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Abstract

In composite structures, delamination damage is typically the most common
failure mechanism. Accurately characterizing the delamination behaviour of
composite laminates is therefore crucial for predicting the fatigue safe-
life of such structures. To this end, double-cantilever beam (DCB) composite
specimens are used to measure the interlaminar fracture toughness and delam-
ination growth rate under cyclic Mode I loading.

In unidirectional (UD) composite laminates, delamination planes may ex-
hibit fibre nesting, leading to the development of the fibre bridging effect
during delamination growth. This effect, which resists delamination, signif-
icantly increases the apparent fracture toughness of the laminate. However,
fibre bridging is usually insignificant in multidirectional (MD) laminates,
where delamination occurs between plies with different fibre orientations.
Nesting typically does not happen in MD laminates. As a result, MD laminates
should not be designed using fatigue resistance data obtained from UD spec-
imens without first accounting for the fibre bridging effect. Neglecting
fibre bridging exclusion can result in an overestimation of delamination
resistance, leading to unsafe failure predictions.

This research investigated methods to exclude the fibre bridging effect in
cyclic Mode I experiments with UD composite specimens. Existing literature
suggested different approaches to account for this effect, aiming to create
a ”zero-bridging” fatigue delamination resistance curve. The study examined
methods such as cutting bridging fibres in-situ, constant-SERR experiments,
specimen-specific extrapolation, and utilizing the Hartman-Schijve equation
to describe fatigue delamination.

By examining different exclusion methods and understanding their limita-
tions, this work contributed to enhancing the reliability of fatigue delami-
nation predictions in composite specimens under laboratory conditions. This
study compared methods to exclude the fibre bridging effect and assessed
their merits in terms of ease of use, accuracy, and conservative predic-
tions of delamination resistance. The results of this study suggest that
a specimen-specific extrapolation method is a suitable approach to account
for fibre bridging.

Keywords: composites, delamination, fatigue, mechanical testing, fibre
bridging effect
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1
Introduction

Background
Since the start of the aviation era, the path to lightweight aircraft has seen
the rise of new materials and structures [18, 36]. Fibre-reinforced polymer
(FRP) laminated structures have become the standard choice in the aerospace
industry due to their excellent mechanical properties and weight-saving ca-
pabilities [38]. Further development of aerospace composite materials can
be found in multiple aspects, from the ease of certification [12] to manu-
facturing process improvements [37].

Historically, for laminated composite materials, the interlaminar and
out-of-plane mechanical properties are considered major weak points in the
design [68, 8]. A great obstacle to the application of composite materials
is the relatively low interlaminar fracture toughness [52]. As a result,
delamination is the most frequently occurring type of life-limiting failure
mode for composite structures [4]. Whilst delaminations may develop during
manufacturing, they may also result from impact damage and/or in-plane load-
ing of the structure [17]. This leads to a reduction of the interlaminar
mechanical properties of the structure. The inability to mitigate compres-
sive forces gives rise to local or global buckling when the interlaminar
stresses overcome the corresponding strength which is decreased as a result
of the delaminations [57].

To measure the interlaminar fracture toughness a double-cantilever beam
(DCB) composite specimen consisting of multiple plies is typically used [43].
At the mid-plane of this DCB specimen, the delamination propagates along the
longest dimension of the specimen. The two adjacent plies at the mid-plane,
which is the delamination interface, are of particular interest as their
orientation influences the delamination behaviour [7]. The plies at the de-
lamination interface might consist of different fibre orientations, which is
known as a multidirectional (MD) interface. In the case of a unidirectional
(UD) delamination interface, the fibre orientations of the two plies at the
mid-plane, are the same.

Multidirectional composite laminates may introduce a bend-twist coupling
causing the test to not be purely Mode I (opening tensile) [19]. This is
undesirable as the to-be-measured properties are typically assigned for a
single failure mode, denoted by either Mode I (opening tensile), Mode II
(sliding) or Mode III (tearing). Unidirectional laminates with zero-degree
fibre orientation do not have this unwanted bend-twist coupling. Therefore,
UD laminates with zero-degree fibre orientations are used for measuring the
Mode I interlaminar fracture toughness of a given composite material [10].

5
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Delamination in such UD laminates however brings with it an effect which
is prone to altering the data obtained in delamination experiments. In the
wake of the delamination tip, fibres of the adjacent mid-plane plies may
bridge the crack surface [33]. These bridging fibres are able to transfer
considerable amounts of stress across the delamination plane [25]. Thereby
disproving the classical notion that no loads are transferred in the wake
of a delamination tip. The fibre bridging effect leads to an increase in
the apparent Mode I interlaminar fracture toughness. Whilst this increase
in a critical mechanical property might seem desirable, it is typically
attributed to the experimental setup and not being reflective of in-service
composites which are generally made of multidirectional (MD) laminates [55,
5].

Therefore, a composite structure with an MD laminate should not make use
of fatigue data which is obtained with UD specimens without first excluding
the contribution of the fibre bridging effect. Designing with unrealistic
data due to fibre bridging should be avoided as it can lead to unconservative
and unsafe designs. Methods are found in the relevant literature for exclud-
ing the fibre bridging effect. They range from altering the experimental
setup to processing data to account for the bridging effect. All of them
have the goal of reducing the obtained fatigue data to a case where the
fibre bridging has no contribution, i.e. a ”zero-bridging” scenario. Up to
now, these methods have not been directly compared to each other. Nor has
an understanding been established of which method for the fibre exclusion
methods provides the most conservative ”zero-bridging” depiction.

The present thesis attempts to unambiguously compare these methods for the
exclusion of the fibre bridging effect by means of performing experiments
on UD specimens made from the same composite material. In this way, scatter
related to material properties is reduced. The resulting ”zero-bridging”
fatigue delamination resistance curves obtained by employing various fibre
briding exclusion methods are evaluated based on their respective abilities to
reflect a ”zero-bridging” case. This evaluation will consist of determining
not only the accuracy and conservativeness of the results but also the ease
of use and straightforwardness of the different methods.

Report Outline
This thesis report is split into multiple chapters. Firstly, the prevailing
literature concerning the topic will be explored and summarised in the
Literature Study, Chapter 2. A research gap is identified and subsequently,
a plan is provided with relevant research questions with the intent of
answering said questions in Chapter 3. The path towards an answer to the
posed research question is paved in the section on Methodologies, Chapter 4.
Methods for analyzing the obtained data and presenting the finding can be
found in the Data Analysis (Chapter 5). Next, the results of this research
are presented along with a discussion in Chapter 6. Conclusions are drawn
based on the results in Chapter 7 followed by recommendations for future
research concerning the topic in Chapter 8.



2
Literature Study

This chapter provides a review of the relevant literature regarding the fibre
bridging effect. The chapter explains what the fibre bridging effect signi-
fies and how it influences data obtained in fatigue delamination experiments.
Furthermore, this chapter presents the various methods which may be used to
mitigate its impact, establishing a groundwork for the research presented
in this thesis.

2.1. The Fibre Bridging Effect
In laminated fibre-reinforced composite materials, the phenomenon of fibre
bridging occurs when the fibres of neighbouring plies bridge the crack plane
in the wake of a delamination front [33]. The main result of this phenomenon
is that bridging fibres may behave as crack-shielding entities, increas-
ing the overall delamination resistance of the material during prolonged
crack extension. This section contains background information about the
fibre bridging effect, in particular its origin and influence in fatigue
delamination experiments.

2.1.1. Origins of Fibre Bridging
To understand the influence of fibre bridging on fatigue delamination propa-
gation of composite structures, its origin is first briefly discussed. His-
torically the onset of fibre bridging has been attributed to nesting which
occurs during the manufacturing of a composite laminate [28]. During the
nesting (Figure 2.1a), fibres of adjacent plies intermingle between their
corresponding layers. As a result, for the delamination to propagate, the
nested fibres must be pulled from the neighbouring layer [27], see Figure
2.1b. However, this explanation for the onset of the fibre bridging effect
only relates to UD composite laminates according to Liu and Chen [35]. In
their view, a second source of fibre bridging is related to the weak fibre/ma-
trix interface or larger crack tip yield zone [50, 28]. This explanation may
be more suitable for most instances of the fibre bridging effect. Whether
or not the fibre bridging effect is an accurate term for the crack-shielding
phenomenon occurring in MD composite laminates remains unclear. Nonetheless,
the relevant standard regarding quasi-static delamination of composites [55]
overlooks the second explanation for the origin of the fibre bridging effect.

Hu et al. [23] investigated the influence that the curing cycle has on
the amount of fibre bridging which is observed during delamination growth.
In their research, it was found that extending the curing time at elevated
temperatures tends to reduce the amount of fibre bridging observed during
fatigue delamination. A possible explanation for this effect is that the
prolonged curing of the composite structures causes a decrease in hetero-
geneity in the strength of the fibre/matrix interface.

7



2.1. The Fibre Bridging Effect 8

(a) (b)

Figure 2.1: Schematic of nesting of fibres in adjacent plies causing the fibre bridging
effect and a schematic of delamination migration leading to a bridging fibre [28].

2.1.2. R-curve Effect
Now that it is established what fibre bridging means and how it typically
occurs, the next part would be understanding the consequences it has on
material properties. The bridging mechanism changes the delamination resis-
tance of a composite specimen. This means that the fracture toughness will
increase for extended delamination propagation [56], resulting in a differ-
ent delamination resistance curve (R-curve). The fibre bridging effect is
said to cause this R-curve effect. Sørensen and Jacobsen [54] showed this
behaviour and made a model to describe the effect, the results of which can
be seen in Figure 2.2.

Figure 2.2: Crack growth resistance curves (R-curves) for materials which show fibre bridging
with different specimen thickness [54].

The data points found by Sørensen and Jacobsen [54] show that after a
certain delamination length a, a saturation of the fibre bridging effect
occurs where the increase in fracture toughness is halted. A plateau is
created and this represents the state where new bridging fibres are created
near the crack tip at the same amount as they are broken when the crack
opening displacement becomes too large. This occurs at the very left in



2.1. The Fibre Bridging Effect 9

Figure 2.4 for instance.

Furthermore, Yao et al. [63] showed how the crack shielding effect of
bridging fibres translates to adjusted fatigue data. Two specimens are
considered, where in one specimen the bridging fibres are cut away, as per
a method devised by Khan et al. [34]. The other specimen still has fibre
bridging. In this manner, the fibre bridging effect becomes evident in
Figure 2.3, where the bridging fibres cause the data of one of the specimens
to shift to the right in the delamination resistance curve, meaning a higher
resistance against delamination growth. The same fatigue loading ∆G will
lead to a smaller crack growth rate, da/dN.

Figure 2.3: Fatigue delamination resistance curves for two specimens. One where the bridging
fibres were removed and one where the fibres were not cut [63].

2.1.3. A Unidirectional Assumption
An early paper by Johnson et al. [28] on the topic of fibre bridging states
that the effect of fibre bridging should be looked at in two ways. Firstly,
the increased toughness properties due to fibre bridging may be represen-
tative of how fibre bridging could influence the properties of an actual
composite structure given that fibre bridging also occurs in the structures.
Since increased mechanical properties are almost always desired, the effect
of fibre bridging should be predictable and quantifiable in order to make use
of the increased resistance against delamination growth during the design
phase. In cases where fibre bridging does not occur in structures, fatigue
data related to laboratory tests where fibre bridging did occur might give
the designer an unconservative and unsafe result. Moreover, in prevailing
literature related to the topic of fibre bridging, there seems to be a
consensus that fibre bridging is an artefact of Mode I testing of unidirec-
tional specimen [40, 5, 55] and is rarely reported to occur under in-service
conditions [2, 64, 9, 39]. ISO 15024 [55] and ASTM D5528 [5] leave no room
for uncertainty on this topic. According to these standards, fibre bridging
is considered to be an artefact of the DCB test on unidirectional laminates.

The second viewpoint that Johnson et al. [28] put forward is that fi-
bre bridging is not desired when the interlaminar fracture toughness of a
material is analyzed. Because of the lack of real-world occurrences of
fibre bridging, efforts are made to develop methods for the exclusion of
fibre bridging in testing conditions. These methods will be introduced and
explored experimentally in this research.

The assumption that the fibre bridging effect might be an artefact of
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laboratory conditions and that it is exclusive to unidirectional laminates
might be short-sighted. To support this view a recent MSc thesis [44] on the
topic of fibre orientations of the interface on fatigue delamination growth
showed that the statement made in the ATSM D5528 standard [5] is unfounded. In
his research, van der Panne [44] performed DCB tests on multiple specimens
with dissimilar fibre orientations at the crack interface and found that
fibre bridging is in fact not necessarily an artefact of the DCB test on
unidirectional materials. Moreover, in all of the tested fibre orientations
(including a 0//90 orientation), fibre bridging was reported resulting in
an increase in the delamination resistance. In Figure 2.4, an example is
shown of a multidirectional DCB specimen which clearly shows fibre bridging
occurring. De Carvalho and Murri [13] claim that the fibre bridging effect
is ”less predominant” in generic, multidirectional ply interfaces than in
unidirectional specimens.

Figure 2.4: Image of a DCB test specimen with a multidirectional layup showing clear signs of
fibre bridging [44].

It seems that the overall notion that fibre bridging is an artefact of
the DCB testing of unidirectional specimens stems from the assumption that
composite structures generally consist of multidirectional laminates and
therefore show little to no fibre bridging. Firstly, as shown from recent
literature [44], fibre bridging does occur in multidirectional laminates.
Secondly, fibre bridging may occur in composite structures which do not
consist of multidirectional laminates. Such unidirectional laminates can
be found in large composite structures, for instance in wind turbine ro-
tor blades. Sørensen et al. [53] considered the failure of bridged fibres
for a unidirectional laminate which is typically used in wind turbine blades.

In summary, it may be concluded that the fibre bridging effect does not
solely occur in UD composite laminates tested in laboratory conditions. This
notion, put forward by multiple sources [40, 5, 55] is too simplistic. How-
ever, the influence of the fibre bridging effect in UD composite laminates
on the corresponding delamination resistance is still of a high order. If
the assumption that in-service composite components will fail to produce
bridging fibres in the same order as UD composite laminates tested in labora-
tory conditions holds true, then an effort must be made to exclude the fibre
bridging effect in the UD laminates. The increase in the apparent fracture
toughness is then not reflective of the in-service delamination characteris-
tics of the composite structures. Efforts are therefore made to exclude the
fibre bridging effect from fatigue delamination experiments conducted on UD
composite specimens.
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2.2. Methodology for Fibre Bridging Exclusion
The effect of fibre bridging can be seen in data obtained in a Mode I fatigue
testing campaign (see Figure 2.3). In cases where fibre bridging is not
expected to occur in real-life composite structures, it would be unsafe
to use fatigue delamination data where the effect does occur during the
design phase. This indicates that there should be an effort to exclude or
quantify the additional stresses related to fibre bridging. In this chapter,
approaches for the exclusion of the fibre bridging effect are discussed.

2.2.1. Method I: Cutting Bridging Fibres
The fibre bridging effect is a physical phenomenon which can be visually
observed during the fatigue delamination experiments. Because the bridging
fibres tend to be accessible when the composite laminate is held open it
is possible to remove them in-situ. This approach of removing the bridging
fibres physically is explored in this section.

Huang and Hull [26] explored the possibility of removing bridging fibres in
a composite specimen by submerging a specimen in a solution of hydrochloric
acid (HCl). In their research, a DCB specimen was held open by the two
loading points and a glass rod with a diameter of 5 mm was inserted into the
delamination plane to open the specimen and expose the bridging fibres. A
schematic of this setup is displayed in figure 2.5. After about eight hours of
submerging the specimen in the HCl solution, microscopic examination showed
that 95 % of the crack length is free of bridging fibres [26]. The material
used for the DCB specimens in this study consisted of a unidirectional E-
glass/epoxy composite. The method of removing the bridging fibres was based
on the fact unprotected E-glass fibres typically fracture at lower stress
levels when they are exposed to an acid such as HCl, whilst the matrix
material remains unscathed [6, 46, 16]. This method of removing the bridging
fibres and therefore also the fibre bridging effect proved to be a reasonable
procedure to halt the increase in Mode I fracture toughness increase due to
fibre bridging.

Figure 2.5: Schematic depiction of the removal of bridging glass fibres of a DCB composite
specimen using an acid bath [26].

Bridging fibres may also be removed during the experiments by cutting them
in order to physically exclude them from contributing to the experimental
data. Hu et al. [24] give an experimental approach to quantify the stress
caused by bridging fibres. In their paper, the change of compliance of the
specimen by the step-wise saw cutting of the fibres is measured. A limiting
factor in an approach such as this is that the saw blade is not able to reach
the crack tip because of the increasingly tight margin. Khan et al. [34]
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also used the approach of removing bridging fibres physically. Their method
comprises a glass fibre thread which can be smaller than the saw of the
previously mentioned approach. The glass fibre thread was made by twisting
multiple glass fibres and forming them into a tow that had a diameter of
0.1 mm. An image of the setup can be seen in Figure 2.6. According to
the authors, the glass cutting thread either broke the bridging fibres or
in other cases, forced bridging fibres to pull out of the material. Both
occurrences have the same result, being that the bridging fibres no longer
fulfil a crack shielding role. In spite of the smaller cutting dimension,
the cutting thread was still removed from the crack tip at a distance of
3-5 mm. Khan et al. [34] opted to remove the remaining load carried by
the uncut bridging fibres by means of extrapolation. This way the effect of
the remaining bridging fibres may also be excluded. Thus the contribution
of fibre bridging may not be completely removed by this cutting procedure
without performing extrapolation to a ”zero-bridging”-case.

Figure 2.6: Depiction of the glass cutting thread used for the removal of the bridging fibres
by Khan et al. [34].

Khan et al. [34] performed fatigue delamination experiments where the test
was intermittently paused and with the DCB specimen held open, the bridging
fibres were cut using the cutting thread. By storing the loads measured on
the composite specimen before and after the cutting procedure, a load where
all the bridging fibres are hypothetically removed, can be calculated using
Equation 2.1. Because the cutting thread can only reach up to 3 mm behind the
delamination tip it is essential to perform this extrapolation. The region
where the cutting thread is not able to reach due to the size of the cutting
thread typically contains the highest density of bridging fibres which also
contribute the most to the increase in the apparent fracture toughness due to
the fibre bridging effect. The equation for calculating the theoretical load
on the specimen where all the bridging fibres have been removed is given:

Pa = Pac

(
a

ac

)m

(2.1)

where Pa is the load where all the bridging fibres are hypothetically removed,
Pac and ac are the post-cutting load and the last cutting thread position and
a is the total delamination length. The power law exponent m is determined
in Figure 2.7. Here, the post-cutting load and the cutting thread position
are plotted and a power law is fitted through the data points.
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Figure 2.7: Post fibre-cutting load versus the cutting thread position. The exponent m of
Equation 2.1 is equal to the slope of the fitted power law [32].

The obtained load values for the hypothetical ”zero-bridging” case can be
used to calculate corresponding SERR values which in turn may be used to
construct a fatigue delamination resistance curve where the fibre bridging ef-
fect is removed. Because the calculated ”zero-bridging” load, using Equation
2.1, is typically lower than the load measured after cutting bridging, the
SERR value associated with this load is also lower. A fatigue delamination
resistance curve would thus shift towards the left for the ”zero-bridging”
curve, towards a more conservative line.
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2.2.2. Method II: Constant-∆
√
G

Even though the fibre bridging effect is a physical phenomenon which may
be removed by physically removing the bridging fibres as can be seen in
the previous section, the cutting method still requires some extrapolation.
Another method for excluding the fibre bridging effect from fatigue data
involves changing the experimental setup.

Russell and Street [49] proposed to load a typical DCB specimen in series
with a linear elastic spring to provide control of the strain energy release
rate range, ∆

√
G. The goal with this is to keep the ∆

√
G constant during

the crack propagation. The authors argue that, unlike in the quasi-static
loading case, the effects of fibre bridging on the crack growth rate (da/dN)
are not easy to quantify. The reason given is that strain energy release rate
G changes as the crack propagates throughout the specimen and the decrease
of the crack growth rate, da/dN, due to fibre bridging is obscured by a
change due to ∆

√
G.

Russell and Street [49] used the conventional DCB setup with the addition
of a helical spring to achieve the constant ∆

√
G during the fatigue testing.

The purpose of the elastic spring in this setup is to not have an immediate
reduction in ∆

√
G during testing. This can be achieved by taking a spring

compliance which is twice the compliance of the initial specimen. After a
sufficient crack length, the displacement can be gradually increased by the
displacement ram, in order to maintain constant ∆

√
G.

Figure 2.8: Diagram of the experimental setup used to achieve a constant ∆G for a DCB
specimen [49].

In the initial stages of the research done by Russell and Street [49],
it was found that the relationship derived in the paper was invalid. Large
bridging fibres resulted in upward curvature of the load-displacement curves
and had also an effect on the measured compliance. This made it difficult
to maintain a constant ∆

√
G, the authors chose to use an adhesively bonded

composite which showed less fibre bridging. In this manner, the constant-
∆
√
G test could be performed.

Where Russell and Street did not seem to account for the fibre bridging ef-
fect in the initial design of their experimental setup but later on accounted
for it by choosing a specimen material which showed practically none of the
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effect, a similar method was proposed by Hojo and Aoki [21] and Donough et
al. [15].

In the research of Hojo and Aoki [21], the goal was to determine Mode I fa-
tigue data that allows for extrapolation to a fatigue data curve without the
influence of fibre bridging [9]. A method for DCB testing under a constant
maximum energy release rate, Gmax is presented, because the ”true” growth
law which is not affected by fibre bridging is desired. A series of tests
were performed with the Gmax kept constant and by taking the growth rate
at zero-increment of the crack length, the ”true” growth law is extrapolated.

Composite laminates are loaded in Mode I fatigue according to a typical
DCB setup. In order to keep the maximum energy release rate, Gmax, constant,
the maximum load applied to the specimen is adjusted during the test. Crack
lengths during the fatigue testing are computed by measuring the compliance
using the modified compliance calibration (MCC) equation [22]. The left dia-
gram of figure 2.9 shows a relationship found between the crack growth rate,
da/dN, and the delamination length, a. For a constant Gmax of 500 N/m, the
crack growth rate decreases almost linearly when the crack length is shorter
than about 10 mm. The authors conclude that the initial inconsistency for
values where the crack length is very small is related to the difference
between the crack length and the crack growth rate along the crack front
in the width direction of the specimen [21]. As the slope of Figure 2.9
becomes more or less horizontal, the crack growth rate does not seem to be
decreasing with a further extension of the crack length. This indicates that
there is some kind of saturation point after which fibre bridging does not
attain additional influence of the fatigue data anymore. The authors do not
make a conclusion on why this saturation occurs, but Chapter 2.1.2 covers
this phenomenon where a plateau is observed in the delamination resistance
curves of the work of Sørensen and Jacobsen [54].

The desired value for which no fibre bridging occurs should be located at
the point where the pre-crack delamination length a − a0 is zero because in
this state there is no possibility for fibres to bridge the crack surface.
The method used in the research by Hojo and Aoki [21] is to extrapolate the
straight, decreasing line to the crack growth rate value for which a− a0 = 0
mm. This gives the growth rate, for a given Gmax, where no fibre bridging
occurs. A fatigue diagram can be constructed by taking multiple values for
the Gmax, doing the experiments, and extrapolating toward the zero-crack
values. A Paris-type power law can then be fitted for the found values which
would represent the situation where no fibre bridging occurs, this is done
in Figure 2.10.

In the same year, and with a similar method, Donough et al. [15] put
forward a method to account for the effect of fibre bridging by means of
an inverse method which determines the tractions stresses related to the
bridging effect. Similar to the previously discussed work, the authors also
elected to make use of a constant Gmax testing approach. The two studies show
unison when considering the found fatigue data curves, see Figure 2.9. Whilst
Hojo and Aoki [21] do not conclude that the line becoming somewhat horizontal
stems from the saturation due to fully developed fibre bridging, Donough et
al. [15] point out this steady-state where bridging fibres nucleate at the
same rate as they dissipate, which is supported by the research performed by
Yao et al. [65].
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Figure 2.9: Crack growth rates versus the crack length for two constant-Gmax testing methods
(left: Hojo et al. [21] and right: Donough et al. [15]).

Figure 2.10: The relationship found between the crack growth rate and the maximum energy
release rate for fatigue tests with a constant Gmax [21].

There seems to be uncertainty about the choice of similitude parameter
for fatigue delamination testing of composites [47]. The method described
by Hojo and Aoki [21] describe a method for constant-Gmax testing. According
to a discussion [47] about the similitude parameter for characterizing de-
lamination growth, to represent cyclic loading ∆

√
G =

(√
Gmax −

√
Gmin

)2 should
be used. Research about a method where this similitude parameter is kept
constant during delamination experiments has not been found. Thus, a method
with constant-∆

√
G could be a better approach for this method.
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2.2.3. Method III: Specimen Specific Extrapolation
Alderliesten [2] states that approaches towards fibre bridging exclusion
often make use of theoretical models or dissimilar fatigue delamination me-
chanics [39] to quantify the fibre bridging effect. The result is that a
reported outcome of experimental data depends on the theoretical model used
for the fibre bridging analysis and the validity of the results could be
contested based on inaccurate models and unfounded assumptions. Therefore,
Alderliesten [2] and Yao [61] describe a method for the elimination of fibre
bridging in fatigue delamination resistance curves of composite DCB exper-
iments using solely experimental data and no additional theoretical models.
The central concept is that the elimination of the fibre bridging effect
should only require the data from the same specimen, as in literature [28]
fibre bridging is historically said to be a specimen-specific artefact.

To this end, multiple fatigue delamination tests are performed on the same
DCB specimens, generating multiple fatigue delamination resistance curves.
By analyzing the obtained curves and evaluating them against the effective
delamination length at which the data was obtained, the data may then be
translated to a situation where the pre-crack delamination length is equal to
zero. This procedure involves performing regression of the obtained delami-
nation resistance curves and should be performed for each composite specimen
individually.

Figure 2.11 shows how multiple fatigue delamination resistance curves can
be obtained by performing fatigue delamination tests on a single composite
specimen. In between the tests, the delamination tip is quasi-statically
extended by ”a few” millimetres according to the method as described by
Alderliesten [2]. Whether or not this delamination tip extension is needed
remains uncertain according to the paper. It could be possible that per-
forming quasi-static delamination propagation introduces excessive fibre
bridging development as compared to cyclic loading. De Carvalho and Murri
[13] state that the amount of fibre bridging in quasi-static tests does not
typically relate to the fibre bridging in fatigue loading.

Figure 2.11: Six consecutive delamination resistance curves generated from a single DCB
specimen according to the method described by Alderliesten [2].

A Paris-type power law relationship is fitted through the data points of
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each individual fatigue test, according to:

da

dN
= c(∆

√
G)n = c

[(√
Gmax −

√
Gmin

)2
]n

(2.2)

For each of the obtained curves, the data points are translated along the
slope of Equation 2.2, which is the exponent n, to a chosen value of the crack
growth rate, da/dNT. The choice for the value of da/dNT is arbitrary but
it should lay within the range of all the fatigue delamination resistance
curves. The slope n is slightly different for each fatigue delamination
resistance curve and the translation to the chosen da/dNT therefore be done
individually for each curve, which is illustrated in Figure 2.12 for the
first three curves of Figure 2.11. The chosen value for the delamination
growth rate, da/dNT is equal to 4.5× 10−7 m/cycle.

Figure 2.12: The translation of the first three fatigue delamination resistance curves of
Figure 2.11 along their corresponding slope n to a selected value of da/dNT = 4.5× 10−7

m/cycle.

The equation which is used for determining the translated value of the
SERR at the selected crack growth rate, ∆

√
GT, is:

log10

(
∆
√
GT

)
=

1

n

[
log10

(
da

dNT

)
− log10

(
da

dN

)]
+ log10(∆

√
G) (2.3)

where da/dNT is the selected crack growth rate, equal to 4.5× 10−7 m/cycle in
the case of Figure 2.12. da/dN and ∆

√
G are the crack growth rate and the

SERR value of the to-be translated fatigue data points.

A range of ∆
√
GT values is found for each of the fatigue delamination

resistance curves and an average of each of these ranges can be calculated.
These values of ∆

√
GT , avg can be plotted against the corresponding pre-crack

delamination lengths a − a0, again for each of the delamination resistance
curves individually. In this manner, it can be determined whether or not a
saturation point for the development of bridging fibres has been reached.

In Figure 2.13 the values of ∆
√
GT , avg are plotted against a − a0 and the

saturation of the fibre bridging effect is indeed visualized by the fitted
line becoming horizontal. This nonlinear relationship can be approximated by
using a second-order polynomial (Figure 2.13) or with a bi-linear expression
[62].
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Figure 2.13: ∆
√
GT , avg as a function of the pre-crack delamination length, a− a0 for the

delamination resistance curves of Figure 2.11.

The fatigue data points of Figure 2.11 each have a distinctive value
for the pre-crack delamination length, a − a0. Regression can therefore be
performed through ∆

√
G, da/dN and a − a0. This regression analysis can be

performed on all the data points if the found relationship of Figure 2.13
indeed indicates saturation of fibre bridging. If this is established, the
following equation provides a suitable expression for regression:

log(∆
√
G) = C0 + C1 (a− a0) + C2 log

(
da

dN

)
+ C3 (a− a0)

2
+ C4

[
log

(
da

dN

)]2
(2.4)

where Ci are constants obtained by fitting this expression to the fatigue
data.

This surface fit of the data allows for determining a fatigue delamination
resistance curve in the absence of the fibre bridging effect. This may be
achieved by assuming that no fibre bridging occurs when a − a0 is equal to
zero. At this pre-crack delamination length, it is assumed that no bridging
fibres are able to have been formed. By setting a − a0 to zero in Equation
2.4 an average zero-bridging curve can be constructed using the following
expression:

log(∆
√
G)avg,thr = C0 + C2 log

(
da

dN

)
+ C4

[
log

(
da

dN

)]2
(2.5)

The curve obtained with this expression lies to the left of the original
fatigue delamination resistance curves. This means that it is more conserva-
tive than the original curves. This is expected as the ”zero-bridging” curve
does not exhibit delamination retardation due to the fibre bridging effect.

One must still consider the inherent scatter which is associated with
the original delamination resistance curves. The resulting ”zero-bridging”
curve must not ignore this relevant information. The deviation between the
SERR value of a given fatigue data point and the SERR value of the fitted
Paris-type power law at the same crack growth rate, da/dN, can be stored.
This deviation described the degree of scatter, i.e. if it is higher then it
will deviate more from the Paris-type power law fitting. Next, this stored
deviation value may be displayed again by plotting a data point with the
same offset from the newly constructed ”zero-bridging” fatigue delamination
resistance curve. In such a manner, the inherent scatter of the original
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delamination resistance curves is not ignored. In the end, a ”zero-bridging”
curve is obtained along with the transformed fatigue data points where their
scatter is preserved, see Figure 2.14.

Figure 2.14: The initial delamination curves and the translated curve obtained by excluding
fibre bridging [2, 59].
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2.2.4. Method IV: Hartman-Schijve Equation
The exact same data gathered over the course of a DCB testing campaign [66,
67] during which the method [2] described above was first used, also has
been applied to an approach for the representation of fatigue data based on
the Hartman-Schijve equation in the manner of Jones et al. [31]. The method
described by Jones et al. [31] can be used to determine an ”upper-bound”
fatigue delamination curve. The authors observed significant crack growth
retardation due to large-scale fibre bridging.

Jones et al. [31] propose an empirical methodology to fit the fatigue
data to the Hartman-Schijve variant of the NASGRO equation [41] which can
be used for describing delamination growth in composites [29] and was first
derived by Andersons et al. [4]:

da

dN
= D

 ∆
√
G−∆

√
Gthr√{

1−
√
Gmax/

√
A
}

n

(2.6)

where D, n, A and
√
Gthr are constants. The value of A can either be

assumed to be equal to the fracture energy, Gc,0, taken from quasi-static
testing [29] or it can be fitted empirically [8].

√
Gthr represents the SERR

value at a fatigue threshold, below which no significant crack growth occurs.

In a 2018 paper of Yao et al. [64] the values of A and
√
Gthr are chosen

such that, for the used data set of multiple fatigue tests, the logarithmic

da/dN versus logarithmic

[
∆
√
G−∆

√
Gthr√

{1−√
Gmax/

√
A}

]
collapse onto each other and become

almost linear. By combining multiple relationships described by Equation
2.6 from different tests, a single, linear relationship is determined.

Through fitting of the parameters A and
√
Gthr for the different fatigue

tests a so-called ”master” Hartman-Schijve representation is indeed obtained
which is seen in Figure 2.15. Each line here represents a unique fatigue test
performed on a composite DCB specimen. The advantage of using this method
for the representation of delamination growth in composites is the fact that
it includes varying specimen parameters such as the effect of the pre-crack
delamination length of the specimens, the inherent scatter observed in fa-
tigue testing of composites due to for instance manufacturing defects, the
effect of varying the stress ratio and the effect of varying the thickness.
One could consider that the fitting parameters A and

√
Gthr are used for

compensating the aforementioned effects. The resulting ”master” relation-
ship should have a high coefficient of determination, R2, which will be an
indication of a proper selection of the curve fitting parameters A and

√
Gthr.
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Figure 2.15: A linear, ”master” relationship obtained for multiple fatigue tests on composite
specimens with varying testing parameters. For information about the nature of each specimen

and its testing parameters, the reader is referred to the relevant paper [64].

For design purposes and to exclude the fibre bridging effect from the
data which is represented using the Hartman-Schijve equation, a methodology
is described to find the curve fitting parameters A0 and

√
Gthr,0 which are

the ”zero-bridging” variants of the original values of A and
√
Gthr. These

values represent the case where the pre-crack delamination length, a − a0,
of the fatigue test, is equal to zero, i.e. the point at which the com-
posite specimen sees little to no delamination growth retardation due to
fibre bridging. This hypothesis is supported by the argument that the fibre
bridging phenomenon requires a specific level of delamination propagation
to initiate any noticeable changes in fatigue data. Consequently, a ”zero-
bridging” scenario would indicate the absence of observable crack growth.

Yao et al. [64] describe two ways to obtain a lower-bound value for the
fatigue threshold,

√
Gthr,0. In the first method, the values for

√
Gthr which

were found in the previous step are plotted against the corresponding value
for the pre-crack extension length, a−a0. The value for

√
Gthr,0 can be extrap-

olated by fitting a polynomial function through the plotted data points and
determining the value by setting the pre-crack extension as equal to zero.
An example of this method is displayed in Figure 2.16. The fit to these data
points is typically of a high degree, but not exact. The authors [64] mention
this shortcoming in the paper but also state that this method can be used as
an elementary and straightforward procedure to determine the value of

√
Gthr,0

with at least some degree of certainty. The second deficiency of this fitting
method, which the authors fail to mention in the article, is the choice of
the degree of the fitting polynomial. A lower-order polynomial typically
fails to accurately represent the data points with a low R2 as a result.
When employing a higher-order polynomial, the process of extrapolating to a
zero-bridging value becomes less reliable due to the polynomial’s tendency
to abruptly change direction in order to closely align with the leftmost data
point. This unpredictable behaviour in the extrapolated region can lead to
either underestimated or overestimated values for the ”zero-bridging” param-
eter,

√
Gthr,0, resulting in overly cautious or overly optimistic outcomes in

the fatigue delamination resistance curves.
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Figure 2.16:
√
Gthr versus the pre-crack extension length, a− a0. The fitted polynomial may be

used for obtaining a value at
√
Gthr for a− a0 equal to zero, i.e.

√
Gthr,0.

The second method which may be used to estimate
√

Gthr,0 is based on an
earlier paper of Yao [62]. In this method, an expression is given for the
SERR, G where the effect of bridging fibres is accounted for. The value of
G at the tip of the delamination with the absence of bridging fibres, Gtip

is expressed as:

Gtip = G ·
[
A0

A

]
(2.7)

The used curve fitting parameters A and
√
Gthr can be used in this equation

along with A0 to calculate
√
Gthr,0.

√
Gthr,0 is assumed to be the same as√

Gtip as it is defined as the zero-bridging SERR range. A0 can be found by
plotting the found values along with their corresponding pre-crack lengths,
fitting a polynomial and extrapolating to the case where the pre-crack ex-
tension is equal to zero which is analogous to the first method described
for determining

√
Gthr,0.

Next, a statistical approach is used to obtain an ”upper-bound” curve for
design purposes. From the variety of specimens of which the zero-bridging
parameters A0 and

√
Gthr,0 can be determined, a set of values follows from

which a mean and standard deviation can be determined assuming that these
zero-bridging values are spread along a normal distribution. By adopting
designing rules for composite structures [48, 42], conservative design val-
ues can be calculated for A0 and

√
Gthr,0 by using their mean value minus

three standard deviations. In this manner, an ”A-basis”-approach [48, 42]
is adopted where the values determined are expected to fall below at least
99% of the population of values with a confidence of 95%. This methodology
is typically used for primary structures in aircraft where the failure of a
component would result in loss of structural integrity [11].

The Paris’ law which is fitted through the variety of fatigue data obtained
from a multitude of experiments according to Equation 2.6 has two fitting
parameters D and n. They may be used along with the obtained values of A0

and
√
Gthr,0 and the appropriate statistical approach [48, 42] to construct

an ”upper-bound” fatigue delamination growth curve. This curve represents
a worst-case for the obtained fatigue data and may be appropriate to use
for designing primary structures in a composite design. A range of values
for both ∆

√
G and Gmax can be constructed with the maximum for Gmax being

equal to A0, above this value quasi-static delamination growth is assumed to
occur. For the minimum bound for ∆

√
G,

√
Gthr,0 can be used, below which now
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delamination growth is assumed to occur. To find the minimum and maximum
bound for Gmax and ∆

√
G respectively, the following equation is used where

R is the stress ratio:

∆G = Gmax · (1−R)2 (2.8)

In Figure 2.17, the resulting upper-bound fatigue delamination growth
curve is presented by Yao et al. [64]. It is shown that the predicted curve
encompasses all experimental data, resulting in a more conservative design
curve than the curve one would get from simply averaging the experimental
data.

The method used for obtaining a design curve which represents the case with
little crack retardation, i.e. zero-bridging, assumes that the constants in
Equation 2.6 are distributed along a Gaussian distribution. This makes it
possible to take the mean value minus either three or two times the standard
deviation to obtain an ”A-basis” or ”B-basis” of the lower-bound respectively.
To support this viewpoint, Jones et al. [31] paraphrase Rouchon and Bos [48],
who state that if sufficient data points exist for the accurate determination
of a true mean value of

√
Gthr,0, the mean value minus two standard deviations

may be used. If there are not sufficient data points, then it should be the
mean value minus three standard deviations of said parameters. Jones does
not comment on the question of when ”sufficient data points” are obtained.
Nor do the authors make a statement on the choice for a Gaussian distribution
as opposed to for instance a Weibull distribution which Rouchon and Bos [48]
also cover in their statistical analysis. This assumption must be emphasized
when considering this method for the exclusion of the fibre bridging effect
from fatigue delamination data.

Figure 2.17: Fatigue experiment results in values of logarithmic da/dN versus logarithmic
∆
√
G and the upper-bound fatigue delamination curve using values of A0 and

√
Gthr,0 with their

mean value minus three standard deviations.



3
Research Scope

As described in Chapter 2, the fibre bridging effect introduces a resistance
against delamination which is assumed to only exist in delamination tests of
UD composite specimens. Mechanical properties of composites are typically
found through experiments with UD specimens. The increase in delamination
resistance does not offer an accurate representation of what happens when in-
service composite structures show delamination, however. Therefore, prior
to using data associated with experiments where the fibre bridging occurs,
it must first be excluded or accounted for.

Multiple methods and techniques [34, 21, 2, 31] with the goal of excluding
the fibre bridging effect from the conventional DCB test are discussed in
Section 2.2. Up until now, these methods have not been compared which each
other in a direct manner. The conservativeness of the different methods could
be different based on the underlying procedure. Furthermore, no conclusive
evidence is present on which of these methods most accurately describes a
zero-bridging delamination case. As a result, there is no agreement on a
standard to obtain Mode I fatigue delamination data of composite specimens
[2] as of the time of writing this report. A better understanding of the
methods [34, 21, 2, 31] for the accounting of fibre bridging is therefore
desired before such a standard on Mode I fatigue delamination propagation
can exist [9].

3.1. Research Questions
Based on the findings of the Literature Study and the subsequently found
research gap, the main research question follows:

”How can the fibre bridging effect be excluded in a suitable manner from
data obtained during the cyclic Mode I loading of UD composite specimens?”

To support the main research question, several subquestions are:

1. Which method for the exclusion of the fibre bridging effect in cyclic
Mode I loading of UD composite laminates is feasible to be integrated
into a standardized framework for describing fatigue delamination growth
in composite specimens?

2. Which method for the exclusion of the fibre bridging effect in cyclic
Mode I loading achieves a ”zero-bridging” fatigue delamination scenario
that is regarded as the most conservative?
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3. Which method for the exclusion of the fibre bridging effect in cyclic
Mode I accurately represents a fatigue delamination scenario in the ab-
sence of the fibre bridging effect?



4
Experimental Methodologies

This chapter contains the experimental procedures which were followed over
the course of the project. It includes a manufacturing plan for the composite
DCB specimens and a discussion of the experimental setups which were used
for providing results.

4.1. Specimen Manufacturing
The goal of the project is to perform fatigue delamination experiments using
the methods described in the literature study of this report. Naturally,
this means that specimens should be manufactured. This section describes
the process of manufacturing specimens that have been shown to produce the
fibre bridging effect in earlier research projects [44, 64].

The material for the specimens came from a roll of a partially cured
polymer matrix with pre-impregnated carbon fibres, i.e. a pre-preg. The
product name of the roll is M30S/DT120, which is produced by Delta-Preg. To
prevent the polymer matrix of the prepreg from curing prematurely when it is
not in use, the roll was kept inside a freezer. The polymer matrix is the
product DT120 which is a high-viscosity thermosetting epoxy resin capable
of being used in a vacuum bag autoclave curing cycle. The unidirectional
carbon fibres inside the roll of pre-preg are oriented in the longest di-
mension of the roll. The M30S carbon fibres are from the brand Torayca and
polyacrylonitrile (PAN) is the precursor for these fibres.

Each of the specimens should have the exact same geometry. The length
L is 200 mm, the width b is 25 mm and the thickness 2h will depend on the
number of prepreg plies used, but this will be in the vicinity of 5 mm. A
large panel was built using the entire width of the roll of prepreg material,
which is 600 mm. Afterwards, specimens were cut to size from this composite
panel. A composite plate with this width allowed for the production of at
least 20 specimens when considering the thickness of a saw blade.

A large aluminium mould was used for the production of the composite panel.
After the mould was thoroughly cleaned, a release agent (Marbocote 227) was
applied to prevent the prepreg material from sticking to the mould after
curing. An initial pre-preg layer was cut to size from the roll and placed
onto the mould. The dimensions of the layers were 600 mm by 250 mm, this
will leave a sufficient margin around the edges.

A debulking process using a vacuum suction table was then applied to ensure
proper adherence of the first ply to the mould. Subsequent pre-preg layers
were then cut to size and were placed onto each other, whilst making sure
to debulk the product every three layers for at least three minutes per layer.
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(a)

(b)

Figure 4.1: The mid-plane of the composite panel shows the location of the PTFE insert and
the product ready for the curing cycle.

After applying 16 layers and arriving at the mid-plane, a length of
non-adhesive polytetrafluoroethylene (PTFE) was applied to one side of the
product as seen in Figure 4.1a and schematically in Figure 4.2. The PTFE
insert creates a starter crack on one side of the specimen. The PTFE insert
was placed so that once the specimen was cut out of the panel, the insert
would reach up to 50 mm inside the mid-plane of the specimen. Since there
was 25 mm of excess material around the edge of the panel, the PTFE insert
was placed 75 mm away from the top of the panel.

After the PTFE insert was placed uniformly across the length of the
composite panel the remaining prepreg plies were laid up until a total of 32
plies was reached. A release film was put on top of the prepreg material to
prevent it from sticking to the peel ply which was then positioned over the
release film. A large breather film was placed onto the whole and a vacuum
bag was stuck to the mould using sealant tape. The vacuum bag contained a
hole through which a vacuum connector was installed. The product was then
checked for any leaks by pulling a vacuum through the connector using a pump,
any leaks were shown by loss of pressure over time.
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Figure 4.2: Schematic for the manufacturing of the prepreg specimens.

After a vacuum inspection was done to ensure no leaks were present, the
panel was placed into the autoclave for the curing of the resin. The supplier
of the resin material specified the curing cycle parameters. While multiple
curing cycles were possible for this particular epoxy resin, the recommended
cure cycle was followed. A curing temperature of 120 ◦C was maintained inside
the autoclave for 90 minutes. The initial heating ramp rate was 3 ◦C/min
starting from room temperature and up to the curing temperature of 120 ◦C.
During the entire process, a vacuum was applied to the bagged product, and
an additional 6 bars of curing pressure was applied inside the autoclave.
The temperature and pressure of the curing cycle were given in Figures 4.3a
and 4.3b.

To transform the cured composite panel into usable specimens, the speci-
mens were cut with a Proth cutting machine. From one single composite panel,
twenty specimens were collected. Aluminium tabs were bonded to the composite
specimens to make them quickly attachable to the DCB testing machine. The
surfaces of the specimens where the tabs were to be bonded and the alu-
minium tabs themselves were sanded and subsequently bonded together using 3M
Scotch-Weld epoxy adhesive EC-2216 B/A. A two-piece Teflon mould was used
for ensuring proper alignment of the tabs to the specimens, see Figure 4.4.
After 24 hours of curing, the adhesive bond between the aluminium tabs and
the specimen was strong enough for subsequent testing in the testing machine.
ISO 15024 [55] stated that either load blocks or piano hinges should be used
for introducing load into the specimen. The setup in this study used piano
hinges. The specimens were labelled and catalogued using a unique name for
each individual specimen.
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(a)

(b)

Figure 4.3: The curing temperature and pressure inside of the autoclave during the curing
cycle.
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Figure 4.4: Using a Teflon mould for precise alignment, the aluminium tabs were bonded to the
composite specimens.

In order to track the delamination length during experiments, a long side
of each specimen is polished using fine sandpaper and lightly coated with a
water-based, brittle white fluid. Regular correction fluid was used in this
case. A very narrow strip of grid paper with a precision of 1 mm is glued
onto the side at either the top or bottom of the specimen. The grid paper
should not cover the mid-plane of the specimen so as not to obstruct the
view of the crack tip. The centimetre intervals are marked on the whitened
surface of the side of the specimens, to make crack length determination
easy. A finished specimen, which is seen in Figure 4.5, is now ready to be
used in the fatigue test machine, with the DCB setup.

To track delamination length during experiments, one side of each specimen
was polished, coated with correction fluid, and a narrow strip of 1mm grid
paper was attached. The grid paper was positioned to avoid obstructing the
delamination plane. Centimetre intervals were marked on the whitened surface
for crack length determination. The prepared specimens were then ready for
use in the fatigue test machine with the DCB setup (see Figure 4.5).

Figure 4.5: Ready composite specimen for DCB fatigue delamination experiment.

4.2. Experimental Setup
The double cantilevered beam (DCB) test is used in all the fibre exclusion
methods mentioned in the literature study. This setup is typically used to
evaluate the interlaminar fracture toughness of composite materials. The
fatigue load is applied perpendicular to the largest surface of the composite
specimens at the location of the bonded aluminium tabs. The applied load
causes the crack to propagate through the specimen.
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For Mode I fatigue loading, the Delft Aerospace Structures and Materials
Laboratory (DASML) has several machines available. The fatigue machine used
in the present thesis project is an MTS Landmark 100 kN machine. Due to
inertial limitation at high (>5 mm) displacements, the testing frequency is
limited to 2 Hz for all fatigue experiments using this machine. The selected
stress ratio R for all experiments is equal to 0.1.

The displacement values needed for data analysis of the fatigue data
are obtained through an internal linear variable differential transformer
(LVDT). This electrical transformer is able to accurately measure the linear
displacement and position of the piston onto which the specimen is attached.
The load associated with a given displacement is measured using a 1 kN load
cell which is mounted onto the fatigue machine. This load cell is more
accurate at lower load values (< 200 N) than the internal load cell of the
100 kN fatigue rig which has a much broader range and therefore a higher
resolution.

Naturally, the delamination length or crack length is essential in data
acquisition of fatigue testing. To accurately record this variable, a camera
is used which can record the crack length at any given point during the fatigue
cycle. The software which actuates the fatigue machine can also send a signal
to the camera, triggering an image capture. The picture is saved onto a PC.
To ensure proper lighting, an LED lamp is used. The entire setup with its
components labelled is shown in Figure 4.6.

Figure 4.6: An overview of the DCB setup used for the fatigue tests:
1 - DCB specimen

2 - Loadcell (1 kN)
3 - Camera

4 - LED light
5 - Computer for storing images
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Method I: Cutting Bridging Fibres
One of the methods for the exclusion of the fibre bridging effects involves
the physical removal of bridging fibres whilst the composite specimen is
still attached to the fatigue machine. The method, which is described in
detail in relevant literature [34], makes use of a small glass fibre tow
which is clamped in a jig saw frame. During the present research project, a
similar setup is used. However, instead of a glass fibre tow, a wire made of
stainless spring steel is used which has the same diameter as the glass fibre
tow used in the paper [34], i.e. 0.1 mm. This type of wire provided similar
results as in the literature, and its effect on removing fibre bridging is
also nearly identical. In order to improve the cutting capabilities of the
wire, it is carefully abraded using 120-grit sandpaper to slightly roughen
the surface. Figure 4.7 shows the configuration in which the cutting of
bridging fibres takes place. The composite specimen is held open at the
maximum displacement during the cutting procedure to make it easier to reach
as close to the delamination tip as possible. The fibres are removed by a
sawing motion and putting light pressure in the direction of the crack tip.

Figure 4.7: The procedure for removing the bridging fibres through a cutting method.

The findings of this method will indicate that the complete removal of
all bridging fibres using the steel wire and jig saw frame is not possible.
The steel wire has a limited reach of up to 5 mm behind the delamination
tip. Following the methodology outlined in Khan’s study [34], the load of
the specimen is recorded both before and after the removal of bridging fi-
bres. Additionally, the delamination length and cutting thread position is
captured using the camera. Through the utilization of a power law fitting,
the position of the cutting thread, and the delamination length, it becomes
possible to extrapolate the load associated with the hypothetical scenario
where all bridging fibres are successfully cut, see Equation 4.1.

Figure 4.8 presents the post-cut load and cutting thread position obtained
from a fatigue test conducted on specimen ”Vac17”. The power law exponent
m, determined through curve fitting, enables the extrapolation of the load
for the hypothetical scenario where all bridging fibres have been cut. This
load is required for calculating the fatigue loading parameter ∆

√
G, which,

in turn, can be utilized to construct a ”zero-bridging” fatigue delamination
resistance curve. The equation for extrapolating the theoretical ”zero-
bridging” load Pa in a composite specimen, as described by Khan et al. [34],
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is given by:

Pa = Pac

(
a

ac

)m

(4.1)

Here, Pac represents the load measured after cutting the bridging fibres,
ac is the position of the cutting thread, a denotes the total delamination
length and m corresponds to the exponent of the power-law fitting obtained
from Figure 4.8.

Figure 4.8: Load on the composite specimen versus the cutting thread position for specimen
”Vac17”.



4.2. Experimental Setup 35

Method II: Constant-∆
√
G

The next method employed in this study for excluding the fibre bridging
effect in composite specimens involves maintaining a constant similitude
parameter ∆

√
G throughout the fatigue test. This technique is described in

the relevant literature and is covered in the Literature Study (page 14).
However, in contrast to the approach described in the literature, a differ-
ent similitude parameter is utilized in the experiments conducted in this
thesis. Specifically, the aim is to maintain ∆

√
G =

(√
Gmax −

√
Gmin

)2 constant,
as opposed to solely Gmax as described in the literature [21].

As previously mentioned, each composite DCB specimen undergoes testing with
a selected ∆

√
G value. This involves using a force-controlled actuation of

the fatigue machine, where the input loads are actively being altered to
fit the desired ∆

√
G value. This requires implementing a feedback loop

for determining the load, based on the measure compliance of the composite
specimen. As the fatigue test progresses, the compliance of the specimen
changes at the same applied load due to the growth of the delamination and
the fibre bridging effect. The fatigue has to be initiated at a certain
load, which also requires an input value of specimen compliance. To measure
the initial compliance of the composite specimen, a step is added prior to
fatigue loading. A load of 50 N is statically applied and the corresponding
displacement is used for calculating the initial specimen compliance. At
this load of 50 N, no delamination growth is yet to occur. To maintain a
constant ∆

√
G, the applied load is modified every 20 cycles, with the target

load determined using the following equation:

PPeak =

√
2α1(2h)B2Gmax

3(BC)2/3
(4.2)

Here, α1 represents a curve fitting parameter determined using Equation 5.1.
This value of α1 is specific to the experiment and should be determined during
the post-test analysis. However, during the test, a value is also needed
to be able to use Equation 4.2. A quasi-static test was used to produce
a value of α1, which is then used during the fatigue experiments with the
constant-∆

√
G method. This quasi-static α1 differs from the fatigue α1. This

means that the selected value of ∆
√
G will actually not be precisely followed

due to the difference between the quasi-static and fatigue α1. The post-test
analysis will therefore require the determination of the true ∆

√
G.

Additionally, 2h and B denote the thickness and width of the specimen,
respectively. The fatigue experiment is concluded when the saturation of
the fibre bridging effect occurs. This happens at a delamination length of
about 15 mm, the specimen compliance remains constant after this point. A
simplified overview of the feedback loop which is implemented in this method
can be found in Figure 4.9.
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Figure 4.9: Flowchart displaying the feedback loop for the Constant-∆
√
G fatigue experiments.
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Method III and IV: Specimen Specific Extrapolation and Hartman-
Schijve Equation
The fatigue data which will be used in the fibre bridging exclusion methods
proposed by Alderliesten [2] (Method III) and Yao et al. [64] (Method IV)
comes from the same specimen which was tested in a displacement-controlled
configuration. Multiple fatigue experiments are performed on a single spec-
imen in order to generate multiple fatigue delamination resistance curves.
Alderliesten and Brunner [3] give a test protocol on fatigue delamination
experiments on composite specimens.

The displacement-controlled tests are performed where the input of the
maximum displacement is equal to about 80-90 % of the ultimate displacement
for static delamination δmax. The minimum displacement δmin is calculated
based on the displacement ratio Rd = δmin/δmax. At the start of the experiment
the stress ratio R can be assumed to be equal to Rd, however, the minimum
displacement δmin might have to be altered to better follow the desired
stress ratio R. To track the delamination length, an image is taken of the
delamination tip location is taken with a selected interval. The recommended
interval is every 100 cycles for the first 5000 cycles, then every 500 cycles
for the following 15000 cycles, followed by an image every 1000 cycles until
the test is terminated. The loads and corresponding SERR values will decrease
as the delamination grows through the specimen. The fatigue experiment is
continued until a crack growth rate da/dN of 10E-5 mm/cycle is reached. The
maximum and minimum load, maximum and minimum displacement and cycle number
are stored for each interval cycle. These values are used for calculating
the SERR values.
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4.3. Overview of Experiments
In this section, an overview is given of the experiments which were performed
in this research. Table 4.1 shows the different fibre exclusion methods and
which specimens are used to obtain the fatigue resistance curves where
the fibre bridging effect is excluded. The cutting bridging fibres (CBF)
and constant-∆

√
G (C-∆

√
G) methods were used with respect to fatigue data

obtained by testing specimens which were made during this thesis project. The
fatigue data used for the specimen-specific extrapolation method (SSE) and
the Hartman-Schijve (HS) equation method was gathered from the experiments
conducted by Yao [63, 61, 62, 60], as per the testing protocol by Alderliesten
and Brunner [3]. Due to the limited availability of the fatigue testing
machines at the DASML, the choice was made to use Yao’s data as a substitute.
Importantly, the specimens used in Yao’s experiments are identical to the
ones made in this thesis in terms of pre-preg material, dimensions and fibre
orientations.

Table 4.1: An overview of the experiments done over the course of the present research,
including the data obtained from Yao [63, 61, 62, 60].

FB Exclusion
Method

Specimen ID Freq-
uency [Hz]

Stress
Ratio [-]

Displacement-/
force-actuated

I (CBF) Vac17 (5.3 mm) 2 0.1 Displacement
I (CBF) Vac17 (61.5 mm) 2 0.1 Displacement

II (C-∆
√
G) Vac15 (∆

√
G = 100.0) 2 0.1 Force

II (C-∆
√
G) Vac7 (∆

√
G = 114.2) 2 0.1 Force

II (C-∆
√
G) Vac9 (∆

√
G = 128.5) 2 0.1 Force

II (C-∆
√
G) Vac10 (∆

√
G = 142.8) 2 0.1 Force

II (C-∆
√
G) Vac12 (∆

√
G = 157.1) 2 0.1 Force

II (C-∆
√
G) Vac5 (∆

√
G = 171.3) 2 0.1 Force

II (C-∆
√
G) Vac8 (∆

√
G = 185.6) 2 0.1 Force

III (SSE) Yao-Sp7-1 (3.1 mm) 5 0.1 Displacement
III (SSE) Yao-Sp7-2 (15.1 mm) 5 0.1 Displacement
III (SSE) Yao-Sp7-3 (28.0 mm) 5 0.1 Displacement
III (SSE) Yao-Sp7-4 (40.2 mm) 5 0.1 Displacement
III (SSE) Yao-Sp7-5 (53.7 mm) 5 0.1 Displacement
III (SSE) Yao-Sp7-6 (68.3 mm) 5 0.1 Displacement

IV (HS) Yao-Spec7-1 (3.1 mm) 5 0.1 Displacement
IV (HS) Yao-Spec7-2 (15.1 mm) 5 0.1 Displacement
IV (HS) Yao-Spec7-3 (28.0 mm) 5 0.1 Displacement
IV (HS) Yao-Spec7-4 (40.2 mm) 5 0.1 Displacement
IV (HS) Yao-Spec7-5 (53.7 mm) 5 0.1 Displacement



5
Data Analysis

The data obtained in the experimental campaign of the present project has to
be analyzed before the research question can be answered. The goal of the
data analysis is to consistently represent the fatigue data. To this end,
the variables which are to be calculated are done so in a similar manner.
Thus, the comparative nature of this experimental study can be ascertained.

5.1. Compliance and Delamination Length
The delamination length or crack length a is determined through images
captured during the fatigue testing. The testing software makes it possible
to send a pulse to the camera, triggering a snapshot which is subsequently
saved. The delamination length a can be visually determined from these
pictures using an imaging software called ImageJ. Since many images were
gathered over the course of the fatigue testing, a less time-consuming
method was used to gather the delamination length values for the recorded
images.
The relationship between the specimen compliance C and the delamination
length a can be approximately expressed in the following form:

a

2h
= α0 + α1(BC)1/3 (5.1)

where 2h is the specimen thickness, B the specimen width, C the specimen
compliance, and α0 and α1 are fitting coefficients. The specimen compliance
is defined as the displacement divided by the load.

This relationship follows from the analysis of a cantilevered beam and the
deflection associated with an applied load on the very end of such a beam.
In essence, the double cantilevered beam (DCB) test consists of two such
elementary beam structures. The length of the beam, which can be considered
equal to the delamination length a is then a function of the cubed root of
the inverse stiffness, i.e. the compliance: a = f(C1/3).

Because the compliance can be found from the measurements of the 1 kN
load cell and the displacement sensor in the fatigue machine, the fitting
coefficients α0 and α1 can be determined if there are sufficient delamina-
tion length data points. Considering that there can be a large number of
images to determine the crack length a from, it can be time efficient if
these crack lengths are determined based on a fitted line using Equation
5.1 instead of determining all instances of a manually. Therefore, a small
subset of images is chosen to establish the fitting coefficients α0 and
α1. For every 0.5 mm of crack length extension, an image is chosen. In
this manner, a delamination length a can be calculated using the established

39



5.1. Compliance and Delamination Length 40

fitting coefficients and Equation 5.1. The validity of this method of deter-
mining the delamination length based on specimen compliance is examined next.

To test the validity of determining crack length based on the measured
compliance of the specimen, there are multiple points to take into account.
Firstly, the assumption that the relationship between the crack length and
the compliance is linear can be examined. As mentioned, Equation 5.1 is
based on classical beam theory which does not assume the presence of the
fibre bridging effect. Therefore, the manually determined crack length data
can be plotted together with the corresponding specimen displacement. If a
resulting linearly fitted line does not deviate much from the data points then
it is possible to conclude that the fibre bridging effect has a negligible
effect on the nature of Equation 5.1 over the course of a single fatigue test.

The second point of interest is understanding the specimen specificity of
the aforementioned relationship between crack length and compliance. If the
two fitting parameters α0 and α1 are not varying considerably per specimen
then this would result in less work for determining the crack length for
each obtained data point. Because specimens are made from a single composite
panel, see Section 4.1, the initial hypothesis is that the fitting parameters
will not vary between specimen to specimen.

Lastly, one might consider the effect of fibre bridging on the linearity
of Equation 5.1 at different crack lengths. For instance, it is understood
from the literature that the fibre bridging effect becomes more noticeable
at larger delamination lengths. Thus, using a linear line fitting which
is gathered using data with a pre-crack length of 50 mm and extrapolating
crack length data for a fatigue test with a pre-crack length of 85 mm might
be an invalid approach. This hypothesis is tested to display the effect of
large-scale fibre bridging on the linearity of Equation 5.1.

Considering the first point of attention, a scatter plot is presented
in Figure 5.1 for specimen ”Vac5” which was used in a constant-∆

√
G test.

About 50 data points are given, which amount to a total crack extension of
about 25 mm. This means that after about 0.5 mm the crack length is noted
down. Because the crack growth rate decreases as the fatigue tests proceed,
more data points are gathered at the beginning stages of the test. Linearly
fitting a line through the data points gives an acceptable coefficient of
determination (R2 = 0.996). This means that the linearity of Equation 5.1
is verified and the fitting parameters might be used for determining the
crack length for points where the compliance is known through automatic data
acquisition.
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Figure 5.1: Linear fit of the compliance and the crack length for specimen ”Vac5”.

Determining the crack length based on the measured compliance is therefore
a method which could yield time gained by not having to manually determine
crack lengths from various images. This provides the opportunity to use
more data points in the construction of a Paris-type power law for fatigue
experiments which can eliminate scatter due to having a limited amount of
data points. However, considering the second point mentioned above about
the relationship of Equation 5.1 being specimen-specific, the following plot
is presented. In Figure 5.2 the fitted line of specimen Vac5 (red line in
Figure 5.1) is presented along with data points for specimen ”Vac10”. The
data points of ”Vac10” seem to be in accordance with the fitted line of
”Vac5”. It should be noted here that both tests on these specimens were
started with the same initial crack length. However, it can be concluded
that there is not a strict specimen-specificity of Equation 5.1 for specimens
which are made from the same composite panel.
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Figure 5.2: Crack length data points of Vac10 compared to the fitted line for ”Vac5”.

The effect of large-scale fibre bridging on the linearity of the compli-
ance and crack length relationship still remains to be investigated. It is
understood that for fatigue tests with different composite specimens, the
crack lengths can be determined using a fitting of Equation 5.1 under the
condition that these specimens share the same initial crack length, this
method is also applied in this study. For testing procedures where multiple
fatigue runs are conducted on a single specimen, it would also be beneficial
to use the same method for obtaining crack lengths. Figure 5.3 shows how
manually gathered crack length data (blue points) differs from the extrapo-
lated linear fit for a smaller initial delamination length and that there is
an unsatisfactory coefficient of determination between the extrapolated fit
and the data of a different initial delamination length. It can be concluded
that large-scale fibre bridging severely affects the linearity of Equation
5.1 over different initial crack lengths. Thus, one must not use a fit made
for a certain crack length range and extrapolate it to crack lengths outside
of this region, as it will likely provide inaccurate crack length values.
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Figure 5.3: Comparison of relationships between crack length and compliance for two different
initial crack lengths for specimen ”NoVac8”.
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5.2. Crack Growth Rate
The rate at which delamination grows through a composite specimen during a
fatigue test is called the crack growth rate, da/dN. The crack growth rate
represents the length of delamination propagation in a single fatigue cycle.
For accurately determining the crack growth rate da/dN at any given point
during a fatigue test, multiple methods can be used.

5.2.1. Incremental Polynomial Method
The standard for the measurement of fatigue crack growth rates (ASTM E647)
describes an incremental polynomial method through which da/dN may be calcu-
lated. It involves the fitting of a second-order polynomial through a set
of successive data points. This set consists of 2n + 1 consecutive data
points of a delamination length a vs fatigue cycle N curve. This method of
determining the crack growth rates is not able to describe the delamination
rates for the first and last n data points and therefore the da/dN values
for these points should be calculated using lower values of n. Figure 5.4
visually shows how the first and last sets of data points can be used for
determining their corresponding crack growth rates. The ASTM E647 takes a
maximum of seven points at a time to calculate the value of da/dN. This
implies that n = 3 for most data points, the 7-point-method in Figure 5.4.

Figure 5.4: Schematic for a conventional a vs N-curve for the determination of the
delamination growth rate, da/dN.

Regression parameters can be determined using a least square approach
which minimizes the square of the deviation between the observed and fitted
values of the delamination length a.

The fitted second-order polynomial which is used for determining da/dN
has the following function:

âi = b0 + b1

(
Ni − C1

C2

)
+ b2

(
Ni − C1

C2

)2

(5.2)

where b0, b1 and b2 are the regression parameters from the least squares



5.2. Crack Growth Rate 45

method over the range of ai−n ≤ a ≤ ai+n. The parameters C1 = 1/2 (Ni−n +Ni+n) and
C2 = 1/2 (Ni+n −Ni−n) are scaling parameters for the input data. The rate of
crack growth at Ni is obtained by taking the derivative of the second-order
polynomial (parabola) of Equation 5.2:

(da/dN)âi = (b1) / (C2) + 2b2 (Ni − C1) /C
2
2 (5.3)

5.2.2. Higher Order Polynomial Method
For experiments where a high number of data points is available for the
crack length the method described above yields growth rate values with a
high degree of scatter. For certain experiments, a compliance value was
stored after every 20 fatigue cycles, which results in a large number of
crack length values, calculated through the method described in Section 5.1.
This data can get noisy, as shown in Figure 5.5. Applying the Incremental
Polynomial Method to this noisy data gives unreliable results for the crack
growth rate values with a large amount of scatter.

Figure 5.5: Noise in the delamination length data of Specimen ”Vac5”.

The undesirable scatter in the delamination length data can be countered
with a variety of techniques. A choice could be made to include fewer data
points and take a delamination length value every 500 fatigue cycles instead
of 20 fatigue cycles. However, this would mean that a lot of valuable data
points would be lost and for that reason, this approach was not taken. An-
other way of removing the noise from the data is to take a larger number
of points over which a parabola is fitted with the Incremental Polynomial
Method. The choice of taking n = 3 is quite arbitrary and one could choose
to take a much higher number. Although this approach gives reasonable values
for the crack growth rate, da/dN, it does take a lot of computational time
to fit a parabola over a larger set of data points for each data point.

An approach for computing crack growth rate values from noisy data is to
filter the data prior to analysis, which is computationally more feasible.
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MATLAB provides the ”smoothdata” function to reduce noise in data. A sliding
window with a length of ten data points can be used to calculate a median
value. The resulting delamination length data set is less noisy, enabling
the fitting of a high-order polynomial (n > 50) to obtain a continuous curve
in the a vs N figure. The derivative of this curve can be calculated to
obtain the crack growth rate da/dN as a function of the fatigue cycle N.
Figure 5.5 displays the filtered data. This method of filtering the noisy
data prior to fitting a higher-order polynomial is used in the determination
of the crack growth rates, da/dN, in this study.
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5.3. Strain Energy Release Rate
To construct a fatigue delamination resistance curve for the experiments in
this research, an expression for the strain energy release rate (SERR) is
required. ASTM D5528 [5] recommends calculating the SERR using the modified
compliance calibration (MCC) method, given by the following expression:

GI =
3

2(2h)
·
(
P

B

)2

· (BC)2/3

α1
· F (5.4)

where GI is the SERR for a Mode I (opening tensile) configuration, α1 is
given in Equation 5.1, P and B are the applied load and specimen width, re-
spectively and F is a large-displacement correction factor (described below).
The maximum and minimum SERR, Gmax and Gmin are calculated by substituting
the maximum and minimum load into Equation 5.4.

A large-displacement correction factor F is to be applied to all the
SERR calculations done during the data analysis. According to ISO 15024
[55], the factor F will contribute significantly when the quotient of the
displacement and delamination length is larger than 0.4, i.e. δ/a > 0,4. The
large-displacement correction factor F is expressed as:

F = 1− 3

10

(
δ

(a− aspec)

)2

− 2

3

(
δl1

(a− aspec)2

)
(5.5)

where l1 is defined as the distance from the piano hinge axis to the midplane
of the DCB specimen. In this case, aspec is defined as the horizontal dis-
tance between the piano hinge axis and the short edge of the DCB specimen
at the side of the piano hinge. These two values are equal for all the
specimens used in this study and are equal to 10 mm and 21 mm for l1 and aspec
respectively. This typically leads to a negligible change (< 0.5%) in the
calculated SERR value. Xu et al. [58] showed that the large-displacement
correction factor F tends to be inaccurate for large deformations. However,
the present research did not utilise the proposed re-formulation of the
factor F as large deformations were not encountered during the delamination
experiments in this work.

For characterizing delamination growth in composite specimens a number
of similitude parameters may be chosen. To analyze growth behaviour under
cyclic loading, Rans et al. [47] showed that using the SERR range defined
as ∆G = Gmax −Gmin introduces a mean load dependency. Instead, the authors
propose to use ∆

√
G =

(√
Gmax −

√
Gmin

)2 as a similitude parameter in composite
delamination growth characterization. Therefore, in the subsequent data
analysis and resulting plots showing the fatigue delamination resistance
curve this expression of the SERR range will be maintained.



6
Results & Discussion

This chapter presents the experimental findings of the current research,
which focuses on the methods for excluding the fibre bridging effect and the
influence it has on fatigue data. Each section of the current chapter is
dedicated to a specific method for excluding this phenomenon. The methods
have been introduced individually in Section 2.2. In the last section of
this chapter, the results of the methods are compared in order to answer the
posed research questions from Chapter 3.

6.1. Method I: Cutting Bridging Fibres
This section presents the findings of the method proposed by Khan [34] for
mitigating the impact of the fibre bridging effect. The method aims to
exclude the influence of bridging fibres on fatigue delamination resistance
curves by physically cutting the bridging fibres while a composite specimen
is positioned in the fatigue machine. To this end, a steel wire is securely
clamped in a jig saw frame, allowing the cutting of bridged fibres trailing
the delamination tip when the fatigue test is temporarily paused. Figure
6.1 illustrates the effectiveness of this method in removing a significant
number of bridging fibres trailing with the delamination tip.

48
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(a)

(b)

Figure 6.1: A composite DCB (Double Cantilever Beam) specimen, where the upper image (a) is
taken before cutting the bridging fibres and the lower image (b) is taken after cutting the

bridging fibres.

Two fatigue delamination experiments were performed on a single specimen,
named ”Vac17”, using the cutting method introduced by Khan et al. [34].
Whilst one test was started at a higher pre-crack delamination length, close
to a− a0 = 61.5 mm, the other one was done at a lower pre-crack delamination
length of 5.3 mm. The reason for doing this was to investigate if the result-
ing ”zero-bridging” fatigue delamination curve of the two different tests
showed accordance with each other as expected. If this is the case, then
both fatigue data points where the fibre bridging effect is excluded could be
used to construct a single fatigue delamination resistance curve. Figure 6.2
shows the load measured on the specimen after removing the bridging fibres
plotted against the position of the cutting thread. As per the method [34],
by fitting a power law to this dataset, the exponent m can be determined.

Equation 4.1 is used to extrapolate and obtain the load in the absence of
the fibre bridging effect. In Figure 6.3 the loads on the specimens before
and after cutting the bridging fibres as well as the extrapolated load for the
zero-bridging case are plotted as a function of the delamination length for
both delamination experiments. It is observed that there is a considerable
difference between the pre/post-cutting loads and the ”zero-bridging” load.
The shortcoming of the cutting method is that the cutting thread does not
fully reach the delamination tip and trails it by around 5 mm. Khan et al.
[34] find a similar distance between the delamination tip and the cutting
thread of 3 to 5 mm. In this short region, however, the contribution of
the fibre bridging effect seems to be the largest. Inspecting this region
visually, the density of bridging fibres is determined to be of a high nature.
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Figure 6.2: Loads on the specimen as a function of the cutting thread position for specimens
”Vac17”, for obtaining the power law exponent m.

Figure 6.3: Loads on the specimens as a function of the delamination length for specimen
”Vac17”.

To obtain a ”zero-bridging” delamination resistance curve the correspond-
ing values for the maximum and minimum SERR may be found by using Equation
5.4. The SERR range, ∆

√
G =

(√
Gmax −

√
Gmin

)2, is calculated. The method for
finding the crack growth rate da/dN is described in Chapter 5.2.2. Figure
6.4 shows two fatigue delamination resistance curves. The right curve shows
the values of ∆

√
G when the load measured after cutting the fibres is used as

an input and the left curve uses the ”zero-bridging” load values which were
extrapolated. As expected, this yields a more conservative fatigue R-curve
as the ”zero-bridging” loads are lower and the corresponding SERR values are
lower too.
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Figure 6.4: Delamination resistance curve for the fibre cutting method by Khan [34]. Data
points for both the extrapolated, zero-bridging case and the non-extrapolated data points.

Cutting bridging fibres during the fatigue delamination experiments seems
to be a method which is able to produce a fatigue R-curve where the delam-
ination resistance contribution due to fibre bridging is excluded. Figure
6.4 not only shows the Paris-type power law for the ”zero-bridging” case but
also the individual fatigue data points which are used to construct this
relationship. As mentioned before, the fatigue data points originated from
two fatigue delamination experiments on the same composite specimen with dif-
ferent pre-crack delamination lengths. In Figure 6.5, the ”zero-bridging”
fatigue delamination resistance curve of Figure 6.4 is repeated but the data
points are separated based on the two experiments. Instead of one Paris-type
power law for the two experiments together, each test now has an individual
power law fitting. The accordance between the two fitting functions sug-
gests the possibility to use data from multiple fatigue experiments done on
the same composite specimen with the intent of creating a ”zero-bridging”
fatigue delamination resistance curve. Performing multiple fibre-cutting
experiments on the same specimen would also increase the size of the data
set from which a single ”zero-bridging” Paris-type power law could be made.
This way the variance of the data set could be reduced, resulting in a more
effective ”zero-bridging” depiction.
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Figure 6.5: Two ”zero-bridging” fatigue delamination resistance curves constructed for two
fatigue tests done at different pre-crack delamination lengths.

The considerable scatter in the results associated with the fibre cutting
method makes this method less suitable for standardized use. Developing this
method to contain the spread of ”zero-bridging” fatigue data points might
be of interest to further investigate how this method compares to the other
fibre bridging exclusion methods. In particular, the paper [34] describing
this exclusion method leaves too much room for operator scatter because the
fibre cutting protocol is not accurately described. This is essential and
should be considered before this method can be used in a standardized testing
protocol. Measures to contain the scatter associated with this method could
be in the form of determining the horizontal load associated with the fibre
cutting procedure. Applying too much force whilst performing the fibre cut-
ting could induce unintended delamination propagation. Moreover, it might
be beneficial to use a more accurate load-measuring device as compared to
the 1 kN load cell used in this research. The difference in the pre-and
post-cutting load was too small to be accurately determined using the mea-
surement equipment used in this thesis.
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6.2. Method II: Constant-∆
√
G

Next, the results of the fibre exclusion method where the similitude parameter
∆
√
G is kept constant throughout the fatigue test, are presented. The

required alterations to the traditional, displacement-controlled fatigue
tests are described in Section 4.2. This exclusion method involves a feedback
loop where the applied load on the composite specimen is a function of the
measured specimen compliance during the fatigue test. Figure 6.6 illustrates
the outcomes of a fatigue experiment carried out with a corresponding value
of ∆

√
G = 171.3 N/m. Due to the difference in the value of the quasi-static

α1 and fatigue α1 in Equation 4.2, the true value of ∆
√
G (= 171.3 N/m)

differs from the selected value ∆
√
G (= 300 N/m).

Figure 6.6: The delamination length and the delamination growth rate as a function of the
fatigue cycle of a specimen used in a constant-∆

√
G experiment.

In Figure 6.6, the upper plot demonstrates how the delamination length
changes as the fatigue test progresses. The crack-shielding characteristic
of composite specimens with fibre bridging can be observed, as the crack
growth rate declines and eventually becomes almost constant. The decrease
in the rate at which the delamination length changes is attributed to the
creation of bridging fibres at the mid-plane of the composite specimens.
Initially, only new bridging fibres form due to crack opening, but after
roughly 15 mm, the steady-state of fibre bridging is observed. This steady
state is also observed by Donough et al. [15] and Sato et al. [51].

The objective of this fibre bridging exclusion method is to determine a
value for the crack growth rate where no fibre bridging is apparent. In
the lower plot of Figure 6.6, the crack growth rate da/dN is displayed as a
function of the fatigue cycle number N. The crack growth rate is computed by
acquiring the derivative function of the line in the upper plot, according to
the method described in Section 5.2.2. Several observations can be made upon
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examination of the resulting crack growth rate and comparison to findings in
comparable research.

The function shape in the present study exhibits similarities with the
results of two previous studies [21, 15], as depicted in Figure 2.9. Ini-
tially, the crack growth rate increases until a maximum value is reached,
followed by a linear decrease until the steady state for bridging fibre
formation is reached. As in the previous studies [21, 15], the zero-bridging
case, representing the absence of nucleated bridging fibres at the start of
the fatigue test (N = 0), can be determined by linearly extrapolating the
region with constant decrease and finding the point where the extrapolated
line intersects the y-axis. The black pentagram in Figure 6.6 represents the
zero-bridging crack growth rate value, which coincides with the extension
of the blue dashed line, the linear fit of the light blue data points in the
region of interest.

To construct a delamination resistance (R-curve) using this method, multi-
ple tests were performed with different specimens, all tested at a selected
value of ∆

√
G. However, it is crucial to ensure that the specimens have not

yet shown saturation of the fibre bridging effect. If saturation of fibre
bridging is achieved, for instance at N > 3000 cycles in Figure 6.6, then it
will not be possible to perform the linear extrapolation to a ”zero-bridging”
value of the crack growth rate. A slight propagation of the delamination
is still allowable, as this will only conceal the initial increase of the
crack growth rate. Thus, in this method, specimens without fibre bridging
saturation are used where the delamination is solely caused by the PTFE
insert at the mid-plane and not as a result of delamination growth during
experiments.

Figure 6.7 displays a ”zero-bridging” delamination resistance curve con-
structed using the constant-∆

√
G method. This curve was generated using data

from fatigue tests on seven different composite specimens, each with a unique
value for ∆

√
G. The black pentagrams on the curve indicate the zero-bridging

crack growth rate values, which represent the crack growth rates at which no
bridging fibres are present. The light blue data points represent the crack
growth rates measured for each individual composite specimen.

To establish a Paris’ law for the zero-bridging case, a power law was
fitted through the pentagrams. The resulting relationship is shown in Figure
6.7, along with the relevant fitting parameters D and n. This power law
relationship can be used to predict the delamination growth rate at a given
SERR value, provided that no bridging fibres are present:

da

dN
= D(∆

√
G)n = D

[(√
Gmax −

√
Gmin

)2
]n

(6.1)
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Figure 6.7: Relationship between rack growth rate da/dN and ∆
√
G, a delamination resistance

curve.

The obtained Paris-type power law curve describes a typical delamination
resistance curve for this type of composite specimen. The expected value of
the exponent n was around 6, based on earlier research found in literature
[2] with similar material. Remarkably, the crack growth rate da/dN for the
composite specimen tested at the lowest fatigue loading (∆

√
G = 100 N/m)

does not yet show any signs of a fatigue threshold where slow crack growth is
observed. Therefore, it cannot yet be assumed that a slow crack growth regime
of a delamination resistance curve was reached. Conversely, the crack growth
rate for the zero-bridging case with this particular SERR value seems to be
higher than that of the higher neighbouring fatigue loading which is not
expected. For a better understanding of the behaviour of the delamination
resistance in the slow growth regime, more fatigue tests may be executed
with a denser range of ∆

√
G values to be kept constant. These slow-growth

tests will naturally take up more time, which is the leading reason why they
have not been considered in the present study. Overall, the fitted power
law through the seven data points has a high coefficient of determination,
i.e. R2 ≈ 0.966.
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6.3. Method III: Specimen Specific Extrapolation
In this section, the methodology proposed by Alderliesten [2] to exclude the
influence of the fibre bridging effect is applied and the results are pre-
sented. As highlighted in the Literature Study (see page 17), this approach
involves extrapolating a fitted surface equation to approach a zero pre-crack
delamination length. It emphasizes considering fatigue data solely related
to a specific composite specimen. Employing this technique, the fatigue data
from a single specimen utilized in the studies conducted by Yao et al. [63,
61, 62, 60] is analyzed. The fatigue delamination resistance curve obtained
after eliminating the fibre bridging effect is presented in this section.

Six consecutive fatigue delamination resistance curves are generated and
analyzed from a single composite specimen taken from the available fatigue
data of Yao et al. [63, 61, 62, 60], referred to as ”Spec7”. By fitting a
Paris-type power law through each of the curves and translating the corre-
sponding SERR values along the slope of the power law to a value of da/dNT =
2×10−7 m/cycle, an average can be taken of these translated SERR values. For
each delamination resistance curve, a corresponding average translated SERR
value is therefore calculated. By plotting these values along with their
respective pre-crack delamination length values, it is possible to show how
the saturation of bridging fibres occurs for longer delamination lengths. In
Figure 6.8, it can be seen how a second-order polynomial curve fit through
these data points approaches a constant value for the average translated
SERR value.

Figure 6.8: The average, translated SERR value for six fatigue delamination resistance curves
with corresponding pre-crack delamination lengths.

Next, a regression analysis can be performed on the six delamination
resistance curves according to the method [2]. By using Equation 2.4 and
setting the pre-crack delamination to zero, an expression is obtained for a
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”zero-bridging” resistance curve:

log(∆
√
G)avg,thr = C0 + C2 log

(
da

dN

)
+ C4

[
log

(
da

dN

)]2
(6.2)

The determined values for C0, C2, and C4 are 3.48, 0.321, and 0.0126, re-
spectively.

Lastly, the scatter of the individual fatigue data points is projected
onto this ”zero-bridging” curve. The result is Figure 6.9, which displays
a fatigue delamination resistance curve where the fibre bridging effect is
excluded, yielding a more conservative curve.

Figure 6.9: A ”zero-bridging” fatigue delamination resistance curve along with original
fatigue curves which are used in accordance with the method by Alderliesten [2], data obtained

from Yao (”Spec7”) [66, 67].

The robustness of the present method for the exclusion of the fibre bridg-
ing is analysed by performing the surface fitting of Equation 6.2 on data
for which the development of bridging fibres has not yet reached a saturated
state. To do this, three fatigue experiments on a single experiment are an-
alyzed instead of six previously. In Figure 6.10, two Paris-type power laws
are shown for three fatigue experiments done on specimen ”NoVac8”. Equation
6.2, which represents a fit using a second-order polynomial function is used
and shown using the magenta line. Clearly, this line does not represent
a ”zero-bridging” case where the fibre bridging effect has no contribution,
as the line fails to bind the fatigue data displayed by the scattered points.
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Figure 6.10: The ”zero-bridging” fatigue delamination resistance curves generated as per the
method of Ref. [2], where the data has not reached full fibre bridging saturation.

A more conservative and arguably more realistic approach for constructing
a ”zero-bridging” curve using data where the saturation of bridging fibres
has not yet occurred, would be to use a linear relationship for Equation 6.2
instead. This can easily be achieved by simply excluding the second-order
term from the equation and adopting the approach as is. The green line in
Figure 6.10 displays such a linear relationship and compared to the second-
order polynomial fitting which is described in the method [2] provides a
more conservative ”zero-bridging” which binds nearly all fatigue data points
except a few outliers. It, therefore, offers a more conservative represen-
tation of the fatigue delamination behaviour of the composite specimen.

The difficulty of constructing a ”zero-bridging” curve using fatigue data
where the fibre bridging effect is not in a steady-state case can also be
shown by reproducing Figure 2.13 for data where the saturation of fibre
bridging has not yet happened. Figure 6.11 show the average, translated
values of ∆

√
G where the selected crack growth rate for translation, da/dNT

is equal to 4.5 × 10−7 m/cycle. This figure plots the translated, average
∆
√
G value of each of the three fatigue R-curves against the corresponding

pre-crack delamination length. Again, a linear and a quadratic fitting are
shown in the figure which may be used to determine an average SERR value for
the ”zero-bridging” fatigue delamination resistance curve at a chosen value
for da/dN. The linear fit produces a lower SERR value at the ”zero-bridging”
case, where a − a0 equals zero. This leads to a more conservative estimate
of the case where the fibre bridging effect is excluded and can be seen by
the left-most curve of Figure 6.10. By assuming a linear fit instead of a
quadratic one, it may be considered that the bi-linear model proposed by Yao
et al. [62] is utilized.
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Figure 6.11: Average, translated ∆
√
G against the pre-crack delamination length, a− a0 with

both a linear and quadratic curve fitting for specimen ”NoVac8”.

Next, the case where a full saturation of fibre bridging is again consid-
ered, but now a third-order surface fit is assumed for Equation 6.2 instead
of the second-order polynomial as per the method [2]. Based on the more
conservative results using a linear equation, seen in the figure above,
the expected ”zero-bridging” fatigue delamination resistance curve using a
third-order polynomial should yield a ”zero-bridging” curve laying to the
right of the original, second-order polynomial curve. Figure 6.12 shows how
a typical second-order polynomial fitting relates to the same curve where a
third-order is used. As expected, the third-order polynomial yields a less
conservative ”zero-bridging” fatigue delamination resistance curve.

Figure 6.12: Comparision between a ”zero-bridging” fatigue delamination resistance curve of a
second-order and third-order surface fit for Equation 6.2 and the original fatigue data

points.
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6.4. Method IV: Hartman-Schijve Equation
This section discusses the results of the method for excluding the fibre
bridging effect, based on the approach outlined by Yao et al. [64] and
Jones et al. [30], as applied to the experimental data of ”Spec7” by Yao
[63, 61, 62, 60]. The objective of this method is to obtain a zero-bridging
case for delamination growth in composite specimens. The first step of the
method involves fitting the fatigue data to the Hartman-Schijve equation
(Eq. 6.3) and selecting the values of the parameters A and ∆

√
Gthr such that

the resulting data points collapse onto a single ”master” line, as shown in
Figure 2.15, enabling the fitting of a Paris-type power law:

da

dN
= D

 ∆
√
G−∆

√
Gthr√{

1−
√
Gmax/

√
A
}

n

(6.3)

Table 6.1: The values for the parameters A and ∆
√
Gthr for which a ”master” relationship can

be constructed by using the Hartman-Schijve equation, see Figure 6.13.

Pre-crack delamination
length, (a− a0) in [mm]

R-ratio ∆
√
Gthr in [√(N/m)] A in [(N/m)]

2.7 0.1 9.2 240
14.8 0.1 10.5 350
28.0 0.1 12.9 570
40.0 0.1 14.5 680
53.6 0.1 16.4 700

Figure 6.13: A linear ”master” relationship which is obtained for multiple fatigue
delamination tests (”Spec7” by Yao [63, 61, 62, 60]), of which the data is displayed using the

Hartman-Schijve equation (Eq. 6.3) and the values of Table 6.1.



6.4. Method IV: Hartman-Schijve Equation 61

The data points in Figure 6.13, represented by different colours, corre-
spond to multiple fatigue tests conducted on specimens with distinct pre-crack
delamination lengths, (a−a0). As anticipated, it is possible to fit the data
from these multiple tests onto a single ”master” curve, yielding a satisfac-
tory goodness of fit (R2 = 0.76). It should be noted that only five fatigue
tests were employed in this analysis, in contrast to the roughly 60 tests
used in the work of Yao [64], which is depicted in Figure 2.15 resulting in
a much higher goodness of fit (R2 = 0.994). Nevertheless, the results of the
present study are suitable for the development of an ”upper-bound” fatigue re-
sistance curve that eliminates the contribution of the fibre bridging effect.

To construct this ”upper-bound” curve both the Paris’ law fitting parame-
ters D and n of Equation 6.3 are needed. Furthermore, the parameters A and
∆
√
Gthr are to be determined for the case where the pre-crack delamination

length, (a− a0), is equal to zero. For this length, there is no opportunity
for bridging fibres to have been nucleated and it may therefore be assumed
that it represents a ”zero-bridging” case. The values of A and ∆

√
Gthr

are plotted against their corresponding pre-crack length values in Figure
6.14. Equivalent to the method [64] a second-order polynomial may be fitted
through these data points. This polynomial fitting line is shown along with
the confidence interval which represents a single standard deviation from
the fit line.

The ”zero-bridging” values for the curve fitting parameters of Equation
6.3, i.e. A0 and ∆

√
Gthr,0 are found by extrapolating the fitted polynomial

and determining their values at (a − a0) = 0 mm. The confidence bound for
the extrapolated region close to the Y-axis is larger because the confidence
interval becomes greater for an extrapolated region, as the uncertainty asso-
ciated with making predictions beyond the range of observed data is greater
than the uncertainty associated with values within the observed range [14].
The found values and their standard deviations of A0 and ∆

√
Gthr,0 are 170 ±

69 N/m and 8.69 ± 0.41 √(N/m) respectively.

(a) (b)

Figure 6.14: ∆
√
Gthr and A as a function of the pre-crack delamination length (a− a0). The
values used for ∆

√
Gthr and A are taken from Table 6.1.

Using the determined ”zero-bridging” parameters A0 and ∆
√

Gthr,0 along with
the pre-determined Paris’ law fitting parameters D and n, an ”upper-bound”
fatigue delamination resistance curve can be established. The values of the
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relevant parameters are found in Table 6.2. The statistical approach [42]
discussed in the Literature Study is utilized for this purpose. Specifically,
the Hartman-Schijve equation (Eq. 6.3) is employed with the values A0 and
∆
√
Gthr,0 reduced by their corresponding standard deviation. This conservative

estimation establishes the delamination resistance curve in the absence of
any expected fibre bridging effect. Figure 6.15 illustrates the resulting
”zero-bridging” curve in comparison to the original fatigue data points. The
predicted ”upper-bound” curve effectively bounds the experimental fatigue
data, representing a worst-case scenario in terms of the conservativeness of
the fatigue data. Therefore, this curve may be used to provide a designer
of composite structures with allowable values for delamination growth rates,
da/dN, for a given fatigue load.

Table 6.2: Values of terms used in Equation 6.3 for predicting an upper-bound ”zero-bridging”
fatigue delamination resistance curve.

Term Value

D 2.028E-08 m/cycle
n 1.94

∆
√

Gthr,0 minus a standard deviation 8.28 √(N/m)
A0 minus a standard deviation 101 N/m

Figure 6.15: The original fatigue data points of ”Spec7” by Yao [64] along with an
”upper-bound” fatigue resistance curve constructed using Equation 6.3 with A0 and ∆

√
Gthr,0

based on their value minus their respective standard deviation.

As shown in figure 6.15 the method for excluding the fibre bridging effect
from fatigue data using the Hartman-Schijve equation [30] provides a conser-
vative ”zero-bridging” case. As mentioned in the Literature Study (page 21)
the choice of the order of polynomial for the line fitting to determine the
values of both A0 and ∆

√
Gthr,0 has a significant effect on their outcome.

To determine the dependency on the order of polynomial for the fitting of
Figure 6.14a the resulting values for A0 are analyzed for two more polynomial
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fitting functions which deviate from the second-order polynomial which is
used in Figure 6.14a. Figure 6.16a shows how a third-order polynomial func-
tion is fitted to the data points for A. The result is a higher estimate for
A0 of 225 N/m, yielding a less conservative fatigue delamination resistance
curve.

Moreover, if a fourth-order polynomial function is used (Figure 6.16b) then
the intercept with (a− a0) = 0 mm, results in an even higher value for A0 of
260 N/m, resulting in an extended shift towards the right of the upper-bound
design curve of Figure 6.15, in other words towards un-conservativeness. The
exact same issue is encountered when considering the determination of the
zero-bridging parameter ∆

√
Gthr,0 and it can therefore be concluded that one

must take care to choose a curve fitting function which reflects the slope
of the data points in the extrapolated zero-bridging region, close to (a− a0)
= 0 mm.

(a) (b)

Figure 6.16: A as a function of the pre-crack delamination length (a− a0), where the fitted
line is in (a) a third-order polynomial function and in (b) a fourth-order polynomial function.

The effect of the choice for order of fitting polynomial function on the
”zero-bridging” fatigue delamination resistance curve is shown in Figure 6.17.
Here, the original curve of Figure 6.15 is shown which is constructed using
a second-order polynomial function to find the ”zero-bridging” parameters A0

and ∆
√

Gthr,0. As expected, using a third-and fourth-order polynomial function
decreases the conservative nature of the resulting ”zero-bridging” fatigue
delamination resistance curves. The curves constructed in Figure 6.17 are
constructed using the curve fitting parameters A0 and ∆

√
Gthr,0 represented

by their mean values and not the mean value minus a standard deviation.
The fourth-order polynomial function used in Figure 6.16b does not have a
standard deviation as the fitted line perfectly intercepts all the data
points, resulting in overfitting [20]. Subsequently, the ”zero-bridging”
curve associated with this order polynomial lays to the right of the fatigue
data for the shortest pre-crack delamination length, a − a0 = 2.7 mm. This
yields an inaccurate representation of a ”zero-bridging” scenario.
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Figure 6.17: A ”zero-bridging” fatigue delamination resistance curve obtained by using the
method involving the Hartman-Schijve equation [30] where the order of the fitting polynomial

is varied.
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6.5. Comparison of Methods
The resulting ”zero-bridging” fatigue delamination resistance curves for
each individual method are presented in the preceding section. However, to
gain an understanding of the manner in which the methods relate to each other
and to answer the posed research questions, they should be compared directly.
Only then, conclusions can be made about for instance the conservative-ness
of the results stemming from a fibre-bridging exclusion method. The most
straightforward way to compare the methods would be to present their influ-
ence on the raw fatigue data in a single delamination resistance curve. In
this section, such a fatigue R-curve is presented and discussed.

Figure 6.18: The ”zero-bridging” fatigue delamination curves of four fibre bridging excision
methods along with unaltered fatigue data

Figure 6.18 shows the four methods for fibre bridging exclusion along with
the fatigue delamination resistance curves of a set of fatigue experiments
where the fibre bridging was not accounted for. The data for this set of
fatigue R-curves with the contribution of fibre bridging is obtained from the
testing campaign of Yao (”Spec7”) [66, 67]. This data was used in the meth-
ods of Alderliesten (Method III) [2] and Jones and Yao (Method IV) [64, 30].
All in all, the constructed ”zero-bridging” fatigue delamination resistance
curves for the four methods explored in this research show that they are all
capable of predicting a ”zero-bridging” scenario. This conclusion follows
from the fact that all the curves are to the left of the original data. This
showcases the ability of the methods to approach a more conservative case
where the crack growth rates are expected to be higher due to the absence
of the delamination-resisting fibre bridging effect. Figure 6.19 shows the
resulting curves of the methods without the original fatigue data for a more
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straightforward comparison.

Figure 6.19: Comparison for various methods for the exclusion of the fibre bridging effect, a
delamination resistance graph.

From the figure above, the accordance between Method IV, involving the
Hartman-Schijve equation, and Method II, constant-∆

√
G testing, can be seen

for the Paris’ law region. Moreover, the ”zero-bridging” procedure proposed
by Alderliesten [2] (Method III) shows a shift towards the left compared
to the three other methods. This means that this method predicts a more
conservative scenario when considering fatigue delamination in the absence
of the fibre bridging effect.

The effect of removing or cutting the bridging fibres during the fatigue
test according to the method by Khan [34] is evident. The slope of the Paris-
type power law associated with this method deviates from the slope of the
other methods for fibre bridging exclusion. It is now well established that
the fibre bridging effect leads to lower propagation rates during fatigue
delamination because of its delamination-resisting nature. Whilst fatigue
data obtained in the other three methods do not specifically account for
the fibre bridging effect during the experiment, the fatigue data associated
with Khan’s fibre cutting method [34] provides results that explicitly ac-
count for this effect during the test. In displacement-controlled fatigue
experiments, the fatigue curve originates from the top right and progresses
towards the bottom left. However, when conducting a fatigue test involving
the active cutting of bridging fibres, the resulting curve tends to exhibit
this reduced slope. It can primarily be attributed to the absence of fibre
bridging during the later stages of the fatigue test, at the bottom left
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region, where a higher rate of crack growth is observed due to the absence
of fibre bridging. Consequently, the fibre cutting method yields a flatter
”zero-bridging” curve, characterized by a lower slope.
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Conclusion

This study investigated different methods to eliminate the fibre bridging
effect in composite structures under cyclic Mode I loading. The objective
of this research was to assess and compare the effectiveness of these meth-
ods in excluding the increased resistance against delamination caused by
fibre bridging. To accomplish this goal, a primary research question was
formulated, accompanied by three subquestions, which can be found in Chap-
ter 3. In this chapter, the subquestions are reintroduced and after a short
discussion are answered. The main research question is subsequently answered.

1. Which method for the exclusion of the fibre bridging effect in cyclic
Mode I loading of UD composite laminates is feasible to be integrated
into a standardized framework for describing fatigue delamination growth
in composite specimens?

In order to better understand and predict fatigue delamination behaviour in
composite structures, it is recommended to develop a standardized method
that encompasses this [9]. The standardization industry should adopt a
straightforward method for accounting for unrealistic delamination resistance
caused by fibre bridging, without relying on extensive expertise from test
operators. A primary objective of a standard is to achieve reproducible
results under the same conditions. This study explored four fibre bridging
exclusion methods, which yielded more conservative fatigue data but varied in
terms of ease of use. The fibre-cutting method proved to be time-consuming and
relied on the operator’s discretion during the cutting procedure. This aspect,
not described in the paper [34], introduced more scatter compared to other
methods, as shown in Figure 6.4. The ”zero-bridging” fatigue resistance curve
of the ∆

√
G-constant method exhibited less scatter but required multiple

specimens and wasted much delamination length, with the test concluding upon
reaching bridging saturation, typically after around 15 mm. The remaining
two methods did not require multiple specimens and were less susceptible to
operator-induced scatter than the fibre-cutting method. However, the Hartman-
Schijve equation method required careful selection of appropriate fitting
parameters. Consequently, it can be concluded that the specimen-specific
extrapolation method minimizes the potential for scatter introduced by the
operator during fatigue testing or during data analysis. This observation,
along with the overall straightforwardness and no requirement for active
supervision of the test, makes the specimen-specific extrapolation method
the most feasible for standardized use.
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2. Which method for the exclusion of the fibre bridging effect in cyclic
Mode I loading yields the most conservative outcome?

The most conservative fibre bridging exclusion method is defined as having
the ”zero-bridging” fatigue delamination resistance curve laying to the left
of all the other curves. Design engineers should abide by a ”worst-case”
scenario for the material properties, therefore a conservative curve should
be chosen. The comparison of the ”zero-bridging” fatigue delamination resis-
tance curves of Figure 6.19 showed that the specimen-specific extrapolation
method yields a curve which lies to the left of all the other curves. At the
fatigue threshold, where slow crack growth is expected to happen (< 1× 10−4

mm/cycle), the ”zero-bridging” curves of Method III and Method I seemed to
intersect. Therefore, it cannot be determined which of these methods pro-
vides a conservative ”zero-bridging” curve at the fatigue threshold.

3. Which method for the exclusion of the fibre bridging effect in cyclic Mode
I accurately captures a zero-bridging fatigue delamination scenario?

Figure 6.19 illustrates the impact of different fibre bridging exclusion
methods on fatigue resistance curves, revealing a consistent leftward shift
across all curves. Notably, the fibre-cutting method exhibited a lower slope
of the Paris-type power law. Conversely, the other exclusion methods did not
display such a decrease in the slope. The hypothesis here is that because
the fibre-cutting method accounted for fibre bridging during the fatigue
experiment, the decrease in crack growth rate failed to occur. In the other
three methods, the onset of fibre bridging caused an increasing resistance
against delamination.

For displacement-controlled tests, the SERR range decreases during the fa-
tigue test. For the lower values of the SERR range a lower crack growth rate
is thus expected if the contribution of the fibre bridging effect increases
during the test. This results in a higher slope of the Paris-type power
law if fibre bridging is not excluded during the test. Therefore, the lower
slope of a ”zero-bridging” fatigue resistance curve seems to best capture the
fatigue delamination behaviour in the absence of the fibre bridging effect.
From the covered methods, this could only be achieved with the fibre-cutting
method [34].

Finally, addressing the main research question:

• How can the fibre bridging effect be excluded in a suitable manner from
data obtained during the cyclic Mode I loading of UD composite specimens?

The answer to the main research question is supported by the conclusions
made concerning the three posed sub-questions. This study showed that all
four examined methods for fibre bridging exclusion are able to exclude the
contribution of fibre bridging to the delamination resistance to some ex-
tent. This study also showed that by assuming the fibre bridging effect
to be a specimen-specific phenomenon, an exclusion method could be applied
under the condition that the full saturation of fibre bridging has occurred.
This method produced the most conservative prediction of the ”zero-bridging”
case. It also provides a suitable manner to exclude the fibre bridging ef-
fect in a straightforward method, requiring little additional data analysis
and no active supervision of the experiment. Furthermore, this methodol-
ogy effectively preserves the observed scatter during multiple consecutive
delamination experiments, enabling the construction of A-basis or B-basis
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upper bounds for strength predictions. Hence, this method offers a suitable
approach for excluding the fibre bridging effect during the cyclic Mode I
loading of UD composite specimens.



8
Recommendations

Based on the findings of this study on the exclusion of fibre bridging in
composite structures, several recommendations are proposed. Firstly, it
is recommended to revise the existing standards [55, 5] to acknowledge the
presence of fibre bridging in multidirectional delamination interfaces of
composite structures. The current portrayal of fibre bridging in the stan-
dards does not accurately reflect its occurrence in real-world scenarios.
Furthermore, the relationship between the delamination-resisting phenomenon
in multidirectional and unidirectional laminates remains unclear. Hence, it
is advisable to exclude the fibre bridging effect unless a thorough inves-
tigation is conducted to understand the delamination resistance behaviour
specific to the interface orientation of a given multidirectional struc-
ture. To achieve this, one could use the specimen-specific exclusion method
proposed by Alderliesten [2], which yields a conservative ”zero-bridging”
prediction in a straightforward manner as was concluded in this research.

Moreover, a point can be made concerning the fibre bridging effect itself
and the reasons and assumptions for excluding it from fatigue delamination
data. The toughening nature of the fibre bridging effect is assumed to
not occur in real-life composite structures which typically consist of MD
laminates. Contrary to ASTM D5528 [5], Gong et al. [19] have shown how
toughening of an MD composite laminate occurs for extended delamination
propagation. It might therefore be possible for fibre bridging or any other
toughening phenomenon to occur in real-life composite structures. Further
research related to the fatigue delamination behaviour of multidirectional
composite structures could give insight into the predictability of delami-
nation retardation in these types of structures. Specifically, to determine
the magnitude of the fibre bridging effect in real-life composite struc-
tures, larger components such as composite panels should be tested under
fatigue loading. Such research should be able to determine to what extent
the fibre bridging effect could be used as an additional resistance against
fatigue-induced delamination. A ”slow-growth” concept [45] could allow for
structural design to harness the increased material properties related to
the fibre bridging effect if they can be classified as ”slow, stable and
predictable” [1].

The effect of the manufacturing process of composite laminates on the fibre
bridging effect during fatigue delamination has not been covered extensively
in the literature. To the author’s knowledge the only source discussing the
manufacturing process and the development of fibre bridging during delami-
nation is by Hu et al. [23]. This source [23], however, solely looked at
the effect of changing the curing temperature and curing time. It would be
of interest to investigate how curing pressure influences the development of
bridging fibres in a composite laminate. Fibre nesting has typically been
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seen as the root cause of subsequent bridging fibres. A view concerning
this topic could be that maintaining a lower curing pressure would result
in less fibre nesting and, in turn, less fibre bridging during delamination.
This hypothesis could be tested by performing delamination experiments on
composite specimens which are cured at different pressures.

Finally, it is worth noting the considerable scatter observed in the data
collected from cyclic Mode I experiments conducted on composite specimens.
Various factors possibly contribute to this scatter, including the testing
setup and the presence of fibre bridging. However, before the raw data
is transformed into the conventional Paris-type power law, data analysis
precedes. This particular step may also introduce additional scatter. While
standardized methods exist for determining parameters such as the SERR, cer-
tain aspects of fatigue experiment data analysis remain subjective. For
instance, different individuals assessing imagery to determine the delami-
nation length may yield different results, consequently influencing crack
growth rates. The operator-dependent process of accurately identifying the
location of the delamination tip is the reason for this potential bias. To
evaluate the impact of the data analysis step on scatter, further research
is needed. Multiple researchers could independently analyze raw data ac-
quired from fatigue delamination experiments to assess the extent of scatter
introduced during the data analysis process.
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Appendix A

Constant-∆
√
G - Experimental Results

In this appendix, the results of the experiments involving the constant-∆
√
G

fatigue delamination experiments are presented. Each data point in Figure 1
represents a single test conducted at a specific ∆

√
G value.
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Appendix B

Fibre Cutting - Experimental Results
In this appendix, the results of the experiments involving the fibre cutting
method fatigue delamination experiments are presented.

Figure 10.1: Load on the composite specimen versus the cutting thread position for specimen
”Vac17”.

84
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Figure 10.2: Load on the composite specimen versus the cutting thread position for specimen
”Vac17”.

Figure 10.3: Loads on the specimens as a function of the delamination length for specimen
”Vac17”.
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Figure 10.4: Loads on the specimens as a function of the delamination length for specimen
”Vac17”.
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Appendix C

Manufacturing Documents
This appendix shows the engineering drawing for a double-cantilevered beam
(DCB) composite specimen. It also gives a checklist which was used during
the manufacturing of the composite panel from which the DCB specimens were
cut.

Figure 11.1: Checklist for composite panel manufacturing.
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Figure 11.2: SOLIDWORKS engineering drawing of a DCB composite specimen.
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