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Abstract:

This paper aims. to investigate stress ratio effect on fibre bridging significance in
mode | fatigue delamination growth of composite materials. Fatigue resistance curves
(R-curves) of different stress ratios are determined and compared with the quasi-static
R-curve. The fatigue R-curve of a high stress ratio is similar to the quasi-static results.
However, fatigue resistance of a low stress ratio is smaller than quasi-static resistance.
These indicate that fibre bridging significance is stress ratio dependent. More bridging
fibres can be generated in delamination of a high stress ratio, as compared to that of a
low stress ratio. This can lead to fatigue bridging laws are stress ratio dependent and
fatigue delamination is block load sequence dependent.
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composites (PMCs)

1. Introduction:

Delamination is one of the most important damage in composite laminates or
adhesively bonded structures. Scientific community has paid keen attention to this
issue in the last several decades, due to increasing applications of advanced composite
materials in aerospace engineering for the requirements of light-weight structures as
well as fuel efficiency. Delamination is detrimental to composite structures. It can
occur at a relatively low stress level and gradually propagate between adjacent layers
under fatigue loading, making it difficult to have a real-time monitor on this kind of
damage. In practice, two principles have been widely used in composite structural
design, i.e. no crack growth or damage tolerance philosophies. Using the first
principle will limit the weight saving potential and loading capacity of composite
materials. Thus, more and more composite structural designs are in agreement with
the damage tolerance principle, leading to urgent requirements of in-depth
understanding of delamination behavior under fatigue loading and reliable prediction
models.

Pascoe et al [1] provided a critical literature review on the prediction methods for
fatigue delamination growth in composites. The Paris relation and its variations, based
on fracture mechanics by correlating crack growth with stress intensity factor (SIF) or
strain energy release rate (SERR), work well in determining fatigue crack behavior in
metals and composites. However, there is no consensus on the selection of similitude

parameter in these Paris relations for composite materials. People alternatively



employed the maximum SERR Gpax Or the SERR range, ie. 4G = (\/Gnax —
\/E)z, in fatigue delamination studies [2-5]. According to these relations, various
factors that can affect fatigue delamination behavior have been carefully examined via
experimental or theoretical methods. These factors include, but not limited to, the
stress ratio R, the mixed-mode ratio, the temperature, the moisture [2-9].

Amongst these factors, stress ratio is one of the most important governing parameters
in determining fatigue delamination behavior in composite laminates. However, there
IS no agreement on its effect in fatigue delamination growth, as this effect seems to be
similitude parameter dependent [2-6]. In case of using Gmax to represent the similitude,
fatigue crack growth can decrease with the increase of stress ratio, due to the decrease
in 4G of a high stress ratio. On the contrary, using AG as the similitude can result in
accelerating fatigue crack growth with the increase of stress ratio, due to a higher Gpax
of a larger stress ratio. To solve this controversy, some people stressed that the R-ratio
dependence of fatigue crack growth indeed resulted from the insufficient description
of a fatigue loading. As a result, two-parameter Paris-type relations were proposed to
characterize fatigue delamination behavior and to remove the R-ratio dependence
[3,10]. Once these two-parameter models were applied in fatigue data reduction, a
single master resistance curve can be obtained to determine fatigue delamination
behavior under different stress ratios.

Fibre bridging is another significant phenomenon in delamination growth. This
shielding mechanism can bridge fracture surfaces and retard crack propagation,

consequently making interlaminar resistance increase. The R-curve concept, in terms



of fracture toughness against crack growth length, has been introduced to
phenomenologically characterize the increase of resistance in quasi-static crack
growth [11,12]. In the perspective of physics, bridging laws, in terms of bridging
stress against crack opening displacement (COD), have been proposed and
recommended to physically determine the fibre bridging phenomenon [11-14}. And
corresponding prediction models have been successfully developed for quasi-static
delamination with large-scale fibre bridging [13-15]. However, research work on fibre
bridging is still very limited in fatigue crack growth.<In the previous studies [16-17],
people can only phenomenologically explain its effect, according to the experimental
observation in fatigue delamination growth. This is far away from the requirements of
in-depth understanding of this_phenomenon. Therefore, Yao et al [18-20]
systematically investigated. the role of fibre bridging in fatigue delamination growth
via both experimental and theoretical approaches. They not only drew conclusions
that fibre bridging can significantly decrease fatigue crack growth, but also found
there is_a plateau state in fibre bridging development. According to the energy
principles, they highlighted that bridging fibres can periodically stored and released
strain energy in loading and unloading cycles. However, these fibres actually have no
or negligible contribution to the SERR unless there is failure in them. In followed
studies [21,22], they attempted to correlate curve-fitting parameters of the Paris
relation and proposed Paris-type relations to determine fatigue crack growth with
fibre bridging. Other people recently investigated the bridging phenomenon in fatigue

crack growth using the bridging laws. Stutz [13] made a comparison on the



significance of fibre bridging between quasi-static and fatigue delamination via the
bridging laws determined with a semi-experimental method. The results clearly
indicated that fibre bridging is more significant in fatigue delamination. In another
study performed by Donough et al [23], an inverse method was applied to quantify the
bridging laws in delamination. It was reported that the maximum bridging stress is
similar in quasi-static and fatigue delamination, whereas fatigue bridging law decays
even faster with COD, as compared to quasi-static bridging law.

According to about brief review and discussion, both stress ratio and fibre bridging
can significantly affect delamination behavior under fatigue loading. Questions arise
here as what the interactions between these two factors, i.e. what is the bridging effect
on the stress ratio and what is the stress ratio effect on the bridging. The first question
has been well answered in_a study completed by Khan et al [6], via fatigue
delamination tests with or without fibre bridging removal. They reported that fibre
bridging has effect on the magnitude of Gnax, Gmin and 4G, but has no or negligible
effect on the stress ratio.

However, to the author’s knowledge, no study has been performed to answer the
second question. Thus, the objective of present work is to investigate stress ratio
effect on fibre bridging significance in fatigue delamination growth.

2. Quasi-static and fatigue delamination experiments

2.1 Material and specimen geometry

Unidirectional double cantilever beam (DCB) specimens were manufactured and

tested to investigate fatigue delamination behavior with fibre bridging. The composite



laminates were produced by hand-lay-up of 32 thermosetting unidirectional
carbon/epoxy prepreg layers of M30SC/DT120 with a nominal cured thickness of 5
mm. A 12.7um Teflon film was inserted in the middle plane of these laminates during
the hand-lay-up process to act as an initial delamination. The laminates were cured in
vacuum in an autoclave at a pressure of 6 bars and curing temperature of 120°Cfor 90
min. After curing, the laminates were C-scanned to detect potential imperfections. The
plate was subsequently cut by a diamond saw into 25 mm width beams with 200 mm
length, and only these samples were tested where the C-scan did not reveal any
obvious imperfections. A pair of aluminum loading blocks, 25 mm width by 20 mm
length with 6 mm thickness, was adhesively bonded onto the specimen at the side of
the Teflon insert for load introduction.

One side of each DCB specimen was coated with thin typewriter correlation fluid to
enhance visibility of the delamination front during the test. A strip of grid paper was
pasted on the specimen coated side to aid in measuring the delamination propagation
length.

2.2 Experiment procedures

Quasi-static experiments were conducted on a 20KN tensile-compression Zwick
machine according to the ASTM D5528. All tests were performed under displacement
control with an applied displacement rate 1mm/min in ambient conditions. A
computer controlled high resolution digital camera system was applied to monitor the
delamination growth by automatically recording an image of specimen coated side

every 5 seconds during the entire test.



Fatigue experiments were performed on a 10KN MTS machine under displacement
control at a frequency of 5Hz with stress ratio R=0.1 and R=0.5 in ambient conditions.
The aforementioned digital camera system was employed to monitor the crack growth
at the maximum displacement with pre-defined intervals during the test. The load,
displacement and number of cycles were automatically stored in an Excel file every
100 cycles enabling data evaluation after the test.

To determine fatigue delamination behavior with different amounts of fibre bridging,
DCB specimens were repeatedly tested for several times with different applied
displacements, but keeping stress ratio the same. Fatigue test was manually
terminated in case of crack retardation. After each fatigue test, DCB specimen with a
given fatigue delamination length, equivalent to a certain amount of fibre bridging,
was quasi-statically loaded until the load-displacement curve became nonlinear.
According to this ~monotonic load procedure, the maximum and minimum
displacements “for the subsequent fatigue test can be evaluated. Additionally,
delamination resistance with a certain amount of fibre bridging can be calculated at
the nonlinear point. It is worth noting that it is really difficult to prevent crack
re-growth during the quasi-static load procedure and visual crack growth was
observed in some cases. Strictly speaking, the crack re-growth can lead to fatigue
damage state be destroyed. However, in present study, it postulated here that the
damage state change is negligible, as the visual crack is relatively small. In this
condition, the delamination resistance related to crack growth was calculated.

The Modified Compliance Calibration (MCC) Method recommended in the ASTM



D5528, see EQ.(1), was used to calculate the SERR in quasi-static and fatigue

delamination growth.

_3p2¢c®/3)

G = 2A,Bh (1)

where C is the compliance of the DCB specimen; B is the specimen width and h'is the
thickness of the specimen; A; is the slope of the curve in the graph where a/B is
plotted against C**.

The 7-point Incremental Polynomial Method, recommended in the ASTM E647, was
employed to determine the fatigue crack growth rate da/dN.

3. The Paris curve distribution with fibre bridging

At a given stress ratio, two DCB specimens were repeatedly fatigue tested to provide
sufficient information for the investigation on delamination growth with different
amounts of fibre bridging. All results are illustrated Fig.1 and Fig.2, in terms of da/dN
against SERR range. For both stress ratios, the Paris resistance curves will
significantly shift from left to right with fibre bridging development and finally
converge into asingle curve representing fibre bridging saturation.

There may be a range of reasons for length scale dependence of fatigue crack growth
in  different materials [18,19,24]. Incorporating with the previous studies
[18,19,21,22], fibre bridging is proposed as the main reason for the decrease shift in
fatigue crack growth in composite laminates. Even more significant bridging fibres
can be present in a long delamination, contributing to a large portion of strain energy
periodically stored and released in these fibres under fatigue loading. And only a

small portion of strain energy is actually applied to the delamination front, acting as



the effective crack driving force. It is worth noting that there is an up limit of fibre
bridging. Once crack propagation exceeds a certain value, fibre bridging can become
saturation, resulting in the Paris curves finally converge into a single curve.

The results illustrated in Fig.1 and Fig.2 clearly demonstrated that fibre bridging has
important effect on fatigue delamination behavior in composite laminates. Bridging
can significantly retard crack growth and affect the Paris curve distribution,
invalidating the use of a single Paris resistance curve to represent fatigue crack
growth. It is, therefore, imperative to have an insight<into this phenomenon. This can
benefit future studies on fatigue delamination growth with fibre bridging.

4. Quasi-static and fatigue delamination R-curves

Fibre bridging can enhance interlaminar resistance by bridging fracture surfaces and
releasing stress concentration around the crack front. As a result, delamination
resistance in quasi-static crack growth is not constant, but depends on the significance
of fibre bridging. The R-curve concept was usually introduced to phenomenologically
determine resistance increase because of bridging or other toughening mechanisms in
quasi-static crack growth. This method was implemented in present study to quantify
the resistance increase in fatigue delamination as well.

Two DCB specimens were monotonically loaded to determine the quasi-static R-curve.
Fig.3 illustrates the increase of interlaminar resistance with crack propagation. No
obvious scatter is observed in the resultant data from different specimens, indicating
the repeatability of the tests. Resistance increase is also observed in fatigue

delamination. However, obvious difference is observed in the magnitude of resistance



between quasi-static and fatigue delamination of R=0.1, as shown in Fig.3(a). Fatigue
resistance is much lower than that of quasi-static. This difference becomes negligible
as stress ratio increase. The fatigue R-curve of R=0.5 is similar to the quasi-static
results, as shown in Fig.3(b).

In the author’s opinion, fibre bridging is still the main reason for resistance increase in
fatigue delamination growth. A higher increase of resistance indicates more fibre
bridging generation, and vice versa. Taking the quasi-static R-curve as a reference,
one can make a conclusion that stress ratio has effect on fibre bridging significance in
fatigue delamination growth. More bridging fibres seem to be present in fatigue
delamination of a high stress ratio, as compared to that of a low stress ratio.
Furthermore, this dependence can cause fatigue bridging law to be stress ratio
dependent. Thus, it is invalid to use a single bridging stress distribution to physically
represent fibre bridging in fatigue delamination.

The results illustrated in Fig.3 also provide important information for the discussion
of stress ratio effect on the differences and similarities of damage states between
quasi-static and fatigue delamination. Clear resistance difference illustrated in Fig.3(a)
indicates the damage states are not the same. The same or similar resistance illustrated
in Fig.3(b) implies the damage states are the same or at least similar. Thus, one can
conclude that the damage states are stress ratio dependent significantly and there
seems a correlation between quasi-static and fatigue delamination resistance of a high
stress ratio. This finding is really important for the validation of normalization in
fatigue data analysis.
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The differences and similarities of damage states can be physically explained by crack
closure and fractography analysis. In a previous study, it was reported that crack
closure can occur at low stress ratios, i.e. R<0.3 [6]. This shielding mechanism can
cause bridging fibres damage and degrade fibre bridging significance. However, no
crack closure was reported in fatigue delamination with high stress ratios. As a result,
no or negligible bridging fibre will be damaged in the unloading cycles. Thus, crack
closure is one reason for the difference in the significance of fibre bridging,
constituting different fatigue R-curves and damage states.

Fractography study indicates that fibre prints and cusps are two dominant
micro-features on fatigue fracture surfaces, and no obvious plasticity deformation is
observed, as shown in Fig.4. The scale of cusps is stress ratio dependent. It becomes
more significant with increasing stress ratio. It is worth keeping in mind that this
micro-feature is generated by the debonding between fibres and matrix. The
increasing severity of cusps provides evidence on the significance of fibres pulled out
from matrix. Larger dimension of cusps in delamination of a high stress ratio means
more bridging fibres can be created. This is indeed consistent with the fatigue
R-curves of different stress ratios. The presence of more fibre bridging can cause a
higher fatigue R-curve.

5. Threshold increase with fibre bridging

According to the above discussion, there is solid and sufficient evidence that fibre
bridging has important effect on fatigue crack behavior and can enhance interlaminar
resistance significantly. Threshold, under which no crack propagation is assumed to
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occur, is another important property in fatigue crack growth study. It plays a really
critical role in the application of no crack growth principle in composite structural
design. However, it is really long duration and expensive to experimentally determine
the threshold. In practice, it can be conveniently calculated at a relatively low crack
growth rate, for example da/dN=1x10"° m/Cycle recommended in the ASTM E647.
The best-fit Paris relation of each experimental data set was used to determine the
threshold at the recommended crack growth rate. The calculated limits are illustrated
in Fig.5 in terms of Gnax against crack extension a-ag. The magnitude of threshold
significantly depends on the crack extension. It increases with crack growth and
eventually keeps constant as fibre bridging becomes saturation. The model proposed
by Bao [25] in the characterization of delamination resistance increase because of
bridging was employed here to determine the threshold increase. This increase is
comparable with the Paris curve distribution shown in Fig.1. The decrease shift of
crack growth rate can lead to the required Gnax at a given da/dN increase obviously.
The converge of the most right resistance curves into a single Paris curve indicates
that there is a plateau of Gnax at a fixed da/dN. In agreement with the resistance
difference observed in Fig.3, the increase of threshold is proportional to the stress
ratio. It is more significant for R=0.5 than that for R=0.1 at the same crack extension.
This is consistent with the conclusion that more fibre bridging can be generated in
fatigue delamination of a high stress ratio.

From the data illustrated in Fig.5, fatigue threshold is not constant. Its magnitude is
not only dependent on the stress ratio R, but also related to the crack extension a-ao.
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These two factors should be carefully taken into account in composite structural
design in accordance with the no crack growth principle. Particularly, the use of the
initial value of the threshold in engineering can result in really conservative results,
whereas, the application of the plateau value cannot guarantee safety. Thus, the values
located in-between must be carefully evaluated and employed in engineering. And the
threshold R-curve proposed in present study seems a reasonable and convenient
approach to evaluate the magnitude of threshold with fibre bridging.

6. Fatigue delamination behavior under block loading

Shielding mechanism of plasticity deformation around the crack tip plays a dominant
role in load sequence effect on fatigue crack growth in metals. This mechanism can
lead to fatigue crack behavior in a HI-LO block loading differs from that in a LO-HI
block loading. Fibre bridging, acting as the counterpart in composite materials, should
have the similar effect on fatigue delamination growth. According to the discussion on
stress ratio dependence of fibre bridging significance, more bridging fibres can be
generated in fatigue delamination with a high stress ratio, making the shielding
mechanism even more significant. It is, therefore, reasonable to postulate that fatigue
delamination growth is load sequence dependent in composite materials. Particularly,
delamination growth retardation of a HI-HI block loading should be more obvious
than that of a LO-HI block loading.

To verify this idea, two DCB specimens were fatigue tested with different load
sequences, i.e. HI-HI (R=0.5 and R=0.5) and LO-HI (R=0.0 and R=0.5). The first time
fatigue tests on the specimens were manually terminated until crack propagated
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11.6mm under different stress ratios, i.e. R=0.5 and R=0.0. These specimens were
subsequently tested for the second time under the same high stress ratio R=0.5 until
there was no obvious crack growth. By comparing the delamination data of the second
time tests, load sequence effect on fatigue crack growth behavior can be analyzed and
discussed.

Fig.6 provides resultant data sets for the second time fatigue tests of HI-HI and LO-HI
block loadings. The results can be described very well using the Paris relation
(R%>0.965). Clear difference is observed in the resistance graph, where the results for
HI-HI block loading locate on the right side of the data for LO-HI block loading.
Consequently, at a given SERR range, crack growth behavior is not the same. It is
almost one order of magnitude faster in the LO-HI block loading, as compared to that
in the HI-HI block loading. This difference clearly consolidates the hypothesis that
there is load sequence effect on fatigue delamination growth in composite materials.
More significant crack retardation is observed in the HI-HI block loading. In the
author’s_opinion, fibre bridging is the main reason for the load sequence effect on
fatigue delamination growth in composite materials.

7. Energy balance analysis on fatigue delamination growth

Crack growth is an energy dissipation process obeying the physics laws on energy
conservation. In the previous studies [19,20], energy balance principles have been
applied to analyze fatigue delamination growth behavior in composite materials,
expressed in terms of energy dissipation rate dU/dN against crack growth rate da/dN.
This analysis takes advantage of clear physics background by directly correlating
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fatigue delamination growth with the amount of strain energy release actually used in
crack increment. It can provide detail information related to delamination growth,
instead of using only curve-fitting approaches to interpret the experimental results
phenomenologically. To have better understanding of bridging effect on fatigue
delamination in block loadings, the experimental data sets shown in Fig.6 were
re-analyzed using the energy principles.

It is worth noting that fatigue crack growth will decrease as delamination propagates
in a displacement controlled fatigue test. Fig.7 shows the resultant data interpretation
in accordance with the energy principles. At the beginning of delamination, the
amount of energy for the same crack growth is not the same. More energy is needed
for the LO-HI block loading. This difference becomes negligible after the crack
growth rate below da/dN=2x10"m/Cycle, indicating the same amount of energy
release for the same crack growth.

It has demonstrated that a steady state exists in fatigue delamination growth [20]. This
can be applied here to explain the differences and similarities illustrated in Fig.7. In
the steady state, all energy release concentrates to the damage evolution around the
delamination front, constituting the same energy dissipation of the same crack
increment. However, the situation at the beginning of crack propagation is much more
complicated. Energy dissipation is not only related to crack advance, but also relevant
to fibre bridging. A certain amount of energy is indeed dissipated because of bridging
fibre pullout or failure. It should be stressed here that the fibre damage severity is
stress ratio or mean stress dependent. Particularly, bridging fibres may not be fully
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pulled out from matrix in the first time fatigue test in the specimen with a low stress
ratio R=0.0. These fibres need to be further pulled out at the beginning of a followed
fatigue test with an increasing stress ratio R=0.5. This phenomenon, however, may be
not so obvious in fatigue delamination of the HI-HI block loading. As a result, more
energy dissipation can occur at the beginning of fatigue delamination in the LO-HI
block loading, as compared to that in the HI-HI block loading.

8. Discussion on damage states in quasi-static and fatigue delamination

For the application of the Paris laws in the interpretation of fatigue crack growth in
metals, the exponent approximately ranges from 1.8 to 4.0 [24]. However, it is much
higher for composite materials, especially in ‘mode | fatigue delamination growth
[26,27]. This means fatigue crack growth is really sensitive to the magnitude of
applied SERR. A small uncertainty in the SERR can cause obvious error in the crack
growth evaluation.

Normalization has been widely applied to fatigue data analysis in order to reduce the
exponent magnitude as well as data scatter. This method is based on the principle of
relative crack driving force [28]. In practice, the maximum SERR or SERR range is
usually normalized by the quasi-static delamination resistance. Furthermore,
normalization was also used in total fatigue model development, which was based on
a phenomenological description of the sigmoidal shape of da/dN against SERR in a
log-log graph [29]. Pascoe et al [1] proposed a brief discussion on the validity of
using normalization in fatigue delamination study in composite materials. It has been
stressed that normalization was lack of physical or mechanical support, as there was
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no evidence to correlate quasi-static and fatigue delamination resistance. This method
is valid unless the damage states between quasi-static and fatigue crack growth are the
same or at least similar, equivalent to the resistance between quasi-static and fatigue
delamination is comparable. In present study, it has clearly demonstrated that the
fatigue resistance is stress ratio dependent. The fatigue resistance of a high stress ratio
is comparable to quasi-static, supporting by the similar quasi-static and fatigue
R-curves shown in Fig.3(b). However, this is not true for fatigue delamination with a
low stress ratio, as obvious difference is observed in the R-curves shown in Fig.3(a).

In previous studies [18,19], it has reported that the Paris curves for fatigue tests with
the same quasi-static and fatigue pre-crack are different, even at the same stress ratio
R=0.5. This seems to disagree with the results of present study, i.e. the same
quasi-static and fatigue delamination resistance illustrated in Fig.3(b). In the author’s
understanding, this ~can be reasonably explained by the load level difference in
quasi-static and fatigue crack growth. Crack propagation occurs at the high critical
quasi-static loading. In this condition, bridging fibres can be fully stretched and pulled
out- from matrix. In a subsequent fatigue test, these fibres are, therefore, not
completely tensioned at a sub-critical loading, leading to less strain energy
periodically stored and released in fibre bridging or permanently dissipated due to
fibre damage. However, crack growth can occur at a sub-critical loading in fatigue
delamination. Most bridging fibres, in this condition, are not fully stretched or pulled
out. Thus, these bridging fibres can be further tensioned and pulled out in a
subsequent fatigue test with increasing displacements. Consequently, more strain
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energy can be periodically stored and released under fatigue loading or permanently
released because of damage in bridging fibres. This is the reason for the difference
observed in the Paris curves in previous studies [18,19].

On the contrary, delamination resistance for specimen with a given fatigue ‘crack
length was measured at the critical loading or a loading really close to the critical in
present study. In this condition, all bridging fibres can be completely tensioned,
making negligible difference between quasi-static and fatigue R-curves shown in
Fig.3(b). Therefore, delamination resistance should be carefully measured to
investigate the resistance or damage state difference in quasi-static and fatigue
delamination.

9. Conclusions

This paper provides an insight into fibre bridging in fatigue delamination growth
under different stress ratios. It apparently demonstrated that fibre bridging has
significant effect on fatigue delamination behavior in composite materials. The
presence of fibre bridging can lead to a clear decrease shift in fatigue crack growth.
The significance of fibre bridging is stress ratio dependent in fatigue crack growth.
More bridging fibres can be present in fatigue delamination of a high stress ratio, as
compared to that of a low stress ratio. The first reason for this dependence is the crack
closure mechanism, as this shielding mechanism can cause bridging fibres damage in
the unloading cycle. The second reason is related to stress ratio or mean stress. More
bridging fibres seem to be pulled out from matrix in delamination of a high stress
ratio. The stress ratio dependence of fibre bridging significance can cause fatigue
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bridging law stress ratio dependent. Thus, it is inappropriate to use a unique bridging
stress distribution to represent fibre bridging in fatigue delamination.

The differences and similarities of damage states between quasi-static and fatigue
delamination is stress ratio dependent. Fatigue R-curve of a high stress ratio is similar
to that of quasi-static R-curve, indicating the same or at least similar damage state.
However, fatigue resistance of a low stress ratio with crack closure is much smaller
than that of quasi-static crack growth, indicating the difference in damage states. As a
result, stress ratio effect on the damage state must be carefully taken into account, in
case of using normalization in fatigue data analysis or model developments.

Fibre bridging, acting as the shielding mechanism in delamination of composites, can
play a dominant role in the block load sequence effect on fatigue crack growth. The
fatigue delamination behavior of a HI-HI block loading differs from that of a LO-HI
block loading. Crack growth is much faster in a LO-HI load sequence, as more fibre
bridging can be generated in fatigue delamination of a high stress ratio.
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