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Kluyverweg 1, 2629 HS, Delft, The Netherlands 

r.c.alderliesten@tudelft.nl  

Abstract. This paper proposes a straightforward methodology to generate fatigue delamination 
curves without the influence of fibre bridging using test data obtained on unidirectional double 
cantilever beam specimens with fibre bridging. 

1.  Introduction 
Ply delamination growth in laminated fibre reinforced polymer composites has received ample 
attention in the past decades, as it constitutes a dominant failure mechanism for structures made of 
these materials. To assess the delamination fracture toughness, subject in quasi-static strength 
justifications, specimen geometries and test procedures have been standardized for the various opening 
modes. Take for example for mode I, the double cantilever beam (DCB) test [1]-[2], for mode II the 
end-notched flexure (ENF) test [3] for mixed-mode I/II, the mixed-mode bending (MMB) test [4]. 

For fatigue driven delamination growth, however, there is no agreement yet on a standard to 
correctly obtain fatigue delamination data. Although most researchers adopt standard specimen 
geometries from quasi-static test standards, no consensus exists on the correct method to test, nor on 
the proper similitude parameters to adopt [5][6]. Despite that several aspects have been studied 
through round-robin mode I fatigue fracture tests by both the European Structural Integrity Society 
Technical Committee 4 and the American Society for Testing and Materials, International, 
Subcommittee D30.06, a standard has not yet been proposed [7][8][9][10]. 

Among various factors causing scatter in the data, like e.g. accuracy in load cell and (initial) crack 
length measurements, it seems that the observed fibre bridging, shielding the crack tip, forms the 
dominant phenomenon hindering standardization. 

Many researchers have studied this phenomenon of fibre bridging. Most studies however, focus on 
quasi-static loading conditions using critical strain energy release rate (SERR) or stress intensity 
factors to determine fracture toughness. In that case, large scale fibre bridging contributes to the 
fracture process zone, which complicates the sue of linear elastic fracture mechanics (LEFM). In 
fatigue delamination growth, these fibres shield the crack tip and store a portion of the applied cyclic 
load to be released upon unloading. Hence, the application of LEFM may remain more 
straightforward, as is discussed in this paper. 

Fibre bridging appears to be mostly an artefact of testing unidirectional laminates. It occurs in for 
example DCB laboratory tests, but it is rarely observed and reported for naturally occurring 
delaminations in operational in-service conditions. This means that fatigue delamination data required 
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in designing a structure for a given operational life should be conservative in that it excludes fibre 
bridging. 

Hence, most work reported in literature aims to predict the fibre bridging contribution, by 
quantifying indirectly the magnitude of crack shielding imposed by bridging fibres. It seems though 
that these indirect methods do not allow to standardize fatigue delamination experiments; to come to 
delamination resistance curves, data is evaluated through theoretical models, which prohibits treating 
the data as material data. 

This paper therefore discusses a method or approaches to unambiguously account for fibre bridging 
in mode I fatigue delamination experiments, and to come to conservative delamination resistance 
curves. First, a brief discussion is given on fibre bridging assessment, data processing and test 
specification. The paper then proposes a methodology compliant to such specification, demonstrating 
that material data in the form of delamination resistance curves equivalent to ‘zero bridging’ can be 
obtained from DCB experiments through a standard test procedure and standard data processing. 

 

2.  Assessment of fibre bridging 
Literature reports various approaches to evaluate the fibre bridging contribution in mode I quasi-

static and fatigue delamination tests. One approach aims at physically removing the bridging fibres 
[11], while most other approaches attempt to quantify the bridging contribution in order to subtract 
that from the total work applied. This category can be divided into studies that numerically or 
analytically model fibre bridging (loads or stresses) [12][13] and studies that attempt to 
(phenomenologically) correct loading parameters using experimental measurements [9][14][15]. This 
latter correction is either done with measurements within the same test, or measurements obtained 
from other tests and specimens. 

What all these methods have in common is that the data taken from the experiments is evaluated 
using theoretical models describing the fibre bridging, which implies that the reported experimental 
model depends on the appropriateness of the theoretical model adopted. This could be acceptable in 
the circumstance where everyone agrees to adopt the exact same model, both in processing 
experimental data and in strength calculations using that data. However, literature evidently has 
illustrated that many models have been proposed and adopted, each resulting in different delamination 
growth data. This lack of consensus seems the prime reason for the lack of a standardized fatigue 
delamination growth test procedure. 
 

3.  Data processing and test specification 

3.1.  Data requirements 
Following the discussion on proper similitude [5][6], the fatigue data should contain at least the 

two parameters that define the entire load cycle, i.e. Gmax and Gmin, or Gmax and ∆G, or Gmax and ∆√G = 
(√Gmax - √Gmin)

2. Here, one should consider that ∆√G constitutes the best analogy with the stress 
intensity factor range ∆K proposed by Paris and others [16][17]. 

From a physical perspective, one should not only consider a ‘driving force’ often described by ∆√G 
or ∆G, but also an inherent delamination resistance. Here one could consider the analogy with moving 
a box over the floor: the movement is described by the applied force minus the effective frictional 
force between the box and floor. For adhesive fatigue disbond growth, this resistance was observed to 
correlate well with the maximum work applied, equivalent to Gmax [18], while the driving force then 
was described by ∆√G. Hence the two-parameters necessary to describe fatigue delamination growth 
are not only required to uniquely describe the fatigue load cycle, but also to relate to both a ‘driving 
force’ and a ‘material resistance’ to the delamination growth rate. 

In general, there are two approaches to monitor the crack growth, either visually measuring the 
length of the crack, or calculating the crack length based on compliance calibration. For generating 
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fatigue resistance data for design purposes, either approach suffices. However one should keep in 
mind that the compliance calibration approach is deemed inadequate for proper material interface 
characterisation, because any discrepancy between crack growth and strain energy dissipation is not 
captured with an a priori assumed relationship between the two parameters. This is even more the case 
for mode II fatigue delamination growth where energy dissipates in  process zone in front of the crack  
[19]. Hence, understanding observations on fracture surfaces in SEM investigations, require the visual 
measurements of the crack lengths, to determine growth rates, rather than calculating them based on 
compliance. Only then effective delamination resistance expressed as dU/dA can be established.  

3.2.  Data scatter factors 
The crack length a represents the 1-dimensional parameter describing the growth in fracture 

surface area A. Although for specimen were the thickness or width is constant along the direction of 
crack growth, theoretically implies a linear relation between a and A, one should keep in mind that 
change in crack front curvature, or angled crack front in multidirectional laminates might add scatter 
to crack growth observations. 

In that respect, one has to acknowledge the contribution to scatter through fibre bridging in the 
definition of the pre-crack length [20]. Defining the initial pre-crack length with a tolerance of ±1 mm, 
could impose significant scatter in the obtained crack resistance curve. This influence could be 
reduced following the procedure explained in the next section. 

 

4.  Methodology for obtaining ‘zero bridging’ resistance curves 
This section outlines a procedure to obtain delamination resistance curves from DCB specimens 

prescribed in for example [1][2] while eliminating the unavoidable fibre bridging. Although it is 
recommended here to use ∆√G as the similitude parameter, one may adopt one of the other earlier 
mentioned parameters as well. 

The main concept underlying the proposed procedure is that eliminating the influence of fibre 
bridging in a test should require data from that same test specimen only. Hence, the procedure consists 
of performing multiple fatigue delamination growth tests on the same specimen, which generates 
multiple crack resistance curves. In the data processing, the data from these curves are evaluated 
against the effective crack length at which each data point was obtained, and subsequently all data are 
translated to an effective zero pre-crack length using the relationship against crack length obtained 
through regression. This procedure can be performed for each specimen individually. 

4.1.  Experimental procedure 
The experimental procedure initially corresponds to what is deemed common practice; the DCB 

specimen geometry is taken from for example [2]. One should note that the length of the DCB 
specimen should be sufficiently long to extract at least six to seven curves from that specimen. This 
could be equivalent to about 70 mm crack extension range [21][22]. Here, it is recommended to adopt 
the specimen geometry described in [21][22], in which the test procedure has been explained before. 

4.1.1.  Pre-cracking. Upon manufacturing the laminates for the specimens one has to determine the 
appropriate thickness, because the thickness has been observed to influence the experimental results 
[23]. An approximately 12-13 µm thin Teflon or FEP foil should be applied to create the starter crack. 
This crack is quasi-statically extended several millimetres to create the sharp crack tip. Note that this 
pre-cracking introduces already a first amount of fibre bridging over the generated pre-crack length. 

4.1.2.  Fatigue loading. The tests are performed in displacement controlled  conditions to achieve 
stable delamination growth. With the initial maximum displacement equivalent to about 80-90% of the 
ultimate displacement for quasi-static fracture, the extension in delamination growth reduces the loads 
and the corresponding SERRs. The test is terminated after the delamination growth retarded, which 
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may be between 10-8 and 10-9 m/cycle. Afterwards the fatigue delamination tip is quasi-statically 
extended another few mm, similar to the pre-cracking procedure. Whether or not this quasi-static pre-
cracking is necessary or not, still has to be determined. 
The procedure is repeated multiple times, until at least six to seven curves have been obtained 
covering about 60-70 mm delamination lengths. At these lengths fibre bridging has fully developed as 
also illustrated by Holmes et al. [24]. Limiting factors for generating multiple curves may be the 
specimen length, of the maximum machine actuator displacement; the longer the delamination length, 
the greater the (initial) opening displacement required to achieve the desired Gmax. Examples of a set of 
such curves generated with a single specimen are illustrated in Figure 1. 

4.2.  Data Evaluation 
Paris type power law relationships can be fitted through the curves illustrated in Figure 1 following 

��
�� = ��∆√	
� = � ��	��� − 	���
��� (1)

These relationships can be evaluated similar to what is standard practice for S-N fatigue life curves. 
There, the slope of S-N curves is often described by the Basquin relationship [25], which also 
constitutes a power law relationship. Hence for each curve in Figure 1, the data points are translated 
along the slope of equation (1), described by the exponent n, to a selected average value of da/dN. 
This is illustrated in Figure 2 for the first three curves of Figure 1. 
 

 
Figure 1. Six successive delamination resistance curves obtained from a single specimen, labelled specimen 7 in [26] 

 
The equation to translate all data points illustrated in Figure 2 is given by  

������∆√	�
 = 1
� ������ ���

���
� − ����� ���

��� + ������∆√	
 (2)

where ∆√GT is the value of the SERR after translation, and da/dNT is the corresponding translated 
da/dN value. Note that the average value of ∆√GT at an arbitrary value of da/dN = 4.5⋅10-7 m/cycle 
plotted against the corresponding crack increment a-a0 yields a nonlinear relationship that either can 
be approximated with a bilinear presentation [27], or with a second order polynomial function of a-a0. 
The reason for the curve to approximately become horizontal is attributed to full saturation or full 
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development of fibre bridging [21]. The increase of fibre bridging in newly created crack lengths is 
compensated by the pull-out and failure of bridging fibres at the pre-crack side. 
 
Regression analysis. Each data point in Figure 1 corresponds to a specific value of the crack length or 
a-a0, hence one may fit a surface by regression through ∆√G, a-a0 and da/dN. To enable proper 
regression, one should first linearize the scales for ∆√G and da/dN. As mentioned before, the 
relationship between the crack length a-a0 and ∆√G appears to be non-linear, as illustrated in Figure 3 
for the data in Figure 1. 
 

 
Figure 2. Translating all data along their respective curves to (an arbitrary value of) da/dN = 4.5⋅10-7 m/cycle for the first 

three curves in Figure 1 

 
 

 
Figure 3. Average crack length at (an arbitrary value of) da/dN = 4.5⋅10-7 for the curves in Figure 1 
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To capture the non-linearity in regression one therefore should verify that sufficient curves have been 
generated up to the full development of fibre bridging. If that is the case, an appropriate equation for 
regression is 

"���∆√	
 = #� + #�$� − ��% + #�"�� ���
��� + #&$� − ��%� + #' �"�� ���

��� 
�
 (3)

where Ci are the constants obtained through regression of all data in Figure 1. 
 

4.2.1.  Data quality assessment. The individual curves can be evaluated through comparison of slopes, 
while data scatter can be analysed for each curve by determining the distribution at the average level 
of crack growth rate as illustrated in Figure 2. These distributions can be compared, and if necessary 
(part of) curves may be omitted for having too much scatter. 

A straightforward method to obtain a statistical distribution is by ranking the data points obtained 
after translation to a selected level of da/dN (see Figure 2) from low to high values. Afterwards, a 
probability Pf (in [%]) can be assigned to each value following [28] 

() = 100�
�+,+ + 1 (4)

where n is the rank number and ntot is the total number of data points per curve. This allows to plot 
cumulative density functions for each curve in Figure 1, as illustrated in Figure 4. 

 

 
Figure 4. Cumulative density functions at da/dN = 4.5⋅10-7 m/cycle for the curves in Figure 1 

Theoretically, the zero bridging curve corresponds to a delamination length of a-a0 = 0 mm. Hence, 
once a surface fit has been obtained through regression using equation (3), the average zero-bridging 
curve can be described by 

"���∆√	
�-,+/ = #� + #�"�� ���
��� + #' �"�� ���

��� 
�
 (5)

Obviously, this average curve has limited value in practice, because an upper bound must be 
established including all material scatter, not only the scatter associated with fibre bridging. Hence, all 
individual data points must be translated to the zero-bridging curve of equation (5) while maintaining 
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their relative offset from equation (3). For the curves illustrated in Figure 1, this yields a curve left of 
all curves as illustrated in Figure 5. 

 

4.3.  Reproducibility 
To test the reproducibility, first the results of Figure 5 are correlated to the results of another specimen 
tested under the same test conditions, denoted as specimen 11 in [26]. This specimen has the same 
material lay-up, specimen configuration and test conditions, including the generation of multiple 
resistance curves. Few others specimen in [26] have been tested under the same conditions, but only 
yielding a single resistance curve, or maximum to curves. These will be discussed hereafter. 
 

 

 
Figure 5. Comparison between the translated curve and the original six curves from specimen 7 in [26] 

 

 
Figure 6. Comparison between the translated curve and seven original curves from specimen 11 in [26] 
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The obtained resistance curves, with their fit to equation (1), and the curve translated to zero-
bridging are presented in Figure 6. To clearly illustrate the excellent correlation between the translated 
curves from Figure 5 and Figure 6, both are compared in Figure 7. This is further demonstrated by 
comparing both cumulative density functions for these translated curves in Figure 8. Except for the 
lower values of ∆√G both functions correlate very well. 

 
Although a single specimen following the above described procedure yields substantially more data 

points than traditional single resistance curves, more specimens must be tested to generate so-called 
A-basis of B-basis allowables [29][30]. For that one must include at least specimens obtained from 
different material and manufacturing batches. 

 

 
Figure 7. Comparison between the translated curves from Figure 5 and Figure 6 

 

 
Figure 8. Comparison between the cumulative density functions at da/dN = 4.5⋅10-7 m/cycle for the curves in Figure 5 and 

Figure 6 
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5.  Discussion 

5.1.  Proper characterisation of behaviour and material variability 
The results presented in the previous section show an interesting aspect related to the fatigue 

delamination resistance curves. All slopes obtained by repeating the test procedure, as illustrated in 
Figure 5 and Figure 6 exhibit similar steep slopes. However, the translation to zero-bridging curves 
demonstrate that these slopes are an artefact of fibre bridging in the test. As the test is executed in 
displacement controlled conditions, the high da/dN data is obtained at the start of the test, while the 
near threshold data is obtained at the end of the test. As result of crack growth throughout the test, the 
crack length at the end is greater than the crack length at the start, and thus fibre bridging is also more 
dominant at the end than at the start. Since bridging moves data (or curves) to higher values of ∆√G, 
as illustrated in Figure 1, this implies that the slope of the curves end up steeper than they should be 
without fibre bridging: the upper portion of the curve smoves less to the right than the lower part, 
effect9vely changing the slope. Without modelling fibre bridging, the above described procedure 
incorporates this effect, and yields a zero-bridging resistance curve less steep than all the original 
curves. 

Another observation one can make is that the scatter or variability in the original individual curves 
are smaller than the scatter in the translated zero-bridging curve. Here, one has to keep in mind that 
technically with each repetition of the test procedure to obtain multiple cures from a single specimen 
conditions change. Material variability will appear in the variation of fibre bridging and thus the 
magnitude of crack tip shielding effectively, which is included when translating all curves to a-a0 = 0. 

Here, one could argue that the material variability one seeks to obtain with testing multiple 
specimens, to some extent is also obtained with testing the same specimen multiple times. In any case, 
because of the relatively large amount of data points in the zero-bridging resistance curve, statistical 
methods can be adopted to establish upper bounds with sufficient confidence. Nonetheless, as 
mentioned before, this procedure does not eliminate the need to test multiple specimens for defining 
design allowables. 

  

5.2.  Limiting conditions to the proposed procedure 
This procedure explained above constitutes a straightforward methodology to derive zero-bridging 

delaminations resistance curves without requiring theoretical models to describe the fibre bridging. 
Here one should note that recently Yao et al. [23] demonstrated specimen thickness has no significant 
effect on the zero-bridging curve. This may seem counter intuitive considering the thickness effects 
reported for quasi-static loading [12][31]. 

Nonetheless, one has verify whether certain conditions are met before applying the procedure. Take 
for example the earlier mentioned tests reported in [26], where only one or two delamination 
resistance curves were generated. For both specimens the two original resistance curves are plotted 
against the translated zero-bridging curves in Figure 9. 

Evidently, the zero-bridging curves for specimens 1 and 2 do not coincide, nor do they correlate 
well with the zero bridging curves for specimens 7 and 11 illustrated in Figure 7. This can be best 
explained with looking at the regression equation, equation (3) and the trend illustrated in Figure 3. 
Since both specimen 1 and 2 comprise two curves, they effectively form each two data points through 
which a non-linear regression is performed. Hence, two justify the regression of equation (3), one 
needs at least a certain amount of resistance curves ranging over sufficient crack lengths a-a0, to 
capture a non-linear relationship as illustrated in Figure 3. Simply one or two resistance curves will 
not work. 

 
As a solution to the inapplicability of the methodology to data comprising too few curves, one 

could consider combining all data and applying the procedure to the combined data set. The reasoning 
then may be that the original resistance curves in Figure 9 all correlate to specific crack length (for 
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specimen 2 even up to a-a0 = 89.6 mm), which altogether contain sufficient range for the regression 
with equation (3). 

 

 
Figure 9. Comparison between the translated curves and two original curves from specimens 1 and 2 in [26] 

 

 
Figure 10. Comparison between the translated curve obtained after regression through the combined data from specimen 7 

and 11 with the individual translated curves from Figure 7 

 
To test whether such combined approach is valid, the data from specimens 7 and 11 in [26] can be 

used. Rather than performing regression per specimen, resulting in the delamination resistance curves 
shown in Figure 7, all data of both specimens could be combined after which the regression is 
performed on the total data set. The zero-bridging delamination resistance curves obtained after 
regression on both datasets combined is compared with the curves from Figure 7. 
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What is apparent from Figure 10 that the data points obtained with regression through the 
combined dataset does not overlay the data points obtained with regression through the individual data 
sets. It appears that the curve has moved slightly to the right compared to the curves from Figure 7. 
This can be further illustrated by comparing the cumulative density function of the curve with the 
individual curves shown in Figure 8. 

It is evident that performing the regression on the combined dataset rather than the individual 
datasets, can yield a delamination resistance curve of which the upper bound is moved to the right. 
Compared to the original curves in Figure 8 this implies an unconservative curve. Whether this 
interaction between the two datasets relates to the crack growth rate da/dN, the SERR ∆√G, or the 
crack length a-a0 has yet to be further investigated.   

 

 
Figure 11. Comparison between the cumulative density functions at da/dN = 4.5⋅10-7 m/cycle for the curve obtained with 

regression to the combined dataset and the curves from Figure 8 

 

5.3.  Ways forward to standardization 
What the above explained procedure and the corresponding data and results have demonstrated is 

that it is very well possible to generate fatigue delamination resistance curves without the influence of 
fibre bridging while testing unidirectional laminated composites. Simply taking the DCB specimen 
and repeating the tests multiple times yields data that can be evaluated without requiring a theoretical 
model for fibre bridging. 

However, the presented results also illustrate that care has to be taken that certain conditions are 
met before one can claim that the data is valid. The advantage of the presented approach, however, is 
that straightforward verification is available. One can verify whether the multiple curves obtained 
exhibit the non-linear relation illustrated in Figure 3 to capture fibre bridging development up to full 
saturation. One can also assess the individual slopes of the curves or distributions by comparing all 
distributions based on their individual cumulative density functions as demonstrated in Figure 4. 

Translating all curves per specimen to a zero-bridging curve allows comparison between different 
specimens, to verify whether indeed all specimens exhibit the same delamination resistance curves, 
like shown in Figure 7 and Figure 8. Combining all individual zero-bridging curves will then allow the 
application for statistical methods to establish A-basis or B-basis upper bounds for strength 
justification. 
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The question left to answer is how to exploit all existing data that in most cases represent single 
delamination resistance curves per specimen. Following the approach proposed here, one needs to take 
the specimens and continue testing to generate the other resistance curves. However, if the specimens 
are no longer available, either because specimens have been taken apart for post-mortem 
investigations, or because specimens have been thrown away, data might still be used. 

This is demonstrated recently in [32] using the same dataset from [26] but evaluated with the 
Hartman-Schijve relationship [33] proposed previously by Jones et al. [34][35] [36]. All data obtained 
on different specimens, tested under different loading conditions, collapse together when evaluated 
with the Hartman-Schijve relationship, yielding a similar curve as the zero-bridging curve presented 
here. The position and slope of the curve in [32] seems to agree rather well with the curves presented 
here, which indicates there are more ways to verify the validity of delamination resistance curves. 

This seems further illustrated by Yao et al. [27] when proposing an alternative effective SERR 
parameter after [37], defined as 

∆	0)) = �1	+�2��� − 1	+�2����
�
 (6)

with 

	+�2 = 	�
	34$� − ��% 	�225�06 (7)

where G0 is derived from extrapolating the trend illustrated in Figure 3 back to a-a0= 0, while the 
denominator relates to any point on the trend line of Figure 3. This approach is very simple, and 
technically performs an analogous or similar procedure as proposed above. It also appears that the 
zero-bridging curves obtained with this method correlate rather well with the zero-bridging curves 
presented for example in Figure 7. 

The main difference at this moment is in the formulation of the trend in for example Figure 3. Here, 
it is assumed to represent a polynomial relationship gradually developing to a horizontal asymptote 
imposed by full fibre bridging development, while in [27] a bilinear relationship is assumed. Further 
scrutiny of the results is required to decide which type of relationship is preferred before fatigue 
delamination experiment can be standardized following these procedures. 

Here the dataset from [26] might allow a first step into such study, because both 0//0 and 45//45 
interface configurations have been adopted. As examined in [38], the amount of fibre bridging 
associated with these two interface types is substantially different. Hence, both methods of 
extrapolating or translating data to zero-bridging curves can be applied to these interfaces to 
investigate whether both interfaces yield similar zero-bridging curves. Nonetheless, one has to 
consider the possibility that still different curves are obtained, which may then relate to different 
fracture morphology or crack branching. 

 

6.  Conclusions 
This paper presents an approach to determine upper bound fatigue delamination resistance curves 

obtained with tests on unidirectional laminated DCB specimens. The fibre bridging generally observed 
to occur in these specimen configurations is eliminated with the proposed methodology. The paper 
discusses some conditions that must be verified before the methodology yields valid results, and it 
demonstrates how the approach correlates with other approaches proposed in literature. 
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