺 
𝐺𝐺𝑓𝑓𝑓𝑓(𝑚𝑚−𝑚𝑚0)

�
𝑚𝑚

    (1) 

 
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  

 
∆√𝐺𝐺 =  �𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 −  �𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚   (2) 

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 [15, 16], and a novel 

means for determining Gfc is given in [16]. 

 

On the other hand, the methodology presented in [17-19] for estimating this worst-case curve 

utilises the Hartman-Schijve crack growth equation. The Hartman-Schijve equation is a variant 

of the Nasgro equation [20-24] that for delamination/disbond growth can be written in the form: 

 

𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 = 𝐷𝐷 � ∆√𝐺𝐺− ∆�𝐺𝐺𝑡𝑡ℎ𝑟𝑟
√�1− �𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚/√𝐴𝐴�

�
𝑚𝑚

  (3) 
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Here D, n and A are constants and the value of A is often taken to be equivalent to the quasi-

static value of the interlaminar fracture energy, GC, or it may be fitted [17], and the term 

∆�𝐺𝐺𝑡𝑡ℎ𝑟𝑟 represents the fatigue threshold, see [17-22] for more details1. An advantage of this 

formulation is that not only can the scatter in the delamination growth data be captured and a 

worst-case (‘mean-3σ’) curve determined, but that anomalies that may arise when attempting 

to  compute FCG under both constant and variable amplitude loading using formulations based 

on expressing da/dN as a function of Gmax, or ΔG, disappear [4, 17-19, 45, 56].  

 

As explained in [18], the term ∆�𝐺𝐺𝑡𝑡ℎ𝑟𝑟 differs from the quantity ∆�𝐺𝐺𝑡𝑡ℎ, which corresponds to 

the value of ∆√𝐺𝐺 associated with a delamination growth rate, da/dN, of 10-10 m/cycle. The use 

of  ∆�𝐺𝐺𝑡𝑡ℎ in Equation (3) is inappropriate. Since, at ∆√𝐺𝐺 = ∆�𝐺𝐺𝑡𝑡ℎ, then Equation (3) 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 ∆�𝐺𝐺𝑡𝑡ℎ𝑟𝑟 is introduced to ensure that at  ∆√𝐺𝐺 = ∆�𝐺𝐺𝑡𝑡ℎ the value of da/dN is 

equal to 10-10 m/cycle. Hence, the values of ∆�𝐺𝐺𝑡𝑡ℎ𝑟𝑟 and ∆�𝐺𝐺𝑡𝑡ℎ are related by Equation (4), 

viz:  

       10-10 = 𝐷𝐷 � ∆�𝐺𝐺𝑡𝑡ℎ− ∆�𝐺𝐺𝑡𝑡ℎ𝑟𝑟
√�1− �𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚/√𝐴𝐴�

�
𝑚𝑚

    (4) 

 

As indicated earlier a main purpose of the present paper is to investigate the relationship 

between the approach proposed by Murri [6] and the Hartman-Schijve methodology to 

estimating a worst-case curve. As a result of this study it is shown that, for the cases considered, 

the normalisation approach can be used to yield curves that are similar to the ‘mean-3σ’ curve 

obtained using the Hartman-Schijve equation. It is found also that despite the reduction in the 

 
1 Whilst the origin of Equation (3) can be traced back to Hartman and Schijve [23], similar equations 

can be found in [24-29]. A range of examples showing how this formulation can be used to study aircraft 

sustainment related problems are given in [30-38]. Applications to bridge steels and rail steels are given 

in [39-40], to composites materials [17-22, 41-44], structural adhesives in [4, 45-47], bonded wood 

joints [47], polymers [48] and to crack growth in granite [49]. Equation (3) has also been shown to hold 

for the growth of both long and small cracks in additively manufactured materials [50-54], as well as 

for crack growth in both laser additive and cold spray repairs to metallic structures [54,55]. 
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scatter that arises if the normalisation approach is used, there is nevertheless considerable 

scatter remaining in the “near-threshold” region using this approach. It is also shown that, in 

the examples studied, in this region the normalised curves are bounded by the ‘mean-3σ’ curve 

obtained using the Hartman-Schijve equation.  

 

Despite the fact that most composite and adhesively-bonded airframes are designed in 

accordance with a “no growth” design philosophy, there are now instances where disbonding 

and delaminations have been found to grow in operational aircraft. As a result there is now 

interest in allowing for slow delamination growth, and consequently in how to account for the 

near-threshold region. Consequently, an alternative normalisation approach, which is based on 

normalising with respect to the fatigue threshold, is also presented. In the examples presented 

in this paper it is found that this alternative approach has a reduced scatter in the near-threshold 

region, and therefore  addresses the scattering in the “near-threshold” region that is seen in the 

original normalization approach. However, whilst this alternative approach has the advantage 

of having reduced scatter in the near-threshold region, at somewhat high fatigue crack growth 

(FCG) rates it is significantly more conservative than the worst-case, ‘mean-3σ’ curve deduced 

from the Hartman-Schijve methodology. 

 

2. DELAMINATION GROWTH IN IM7/977-3 CFRP 

 

The paper by Murri [6] presented da/dN versus Gmax curves for delamination growth in a uni-

directional IM7/977-3 CFRP DCB specimens tested at 90, 50, 40 and 30% of Gc, see Figure 1. 

(The subscript ‘I’ is added to note that we have a ‘Mode I’ (tensile opening) mode of fracture 

in the DCB test.) It was also shown that plotting da/dN as a function of G'max, which Murri 

defined as (Gmax/GR(a))Gco, significantly reduced the scatter, as shown in Figure 2. As an 

alternative approach, a subsequent paper [17] revealed that the scatter in the data could be 

captured by the Hartman-Schijve variant of the Nasgro equation, i.e. Equation (5):  
 

𝑑𝑑𝑚𝑚
𝑑𝑑𝑑𝑑

= 1.15 x10−9 ��𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚− �𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚.𝑡𝑡ℎ𝑟𝑟

√�1− �𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚/√𝐴𝐴�
�
2.24

  (5) 

 

with A = 154 J/m2. It was also shown in [17] that the estimated worst-case (i.e. ‘mean-3σ’) 

curve corresponded to a threshold √Gmax.thr of approximately 4.79 √(J/m2). This ‘mean-3σ’ 

curve is also shown in Figure 2. Here we see that the normalised curves are similar to, and are 
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bounded above, by the ‘mean-3σ’ curve presented in [17]. We also see that the scatter in the 

“normalised” curve is captured reasonably well by Equation (3) with threshold values for 

√Gmax.thr of 7.4, 6.1 and 5.9 √(J/m2). 

 

3. DELAMINATION GROWTH IN M30SC/DT120 CFRP 

 

The experimental results analysed in this section are associated with  R = 0.5 DCB tests using 

the M30SC/DT120 CFRP laminates. The da/dN versus Δ�𝐺𝐺𝐼𝐼 curves can be seen in Figure 3. 

These curves have all been previously reported [57-61], and summarised in [18], where it was 

shown that delamination growth in these various tests could be expressed as per Equation (3) 

with the constants D and n as given in Table 1. The values of the delamination resistance term 

A used for each of these forty-six tests are given in [18]. The ‘mean-3σ’ upper-bound FCG 

curve determined in [18] for these tests is also shown in Figure 3. Yao et al. [62] subsequently 

presented da/dN versus Δ�𝐺𝐺𝐼𝐼  curves associated with delamination in multidirectional 

composite laminates M30SC/DT120, see Figure 4 which also contains  the worst-case, ‘mean-

3σ’, upper-bound FCG curve given in [18]. 

  

Yao et al. [62] also presented the normalised da/dN versus (Δ√G')2, where Δ√G' = 

(Δ√G(√(GC0/GR(a)). These curves are shown in Figure 5 where we again see that normalising 

in this fashion has significantly reduced the scatter. Figure 5 also contains the worst-case 

‘mean-3σ’ FCG curve from the Hartman-Schijve methodology. Here we see that the 

normalised curves are similar to the ‘mean-3σ’ curve presented in [18].  Despite the reduction 

in the scatter obtained using this particular normalisation approach, Figures 2 and 5 still show 

considerable scatter in the “near-threshold” region. It is notable that the normalised curve 

associated with the pre-crack extension length, ap-ao, of 11.4 mm prior to the start of 

measurements from a DCB fatigue test in Figure 5 essentially coincides with the ‘mean-3σ’ 

curve given in [18]. 

 
4. DISCUSSION 

 

The above sections have discussed two approaches that are being proposed to account for the 

scatter/variability seen in delamination/disbond fatigue crack growth tests in composites, and 

estimate a worst-case delamination growth curve for subsequent use in damage tolerance and 

durability analyses. The two approaches compared are (a) the normalisation approach whereby 
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the energy release rate is divided by the resistance to delamination growth GR(a) and (b) the 

Hartman-Schijve methodology to delamination growth. The two cases considered suggest that 

the normalisation approach can be used to yield curves that are similar to the ‘mean-3σ’ 

delamination growth curve obtained using the Hartman-Schijve equation. However, despite the 

reduction in the scatter that arises if this particular normalisation approach is adopted, there is 

nevertheless still considerable scatter in the “near-threshold” region. Given that, as detailed in 

the Composite Materials Design Handbook CMH-17-3G [3], most composite airframes are 

designed in accordance with a “no growth” design philosophy the next stage in the evolution 

of the use of composites in airframes involves the acceptance of slow growth. As such 

characterising delamination growth in the near-threshold region will be particularly important. 

Consequently, in the next section we will examine a normalisation technique, which attempts 

to minimise scatter in the near-threshold region. 

 

5. OBSERVATIONS ON THE RELATIONSHIP BETWEEN R RATIO EFFECTS 
AND THE FATIGUE THRESHOLD NORMALISED STRESS INTENSITY 
FACTOR  

 
5.1 Normalised crack growth curves for metallic structures 
 
The paper by Schönbauer et al. [63] studied crack growth in 12% Cr martensitic stainless steel, 

which is one of the most prevalent blading materials used in low-pressure turbines, and suggested 

a different normalising approach. This study suggested that the crack growth curves could be 

normalised by dividing ΔK by the fatigue threshold ΔKth and revealed that the various R ratio 

dependent da/dN versus ΔK curves collapsed when plotted as da/dN versus ΔK/ΔKth. This 

finding also appears to hold for crack growth in the aluminium-alloy 7050-T7451, which is 

widely used in the F/A-18 (Classic Hornet) the F/A-18E/F (Super Hornet) and the F-35 (Joint 

Strike Fighter), see Figures 6 and 7 that contains data presented in [64]. The values of ∆Kth 

used in these various examples are given in Table 2.  

 
Kujawski [65] presented the R ratio dependent da/dN versus ΔK curves for the aluminium alloy 

2324-T39, see Figure 8. Now, Figure 9 reveals that when replotted in the form da/dN versus 

ΔK/ΔKth the R ratio dependency again essentially disappears and the various data sets collapse 

into one another. The values of ΔKth used in Figure 9 are given in the Table 2. Kujawski [66] 

also  presented the R ratio dependent da/dN versus ΔK curves for the aluminium-alloy 6013-

T651, see Figure 10. Again, Figure 11 reveals that when replotted in the form da/dN versus 
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ΔK/ΔKth the R ratio dependency essentially disappears and the various data sets collapse. The 

values of ΔKth used in Figure 11 are given in the Table 2. 

 
The US Federal Aircraft Administration (FAA) data base [67] presents da/dN versus ΔK curves 

for AA 2024-T3 tested at R = -1.0, 0, 0.5 and 0.7, see Figure 12. In Figure 13 it is shown that 

when replotted in the form da/dN versus ΔK/ΔKth the R ratio dependency essentially disappears 

and the various data sets again collapse. The values of ΔKth used in Figure 13 are given in Table 

2. 

 
Martelo et al. [68] presented R = 0.1 and 0.5 crack data for a cold-rolled metastable austenitic 

stainless steel, see Figure 14. Now, Figure 15 reveals that when replotted in the form of da/dN 

versus ΔK/ΔKth the R ratio dependency essentially disappears and the two data sets yet again 

collapse. The values of ΔKth used in Figure 15 are also given in Table 2. 

 
 
5.2. Anomalous crack growth curves 
 
Kim et al. [69] reported an anomaly in that compact tension (CT) and single-edged notched 

tension (SENT) tests on 7075-T6511 and 7055-T6511 aluminium-alloy specimens gave 

different da/dN versus ΔK curves, see Figure 16. Jones et al. [70] reported that these differences 

could also be accounted for by considering the effect of the threshold values. Indeed, when 

these data sets are replotted in the form da/dN versus ΔK/ΔKth the anomalies disappear and the 

various data sets essentially collapse, see Figure 17. The values of ΔKth used in Figure 17 are 

given in Table 2. 

 
 
5.3. Crack growth in Additively Manufactured Inconel 625 
 
Let us next consider crack growth in Additively Manufactured (AM) Inconel 625 alloy [71]. 

This paper presented the da/dN versus ΔK curves for AM Inconel 625 fabricated using selective 

layer melt (SLM) at R ratios of 0.1, 0.5 and 0.7. Curves were presented for FCG where crack 

growth was either parallel to the build direction or perpendicular to the build direction, see 

Figure 18.  As shown in Figure 19 these various curves also collapse if da/dN is plotted against 

ΔK/ΔKth. The values of ΔKth used in Figure 19 are given in Table 3. 
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5.4 Remarks 
 
The examples studied, which range from the aerospace aluminium-alloys 7050-T7451, 7075-

T651, 7055-T651, 6013-T651, 2024-T3 and 2324-T39, a cold-rolled metastable austenitic 

stainless steel, and an additively manufactured Inconel 625 alloy reveal that when da/dN is 

expressed as a function of ΔK/ΔKth the R ratio dependency that is often seen when da/dN is 

plotted against ΔK essentially vanishes. Furthermore, other anomalies associated with da/dN 

versus ΔK curves reported in the literature are also shown to essentially vanish when the curves 

are replotted in the form da/dN versus ΔK/ΔKth. This finding suggests that for the cases studied 

these differences, e.g. the R ratio effects associated with the growth of long cracks, are merely 

reflections of the different thresholds associated with the various tests. It also suggests an 

alternative, empirical, approach for normalising delamination growth curves in composite 

materials whereby Δ√G (or √Gmax) is normalised by the threshold value Δ√Gth (or √Gmax.th). 

Nevertheless, in the case of the composite materials, if we are to compare readily the results 

that we so obtain to the worst-case, ‘mean-3σ’, upper-bound curves calculated from the 

Hartman-Schijve methodology, then a somewhat more complex form of the term for the x-axis 

is needed than for the metallic materials. This aspect is discussed in the next section.  

 

 
6.  APPLICATION TO DELAMINATION GROWTH 
 
6.1  Delamination growth in IM7/977-3 CFRP 
 
To evaluate this alternative normalising approach then let us consider the IM7/977-3 CFRP 

curves presented in [6, 17] and reproduced in Figures 1 and 2. Now, Figure 20 presents plots 

of the da/dN versus G''max (=Gmax(Gmax.thr/Gmax.th)) curves associated with the data shown in 

Figure 1. In this empirically-derived expression, the value of √Gmax.thr (= 4.79 √(J/m2)) used in 

Figure 20 is the ‘mean-3σ’ value given in [17]. The term Gmax.th is the maximum value of the 

applied energy release-rate in the fatigue cycle at a value of da/dN of 10-10 m/cycle. The values 

of Gmax.th appropriate for each curve were obtained by empirically fitting the various curves to 

a common value of da/dN and G''max, with da/dN being equal to 10-10 m/cycle. The values of 

the terms Gmax.th so determined are given in Table 4. The normalised da/dN versus G''max curves 

shown in Figure 20 do indeed reduce the scatter. Such an observation would obviously arise in 

the near-threshold region, due to the empirical approach used. However, in the regions of the 

data at faster FCG rates, the scatter between the curves is also much reduced. This arises since 
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the individual experimental curves shown in Figure 1 all have somewhat similar slopes. Thus, 

if you force them to go through one point on the plot shown in Figure 20, e.g. at a value of 

da/dN of 10-10 m/cycle, then it will tend to bring all the individual curves into agreement and 

hence reduce the scatter over the complete range of the curves. Furthermore, the resultant 

da/dN versus G''max curve is somewhat similar, albeit significantly more conservative, when 

compared to the worst-case, ‘mean-3σ’ curve given in [17] which was obtained using the 

Hartman-Schijve methodology. As may be seen, there is very good agreement between the two 

different approaches in the near-threshold region but this is to be expected from the empirical-

fitting approach used for the da/dN versus G''max curves.  

 
6.2  Delamination growth in IM7/8552 CFRP 
 
To further continue this study, let us next consider delamination growth in the IM7/8552 CFRP 

tests reported in [6, 17]. The results of twenty-three tests employing Gmax values tested using 

33% to 90% of Gc are shown in Figure 21, where we see significant variability. As shown in 

Figure 22, this variability is again significantly reduced if da/dN is plotted against G''max. The 

value of √Gmax.thr (= 6.28 √(J/m2)) used in Figure 22 is the ‘mean-3σ’ value given in [17].  The 

values of Gmax.th appropriate for each curve were again obtained by empirically fitting the 

various curves to a common value of da/dN and G''max, with da/dN being equal to 10-10 m/cycle, 

and they are given in Table 5. Figure 22 also reveals that the resultant da/dN versus G''max is 

somewhat similar, albeit more conservative, to the ‘mean-3σ’ curve, as commented above with 

respect to Figure 20.  

 

6.3  Delamination growth in M30SC/DT120 CFRP 
 
Finally, let us consider the delamination growth curves shown in Figures 3 and 4 for the 

M30SC/DT120 CFRP.  Figures 23 and 24 reveal that the variability is significantly reduced if 

da/dN is plotted against Δ√G'', where Δ√G'' = Δ√G(Δ√Gthr/Δ√Gth). The value of Δ√Gthr (= 3.4 

√(J/m2)) used is the ‘mean-3σ’ value given in [18,19]. The term Δ√Gth is the value of Δ√G at a 

value of da/dN of 10-10 m/cycle. The values of Δ√Gth appropriate for each curve were obtained 

by empirically fitting the various curves to a common value of da/dN and Δ√G'', with da/dN 

being equal to 10-10 m/cycle. The values of Δ√Gth used in Figure 23 are given in Table 6 and 

the values of Δ√Gth used in Figure 24 are given in Table 7. The normalised da/dN versus Δ√G'' 

curves shown in Figures 23 and 24 do again indeed reduce the scatter. As noted above, such an 

observation would obviously arise in the near-threshold region, due to the empirically 
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methodology used. However, in the regions of the data at faster FCG rates, the scatter between 

the curves is also much reduced in both Figure 23 and 24. Again, this arises since the individual 

experimental curves shown in Figures 3 and 4 all have very similar slopes. Thus, if you force 

them to go through one point on the plots shown in Figures 23 and 24, e.g. at a value of da/dN 

of 10-10 m/cycle, then it will tend to bring all the individual curves into agreement and hence 

reduce the scatter over the complete range of the curves. Furthermore, the resultant da/dN 

versus Δ√G'' curves are somewhat similar, albeit significantly more conservative, when 

compared to the worst-case, ‘mean-3σ’ curve given in [18, 19] which was obtained using the 

Hartman-Schijve methodology. Finally, as may be seen, there is very good agreement between 

the two different approaches in the near-threshold regions but this is to be expected from the 

empirical-fitting approach used for the da/dN versus G''max curves.  

 
7.  CONCLUSIONS 
 
If the idea of normalising the experimental delamination curves is to produce an empirically 

derived master curve, then it would appear that normalising by dividing by GR(a) does not 

appear to always achieve this goal, at least not in the important near-threshold region of the 

FCG rate curves. However, despite the fact that most composite and bonded airframes are 

designed in accordance with a “no growth” design philosophy there are now instances where 

disbonding and delamination has been found to grow in operational aircraft. As a result, there 

is now an interest in allowing for slow delamination growth, and consequently in how to 

account for growth in the near-threshold region. In the examples studied, we have shown that 

normalising by dividing by the fatigue threshold appears to reduce the scatter in the 

delamination growth curves and yields curves that are consistent, albeit significantly more 

conservative, when compared with the worst-case ‘mean-3σ’ upper-bound curves obtained 

using the Hartman-Schijve equation. However, it should be stressed that both approaches are 

empirical in nature. 
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Figure 1. The delamination growth curves for IM7/977-3 CFRP using DCB specimens tested 

at 90, 50, 40 and 30% of Gc, from [6]. 
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Figure 2. The normalised delamination growth curves for IM7/977-3 CFRP, from [6], and the 

upper-bound (‘mean - 3σ’) curve from the Hartman-Schijve methodology given in [17]. 
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Figure 3. The delamination growth curves for M30SC/DT120 CFRP and the upper-bound 

(‘mean - 3σ’) curve given in [18]. (Values are given in the legend for the pre-crack extension 

length, ap - ao, prior to the start of measurements from a DCB fatigue test.) 
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Figure 4. The delamination growth curves for M30SC/DT120 CFRP, from [62], and the 

upper-bound (‘mean - 3σ’) curve given in [18]. (Results from three replicate tests are shown. 

Values are given in the legend for the pre-crack extension length, ap - ao, prior to the start of 

measurements from a DCB fatigue test.) 
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Figure 5. The normalised delamination growth curves for M30SC/DT120 CFRP [62] for the 

results shown in Figure 4. The upper-bound (‘mean - 3σ’) curve from the Hartman-Schijve 

methodology is taken from [18]. 
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Yao Test 2,  70.57 Yao Test 3, 12.84 Yao Test 3, 22.59 Yao Test 3, 33.71
Yao Test 3, 46.66 Yao Test 3, 58.78 Yao Test 3, 70.86 Yao Test 3, 88.40
Mean - 3σ

7
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Figure 6. Various aluminium-alloy 7050-T7451 da/dN versus ΔK curves reported in [64]. 
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Figure 7. Various da/dN versus ΔK/ΔKth curves for aluminium-alloy 7050-T7451. 
 

 

 

  
 

Figure 8. Various da/dN versus ΔK for aluminium-alloy 2324-T39 presented in [65]. 
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Figure 9. Various da/dN versus ΔK/ΔKth for aluminium-alloy 2324-T39 presented in [65] 
replotted. 
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Figure 10. Various da/dN versus ΔK data for aluminium-alloy 6013-T651 presented in [66]. 
 

 

 
 

Figure 11. Various da/dN versus ΔK/ΔKth curves for aluminium-alloy 6013-T651 presented 
in [66].  
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Figure 12. Various da/dN versus ΔK curves for aluminium-alloy 2024-T3, from [67]. 
 

 
 

Figure 13. Various da/dN versus ΔK/ΔKth curves for aluminium-alloy 2024-T3, from [67]. 
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Figure 14. Various da/dN versus ΔK for a cold-rolled metastable austenitic stainless steel 

tested at R = 0.1 and R = 0.5, from [68]. 
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Figure 15. Various da/dN versus ΔK/ΔKth curves for a cold-rolled metastable austenitic 

stainless steel tested at R = 0.1 and R = 0.5, from [68]. 
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Figure 16. Various da/dN versus ΔK data presented in [69] for aluminium-alloy 7075-T6511. 
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Figure 17. The test data presented in [69] replotted as da/dN versus ΔK/ΔKth curves [70]. 
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Figure 18. Various da/dN versus ΔK curves presented in [71]. 
 

 
 

Figure 19. The test data presented in [71] replotted as da/dN versus ΔK/ΔKth curves. 
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Figure 20. Comparison of the various scaled da/dN versus G'' max plots for the IM7/977-3 
CFRP tests analysed in [17]. 
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Figure 21. Various da/dN v Gmax plots for IM7/8552 CFRP, from [17]. 
  

 

 
 

Figure 22. Comparison of the various scaled da/dN versus G'' max plots for the IM7/8552 
CFRP tests. 
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Figure 23. Comparison of the various scaled da/dN versus Δ√G'' plots for the M30SC/DT120 
CFRP test data shown in Figure 3. 
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Figure 24. Comparison of the various scaled da/dN versus Δ√G'' plots for the M30SC/DT120 

CFRP test data shown in Figure 4.  
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Table 1. Values of the terms employed in Equation (3) and the ‘mean-3σ’ threshold, from [18]. 

Term Value 

D 1.73 x 10-8 

n 2.22 

Δ�𝐺𝐺𝑡𝑡ℎ𝑟𝑟 - 3 standard deviations 3.3 √(J/m2) 

GC = GC0 - 3 standard deviations  115 J/m2 
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Table 2. Values of ∆Kth used in the various examples. 

 
Material and reference Type of test and R 

ratio 
Fatigue threshold+ 
∆Kth (MPa√m) 

7050-7451 [64] NASA Kmax  1.2 
  CT R = 0.1 2.0 
  CT R = 0.5 1.5 
  MT R = 0.2 1.5 
  MT R = 0.1 1.7 
  MT R = 0.7 1.0 
   

2024-T3 [67] -1.0 4.40 
 0.0 2.95 
 0.5 2.10 
 0.7 1.95 
    
2324-T39 [65] -1.0 10.0 
 0.1 4.60 
 0.3 3.82 
 0.5 2.84 
 0.7 2.12 
   
7075-T6511 [69]   
CT 0.1 1.70 
SENT 0.1 2.00 
   
6013-T651 [66] -1.0 9.45 
 0.0 4.40 
 0.3 3.60 
 0.5 2.60 
 0.7 2.80 
   
Cold-rolled metastable austenitic 
stainless steel [68] 

  

 0.1 7.00 
 0.5 4.50 
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Table 3. Values of ∆Kth used in Figure 19.  

R ratio and build direction ∆Kth (MPa√m) 

R = 0.1, perpendicular  8.2 

R = 0.1, parallel 7.3 

R = 0.5, perpendicular 6.0 

R = 0.5, parallel 5.2 

R = 0.7, perpendicular 4.7 

 
 

 
Table 4. Values of Gmax.th used in Figure 20. 

‘Test’ Gmax.th  (J/m2) 
90% Gc, Test 1  62 
90% Gc, Test 2 60 
90% Gc, Test 3 53 
50% Gc, Test 1  46 
50% Gc, Test 2 50 
40% Gc, Test 1  46 
40% Gc, Test 2 41 
30% Gc, Test 1  37 
30% Gc, Test 2  36 
30% Gc, Test 3 39 
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Table 5. Values of Gmax.th used in Figure 22. 

‘Test’ Gmax.th  (J/m2) 
1-1  89 
1-2 58 
1-3  68 
1-4  58 
1-5 66 
1-6 56 
1-7 62 
1-8  67 
1-9 55 
1-10 73 
1-11  54 
1-12 76 
1-13  63 
1-14  75 
1-15 67 
1-16 53 
1-17 67 
1-18  60 
1-19 83 
1-20 53 
1-21  83 
1-22 68 
1-23  56 
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Table 6. Values of Δ√Gth  used in Figure 23.  

Ply configuration and (ap-a0) in mm Δ√Gth  √(J/m2) 

[(0)16//(0)16] (‘Test 1’)   
3.4 5.0 
11.6 7.5 
19.5 8.2 
26.6 8.6 
37.2 9.0 
47.5 9.2 
59.8 9.7 
68.1 10.2 

    
[(0)16//(0)16] (‘Test 2’)   

4.1 6.2 
12.7 6.8 
20.5 8.2 
27.7 8.5 
39.5 9.4 
51.3 9.4 
64.3 10.1 
79.5 10.1 

    
32 ply [(0)16//(0)16]    

2.7 6.2 
11.6 7.0 
24.6 8.0 
37.2 8.6 
49.6 9.5 
58.1 9.6 
85.2 10.0 

    
[(0)24//(0)24]   

(48 plies, thickness = 7.5 mm) 
3.1 5.8 
12.5 6.3 
20.4 6.9 
31 8.0 

39.8 8.6 
54.4 9.0 
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69.6 9.9 
83.9 9.9 
101.2 9.9 

    
[(0)12//(0)12]   

(24 plies, thickness = 3.75 mm) 
1.3 6.5 
10.4 7.4 
20.9 8.1 
27.7 7.5 
35.5 9.1 
48.9 9.3 
58.3 9.6 

    
[(±45/012/∓45)//(±45/012/∓45)]   

3.3 5.4 
9 7.3 

20.9 10.1 
29 10.4 
38 10.8 

51.3 11.8 
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Table 7. Values of Δ√Gth used in Figure 24. 

‘Test’ and (ap-a0) Δ√Gth  √(J/m2) 
Test 1, 9.9 mm 6.9 
Test 1, 20.9 mm 8.6 
Test 1, 29.3 mm 9.0 
Test 1, 38.0 mm 9.5 
Test 1, 51.3 mm 10.7 
Test 1, 62.9 mm 10.7 
Test 2, 11.4 mm 5.7 
Test 2, 20.5 mm 7.9 
Test 2, 28.4 mm 9.4 
Test 2, 37.4 mm 10.3 
Test 2, 59.0 mm 10.7 
Test 2, 70.6 mm 10.9 
Test 3, 12.8 mm 6.0 
Test 3, 22.6 mm 7.6 
Test 3, 33.7 mm 8.2 
Test 2, 46.7 mm 8.2 
Test 2, 58.8 mm 10.3 
Test 2, 88.4 mm 10.7 
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