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Abstract

Fatigue delamination growth in composite laminates is strongly influenced by mean loads or
load ratios. Description of this behaviour currently relies on empirical curve fitting, which renders it
difficult to predict fatigue lives of composite structures subjected to variable amplitude fatigue
loading. This paper presents a new scaling parameter that is consistent with the similitude concept
and incorporates the crack-tip shielding effects of fibre bridging under fatigue loading. Static and
fatigue experiments were carried out on IM7/977-3 composite laminates under mode | and mode I1.
Large scale fibre bridging was observed as a major toughening mechanism under both static and
fatigue loading. To correctly account for the effect of fibre bridging, an inverse method was
developed to determine the traction stresses acting in the crack wake. The new scaling parameter,
accounting for the fatigue bridging traction, is shown to unify the fatigue growth rates under different

load ratios obtained in this study.
1. Introduction

In aerospace applications, composite structures must be designed for no-growth or slow
fatigue crack growth, according to the current airworthiness regulations [1], to prevent
manufacturing defects or in-service damage (e.g. resulting from low energy impact) from reaching
the safety limits. Traditionally, this is typically accomplished by employing low design allowable
strains, validated by fatigue tests demonstrating that defects of the minimum detection size do not

grow under service loading. Although slow-growth (near threshold region) mode is permitted in
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demonstrating compliance with airworthiness regulations, the no-growth criterion is more commonly
used, due to the lack of a better design criterion for slow fatigue crack growth of composites under
fatigue loading. Delamination crack has been observed to propagate under fatigue loading far below
the static fracture loads [2]. As a result, existing composite structure designs using the no-growth
criterion often carry additional weight to mitigate the risk of fatigue failure from service-induced
damage. To fully take advantages of the lightweight characteristics of composite materials and to
reduce the high cost burden of existing design practices, it is important to quantify the near-threshold
growth behaviour to ensure the continuous airworthiness of composite structures during service [1]
without excessive component and full-scale testing.

In contrast to metallic alloys, fibre-reinforced composites are highly anisotropic and
inhomogeneous. The strain energy release rate (G), rather than the stress intensity factor (K), is
commonly used to correlate the fatigue delamination growth rates. This is because the solution for K
is highly complex for inhomogeneous materials and can result in oscillatory stresses between plies of
different elastic properties [3]. The delamination growth of composite laminates is conventionally
described in terms of the strain energy release rate G by a Paris-law type of relation given below,
with C and exponent m being fitting parameters that depend on materials and load ratios,

i%:(mﬂ“ (1)
where the cyclic strain energy release rate AG is defined as the difference between the applied

maximum and minimum values [4-7],

AG =G — G 2

One major drawback of the above AG definition is that it does not conform to the similitude
principle (i.e. crack-tip conditions are uniquely defined by a single loading parameter) similar to AK

[8-10]. Moreover there is a potential ambiguity in this definition for negative load ratios (
R=P.,/P,.. <0). For example, AG equals zero under fully reversed loading (R=-1), because the

Gmax and Gnin are equal. In addition, strong load ratio effects have been observed for both mode | and
Il fatigue behaviour when AG is employed as the correlating parameter [9, 11]. Consequently the
coefficients C and m in Eq. (1) must be empirically determined for a given specific load ratio [4].

To avoid the ambiguity associated with AG, the maximum strain energy release rate G has

max

been used as the correlating linear elastic fracture mechanics parameter. However G** inherently

max
cannot account for the influence of load ratios. Hence Andersons et al. developed a model based on
linear damage accumulation to predict the effects of load ratios on mode I and Il delamination

fatigue behaviour [12]. While reasonably good correlation can be obtained, the model requires a



number of additional parameters which must be calibrated or determined experimentally. Allegri et
al. proposed a two-parameter fatigue delamination model for mode Il loading [13], which was later
extended to account for both load ratios and mixed mode ratios [14]. Jones and colleagues proposed
a modified Hartman-Schijve relation for composite delamination [15] and bonded joints [16], in
which the threshold and toughness values are calibrated experimentally for varying load ratios.

Given the lack of physical basis of the AG definition, an alternative definition for an
equivalent strain energy release rate has recently been suggested [8-10, 17, 18] for correlating

delamination growth and disbond growth in joints,

AG, =(\GZ -G ) =a-Ry Gz &)

The equivalent strain energy release rate AGeq parameter assumes that delamination growth is
controlled by the cyclic stress state at the crack tip, consistent with the similitude principle as 4K for
fully open fatigue cracks in metallic alloys [19]. When experimental delamination growth rate data
are expressed in terms of AGeq, the strong load ratios effects are nevertheless observed in the mode |
fatigue behaviour [8-10, 17, 18]. Therefore empirical fitting parameters are still needed to correlate
data pertinent to different load ratios.

In addition to the need for extensive experimental tests to determine the necessary fitting
parameters, the aforementioned empirical approaches are difficult to model the transient effect of
overloads and underloads under variable amplitude loading, which is essential to the estimation of
fatigue life under spectrum loading. Motivated by the great success of the crack closure concept in
quantifying the effects of variable amplitude loading on the fatigue crack growth in metallic alloys
[20-22], the present authors have recently shown that the load ratio effects on the disbond growth in
bonded joints can be characterised by an effective strain energy release rate, once the plasticity-
induced crack closure has been taken into account [10]. By contrast to metallic alloys and adhesives,
fibre-reinforced composites are known to exhibit extrinsic toughening by fibre bridging [18, 23-26].
The aim of this paper is to extend the effective strain energy concept to quantify the effects of fibre
bridging on the fatigue delamination behaviour of composite laminates. Double cantilever beam
(DCB) and end-notched flexure (ENF) specimens were manufactured from unidirectional carbon-
epoxy composite laminates. Static and fatigue tests were carried out during which the fibre bridging
traction stresses were quantified. Then an inverse method was developed with the aid of finite
element (FE) analyses to quantify the effects of fibre bridging on the strain energy release rate at the
crack tip. Based on these results, a new scaling parameter is proposed which is shown to correlate

well with both mode I and 11 fatigue delamination growth rates.



2. Materials and Methodology
2.1. Materials and Specimen Preparation

Composite laminates were fabricated from 24-ply unidirectional IM7/977-3 pre-pregs with a
nominal ply thickness of 0.13 mm. A starter delamination was introduced in the mid-plane by
inserting a 13 um thick poly-tetrafluoroethylene (PTFE) film. The composite laminates were cured in
an autoclave at 177 °C under a pressure of 538 kPa for 6 h in accordance to the manufacturer’s
recommended cure cycle. The test specimens were then machined from the laminates with a diamond
saw into the following dimensions; 20 mm width, 170 mm length and a starter crack of ag = 70 mm.
Additional piano hinges were glued to the DCB specimens with a two-component epoxy. The side of
the specimens were painted with a thin coat of white, brittle correction fluid to aid visual observation

of the crack.

2.2.  Static Test Procedure

Mode | and Il fracture toughness tests were performed with DCB and ENF specimens
respectively using Instron 4466 with a 10 kN load cell. A schematic of the test configuration is
shown in Fig.1. The initial crack position of the ENF specimen was placed at a; = 0.5L to provide
sufficient length for delamination growth. Specimens were loaded under displacement control at a
rate of 0.1 mm/min. The delamination length was measured visually from the travelling microscope.
The mode | and Il fracture energies, G, and G,;, were then calculated using the beam theory method
and are expressed in Eq. (4) and (5) respectively [27-29].
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where a is the crack length, B is the specimen width, P is the reaction force, A is the applied

crosshead displacement and L is the span of the support rollers in the ENF test configuration.

2.3. Fatigue Test Procedure

Fatigue experiments were conducted on a computer-controlled all-electric Instron E3000
system with a 3 kN load cell. The specimens were subjected to constant amplitude, sinusoidal cyclic
load with a frequency of 10 Hz under displacement control. A sharp delamination front was
introduced from the PTFE pre-cracks under relatively high cyclic loads prior to the start of the
experiment. The maximum applied load for the tests was chosen to be approximately 50-60% of the

maximum fracture energy Gr, determined from the monotonic tests. After an initial 1200-1000 cycles



when delamination growth was visible, the delamination lengths were then recorded, from which
growth rates were calculated. The fatigue delamination growth rates in the Paris plot were generated
using the load-shedding scheme prescribed in ASTM E647 [30]. Mode I tests were conducted at load
ratios R of 0.1, 0.3 and 0.5, while mode |1 tests were conducted at load ratios of 0 and 0.45. In order
to account for the cyclic loads, the cyclic strain energy release rate is defined as AGeq, given in Eq.
(3). This definition was selected to characterise the delamination growth rates because it maintains
the theoretical requirement of similitude under fatigue. Gnax and Gpi, can be calculated from the
respective reaction loads at maximum and minimum applied displacements using the beam theory
method, shown in Eq. (4) and (5) for mode | and II.

In order to further investigate the effect of fibre bridging on the fatigue delamination growth

rates, another set of tests were carried out using DCB specimens under a constant maximum strain

energy release rates G of 150 J/m® (63% of critical resistance energy Girc, referring to Section

max
3.1), R=0.1 and 0.3. To keep the maximum strain energy release rate approximately constant, the
tests were interrupted after 0.5 mm delamination growth. The applied displacement was recalculated

and adjusted to maintain G2 corresponding to the new delamination length. During the tests, the

max

delamination lengths were recorded and used for determining the growth rates.

3. Experimental Results and Discussion
3.1.  Static Fracture

Stick-slip crack growth behaviour was observed for the DCB specimen. The mode |
delamination growth resistance (R) curve which is the relation of the energy (Gir) needed to advance
the crack tip and the delamination length extension (Aa), is shown in Fig. 2. The initial value of
mode | fracture toughness, Giro (at Aa = 0 mm), was measured at 100 J/m®. As the delamination
propagated, G\r gradually increases and becomes independent of crack length increment after a
characteristic propagation distance of Aa = 23 mm. The averaged value of the steady-state fracture
resistance, denoted as Girc, is 240 J/m?, representing an increase of 140% from the initial value. The
significant increase of the mode | fracture resistance can be attributed to the bridging by cross-over
fibres behind the crack tip, which was observed in the present study and commonly reported in the
literature [18, 24-26, 31, 32]. In mode Il tests, no R-curve has been observed (hence the results are

not shown) and the average value of the mode 11 critical fracture energy is 1000 J/m?.

Under static fracture condition, the traction stress [23, 24, 33] as a function of the crack opening

displacement, cr_;,,:cr_;b(é’), is position independent, i.e., the same for every point in the bridging



zone. The traction stress would decrease monotonically from a maximum oy, at the crack tip to zero
towards the end of the bridging zone at maximum separation. From the J-integral conservation, the

energy for an advancing crack can then be summarised as
6110
G = Gpeo + Gy = Gppeo + _[ 0 04(0)do (6)
where &, represents the separation at the pre-crack tip location. Greo is the matrix material’s

intrinsic resistance to crack propagation, which corresponds to the fracture energy needed to initiate
the propagation of the pre-crack when fibre bridging is absent. The total fracture energy, Gy, is the
driving force necessary to propagate the crack. Fig.3(a) shows the corresponding strain energy
release plotted against the crack opening displacement. The bridging law can then be experimentally

determined by optically measuring the crack opening displacement at the pre-crack tip location, &,,,

together with the R-curve, and then by differentiating Eq. (6),
oG,
5 — sh

al

From the Eq. (7), the bridging law can then be obtained and the results are shown in Fig.3(b). It can
be seen that the measured bridging law exhibit an exponential behaviour of large scale bridging
reported in [24, 25, 33]. The static bridging stress distribution can be approximated by an exponential

relationship,

o, (x)= o e ) (8)

where o, and y, denote the maximum value and the rate of decay of the static bridging stress.

3.2.  Delamination Fatigue

Fig. 4 shows the results of delamination growth rates plotted against the cyclic strain energy
release rate AGeq under mode I and Il loading. Significant load ratio effects can be observed for mode
| fatigue delamination behaviour, but not for mode Il loading. The influence of load ratio under mode
I, i.e. the higher the load ratio the faster the fatigue growth rates, is consistent with the fatigue
behaviour of metals and bonded joints. This similarity indicates the presence of a certain mechanism
affecting the crack tip conditions as in the case of metal and bonded joints where plasticity induced
crack closure has been identified as the driving mechanism. It is also observed that the slope of the
mode | delamination growth rate is almost twice than of mode Il. Similar to the static case, fibre

bridging was also postulated as the cause for the observed mode | behaviour.



In the constant strain energy release test, where G®* was kept constant, the delamination

growth rate gradually decreases as the total delamination length increases, referring to Fig.5. At the
early stage of crack growth from its initial position, the fatigue fibre bridging zone was not formed
and no retardation of delamination growth was present. As the fatigue crack grew, an increasingly
large fibre bridging zone was created behind the crack tip, leading to a decrease in crack propagation
rates. After a crack propagation length of approximately 20 mm, the crack propagation rates were
observed to attain a steady-state value, corresponding to the full development of the fibre bridging

zone under fatigue.

3.3.  Fibre Bridging Under Fatigue

A Scanning Electron Microscope (SEM) image of the side crack profile of a fatigue specimen
shows the bridging by cross-over fibres in the crack wake, seen in Fig.6 (SEM image 1). A second
SEM image was taken at a location further behind the crack tip. It is clear that bridging fibres are
visible within the crack wake. The bridging fibres induce a traction stress across the crack faces, with
the highest stress close to the crack tip and gradually decaying in a manner similar to the static case.
Furthermore, the SEM images of the mode | fatigue samples presented in Fig. 7(a) show an uneven
fracture plane. This suggests that there is no well-defined single crack propagation plane due to the
nesting of the fibres that bridge the fatigue crack [31]. A large number of broken fibres can also be
observed, evidencing fatigue degradation of the bridging zone. The morphology of the resin region,
referring to Fig.7(b), shows a brittle fracture mechanism, indicating the absence of plastic
deformation of the epoxy matrix. Unlike for metallic alloys and bonded joints, plasticity induced
crack closure cannot be attributed for the observed load ratio effects in mode | fatigue behaviour of
composite laminates. Consequently, this leaves fibre bridging as the only mechanistic explanation.

Under static loading, the fibre bridging traction relation can be determined using the J-
integral method [23, 24, 33], as discussed in Section 3.1. However, the J-integral method is not
applicable to characterising the fatigue bridging traction stress because (1) the precision of the
optical measuring technique of small crack opening displacement lacks the necessary accuracy to
enable numerical differentiation and (2) the applied sub-critical load amounts to a stationary crack
under static conditions, hence it is impossible to obtain an equivalent R-curve. Murri [26] and Zhang
et al. [32, 34] attempted to normalise the fatigue delamination resistance based from the static results,
on the premise that the fatigue and static bridging relationships are identical. However Yao et al. [18]
concluded that the bridging created in fatigue delamination is different from that pertinent to the
static delamination at the same crack length. Stutz et al. [25] employed an inverse method to

determine the tractions in the bridging zone in monotonic and fatigue loads and found that the under



small crack opening displacement (less than 0.5 mm) the bridging stress is higher under static
loading than under fatigue loading, while at greater opening displacement the fatigue traction stress

is higher than the static counterpart.
In the constant G* fatigue test, the near-constant delamination growth rates were attained

after a bridging zone length of 20 mm was formed. This suggests beyond this delamination growth
increment the fatigue bridging zone developed fully and the opening crack profile became self-
similar (independent of delamination length). In the next section we present an inverse solution

method to determine the fatigue fibre bridging parameters.

4, Inverse solution of fibre bridging law
4.1. Method

Unlike the static fracture where the fibre bridging stress can be determined from the R-curve
measured under rising load, a different method is required to determine the traction stress, referring
to Fig.8(a), under steady-state fatigue delamination crack growth. The bridging law is approximated
as an exponential function, shown in Fig.8(b), and is defined as follows,

04(X)=0 ppe” ) 9)

where ¥ accounts for the rate of decay of the traction stress from the crack tip (yf > 0), and O o
denotes the maximum bridging traction stress at the tip of a steady-state fatigue crack. In the
following an inverse method is presented, involving two steps. Firstly, the crack opening
displacements at different positions behind the tip of steady-state fatigue crack were experimentally

measured. The results for G®*=150 J/m? are shown in Fig.8(c). Denoting this opening displacement
as §f(x), where the subscript f denotes the opening displacement pertinent to fatigue, and x the

distance behind the crack tip, when the specimen is subjected to the maximum applied displacement
used for the fatigue test. In the second step, the fatigue bridging parameters are determined from an
inverse solution method. To achieve this, the fibre bridging process is represented by a surface

traction stress distribution, acting in the y-direction. To find the appropriate values of Yr and O o @

finite element model of the DCB specimens is developed with the fibre bridging being represented
by the traction stress given by Eq.(9) acting in the direction perpendicular to the crack face over a
distance of 25 mm. Due to symmetry in the present case, it is sufficient to model half of the DCB

specimen. The appropriate values of s and O g are 1o be determined by minimising the difference

between the crack opening displacements measured experimentally and computed from the FE

analysis, i.e. minimising the following cost function,

8



F(75000)= .[ oMﬁ{ 5@,5(1?) ;ij (x)] dx (10)

e
where §m(x) and 5m(x) are the crack opening displacements measured experimentally and
computed by the FE model, respectively. The parameter Aaﬂ, denotes the fibre bridging zone

length. The above cost function serves as the objective function to reduce the error between
numerical and experimental values during the optimisation process.

FE analyses were performed using commercial software Abaqus Standard v6.11. The
substrate of the DCB was modelled using four-noded reduced integration plane strain (CPE4R)
elements. Reduced integration elements were used to avoid shear locking of the elements under large
bending deformations. The properties of the composite laminate are E;; = 131 GPa, Ez; = Ez3 = 13
GPa, G13= Gy3= 6.4 GPa, v12 = vi3= vo3 = 0.35. In the present work, a genetic algorithm available in

commercial software ModeFrontier [35] is employed to search the appropriate values of Yr and O o

that will minimise the cost function of Equation (10). To ensure convergence to the optimum
solution, the genetic algorithm employs an elitism method. Essentially the best individual in the
current population is kept as the best solution in the next iteration if no better solution is found in the
next iteration; otherwise the new best solution is taken as the new best overall solution. In this way,
the fitness value of the best individual defines an increasing and upper bounded sequence, so it

converges to the optimal solution.

The values of the cost function during 300 iterations are plotted in Fig.8(d). It can be seen that the
optimisation solution achieved a minimum solution after about 120 iterations; more iterations did not
yield any further improvement. This inverse method is highly robust, with rapid convergence

independent of the initial values of Yy and O 4o The fatigue bridging law corresponding to the best

solution according to this inverse method is presented in Fig.9. The values of the fatigue bridging

stress (o ﬂ,o) and the rate of decay ( yf) are equal to 0.225 MPa and 3.21, respectively.

4.2. Validation of the inverse method

To validate the inverse method for determining the fatigue fibre bridging relationship, the inverse
method is applied to obtain the static bridging traction law from the crack opening displacement data

presented in Fig.8(c). As in the fatigue case, the appropriate values of &, and y, are taken as those

minimising the cost function of Equation (10), substituting Aaﬂ, and &, (x) with the static results



presented in Fig.8(c). The finite element results 5mu(x) are computed using Equation (10), with
experimentally determined values of o, and y_ as the initial guess. It is clear that the inverse

method gives a very similar solution as the J-integral method, further substantiating the inverse
method. This result confirms the validity of the inverse method. It is very interesting to note that the

maximum fatigue traction stress o ., determined by the inverse method presented in Section 4.1 is

Op
approximately equal to the maximum static traction stress for the static bridging zone, i.e.

g

‘30 ® O Providing further support to the inverse method.

A comparison of the bridging relationships developed under static and fatigue loads is shown in
Fig.9. The maximum traction stress of the fatigue bridging law is very similar to the static bridging
law, but the fatigue bridging law exhibits a much faster decay with opening displacement than under
static fracture. This is likely due to the cyclic degradation of the bridging fibres due to fatigue
loading. To simulate the crack propagation under static loads as shown in Fig. 10(a), it is important
to incorporate the two fracture processes pertinent to the matrix (i.e. creation of new crack surfaces)
and fibre bridging under static loading into the traction-separation laws, presented in Fig.10(b).
Specifically, the static bridging law is the combination of the two separate traction laws operating
over two different length scales. To illustrate the importance of accounting for the fibre bridging
process, three different traction laws were used in a FE analysis of the crack propagation under static
loads. The traction laws are denoted as A, B and C; their details are listed in Table 1. The load-
displacement responses from numerical simulations and experiments are shown in Fig. 10(c).
Ignoring the contribution from fibre bridging, traction law A can only predict the onset of non-
linearity. Similarly, traction law B, which accounts for the total energy contribution from the matrix
and fibre bridging using a linear degradation (identical fracture energy as but small scale bridging)
relationship, fails to accurately predict the experimental data. It is clear that only when the behaviour
of large scale bridging is modelled by traction law C can the experimental load-displacement
response be accurately predicted. Shown in Fig.10(d) are the results of the R-curve of the DCB
specimen. Here G rc of the finite element analysis result was determined from the load-displacement
response using Eg. (4). Hence the bridging parameters approximated by the exponential traction law
in the inverse solution method are validated by the experimental measurements and finite element

simulations.

5. Crack-tip shielding by fibre bridging under fatigue

10



Fibre bridging reduces the crack growth driving force at the tip of a fatigue delamination
crack to below the applied strain energy release rate. To quantify this reduction, a cohesive zone
model, schematically shown in Fig.11(a) was used to investigate the crack shielding effect on a
fatigue crack under subcritical loads as a result of fibre bridging. Under steady-state crack growth
condition, the fatigue fibre-bridging zone is fully developed. This bridging zone can be represented
by cohesive elements, referring to Fig. 11(b), with the traction law D shown in Fig.9 and listed in
Table 1. The length of cohesive zone was set at 40 mm to ensure the fibre-bridging zone to be fully
developed (the steady-state bridging zone length is approximately 30 mm). The parameter G
represents the actual strain energy release rate experienced at the crack tip and was determined using
the virtual crack closure technique [36]. G™ is the strain energy release rate calculated based on the
global response of the DCB with beam theory. During the loading portion of the cycle, the cohesive
elements in the wake of the crack gradually open up. When the applied load is below a certain level,
such as that the applied strain energy release rate G remains less than fatigue fibre bridging

energy (z,, the crack-tip remains closed with the effective strain energy release rate being zero, as

shown in Fig.11(d). Only when the applied strain energy release rate G*” exceeds the fatigue fibre
bridging energy does the crack tip experiences positive driving force. The results of the crack tip

strain energy release rate presented in Fig.11(d) are well approximated by the following relationship,

Ggie — 0 Gr?wgg <Gy,
max — Gapp _Gfb Gapp > Gfb (ll)

max max —

which is consistent with the J-integral solution. For the present composite material system, Gﬂ, has
. . - _ _ 2
been calculated using the cohesive model, i.e. G4 =04,/7,=70 Jim".

During the unloading phase of a fatigue cycle, all the cohesive elements un-load elastically,
referring to Fig. 11(c), and experience no further fatigue damage. The crack-tip strain energy release
rate returns proportionally to the origin, as shown in Fig.11(d). As a result, the minimum value of the

crack-tip strain energy release rate is,

2 iip
Go | KL R=0 12)
0 R<O

It can readily shown that without fibre bridging, it can be seen that G™ is equal to G*.

6. A New Scaling Parameter For Fatigue Delamination Growth

11



Having quantified the parameters of the fatigue bridging law and the effects of bridging on
the crack tip, a new scaling parameter can now be defined to describe the delamination tip conditions
for fatigue. By isolating the influence of fibre bridging, the crack tip conditions represent the intrinsic
toughness of the matrix to fatigue crack growth (although not necessarily the neat polymer property).
Hence AG™ is used to correlate with the fatigue crack growth. The proposed scaling parameter is

defined as the effective cyclic strain energy release rate given below,

AG, =AG® =( /G —.[G* } (13)

After inserting Equations (11) and (12), the effective cyclic strain energy release rate can be written
as
(G -G )1-R) R>0
AG, = » (14)
Gor —G, R<0
It is clear that this new parameter reduces to the equivalent strain energy release rate given by
Equation (3) when the fibre bridging effect is ignored.

As already noted in Fig.4, at high strain energy release rates, the proximity of the maximum strain

energy release rate to the critical fracture energy strongly influences delamination growth. To

account for this effect, the Forman model can be adapted to remove the influence of G**. The

max *

delamination growth rate can now be expressed in terms of the effective strain energy release AG o

and the critical strain energy release rate G,

Mg Mg

da _ Ci(AGy) ~ C.(AGy)
W (=BG ~G) (1= R)Gne—Gp GG "

where G, =G, —G,, and Gn‘f’a =G —Gﬂ, have been used. The parameter Gjrc is the steady state

fracture toughness obtained from the static R-curve tests.
At each experimental data point, the Forman model represents the data by computing the
factored rate of delamination growth.

da Lt
Qbr=(1—R)( G — fb—,/Gf:;—Gjb)cﬂvch(AGeﬁ) (16)
The correlations between experimental data of different load ratios using the new scaling parameter

in conjunction with the Forman model are shown in Fig. 12(a). A unique solution of Cg and mg can

be obtained which is determined to be 2.5x10™" and 5.32 respectively. It can also be observed that

12



the slope of the Forman plot (m. =5.32) is now significantly lower than that obtained without

accounting for fibre bridging (m =10 for R=0.1, m=12.8 forR=0.3 and m = 15.7 for R = 0.5, as
shown in Fig.4). Fig. 12(b) compares the experimentally measured delamination growth rates against
the effective strain energy release rates predicted by using the derived Forman parameters. It can be
seen that Eq. (15) is able to correlate to the experimental delamination growth data in the Paris plot.
The load shedding method typically used for determining the delamination growth rates poses
two challenges for composite laminates. Firstly, the initial bridging zone is small and therefore the
crack growth rate will be high. As the bridging zone develops, the delamination growth rates retards
and this leads to an artificially high slope in the Paris law relation. Using the proposed scaling
parameter in Eq. (14), the crack shielding effect due to a fully developed bridging zone can be

accounted for where Gﬂ, can be determined by the inverse solution method, described in Section 4.

The modified Forman model enables the transient effect of a developing bridging zone on fatigue
delamination growth rate to be taken into account. Consequently, the true threshold value can be
selected as a design parameter. Assuming that threshold for very slow delamination growth taken at
10® m/cycle [29], the mode | and II threshold value can be taken at 27.5 J/m? and 200 J/m?

respectively which represents 27% and 20% of the delamination onset value under static loads.

7. Conclusions

Significant load ratio effects were observed experimentally in the fatigue delamination
growth of composite laminates. No existing correlating parameter is capable of mechanistically
explaining these effects, as traditional approaches have relied predominately on empirical curve
fitting. Experimental investigations confirmed the strong influence of mean loads in the mode |
fatigue behaviour when correlated with the equivalent strain energy release rate. As in the case of
metallic alloys and bonded joints, this phenomenon signifies non-linear conditions at the crack tip,
arising from fibre bridging in the crack wake. An inverse method has been developed to quantify the
fibre bridging law under static and fatigue loading. By accounting for the effect of fibre bridging, a
new scaling parameter has been proposed to quantify the effects of mean load on mode | fatigue
delamination growth rates. The new correlating parameter, which conforms to the similitude

requirement, is able to unify the mode | fatigue delamination growth rates under different load ratios.
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Tables
Table 1: Input parameters of cohesive law used in numerical simulations
Tr?;\f\i/on Traction law description | /rlim?’) o’ (MPa) (k?/lcmoz) N /l:r:rm3) (&blzrf;) 8¢ (mm)
A | gt | e |6 | o | - | - |
o | Lmweetmeinas | s | e o | [ -]
C m';'ttr’lr)f Sg'ﬁglr\‘lge i’;ﬂe 1E6 40 0.1 - 0.236 1.42
D Fatigue f(i)k;]rlibridging 240 0.225 391
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Fig. 2. Mode | strain energy release rate versus crack growth increment from static DCB tests.
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Fig. 7. SEM images of the fracture surfaces under mode | fatigue loading exhibiting (a) broken fibres
and (b) residual matrix
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(a) Schematic of finite element model
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a) Numerical model for static loads
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(a) Numerical model for stationary crack (b) Fibre bridging traction law

P Current crack ti
Crack length ! P =
P a, =90 mm - o
< > =
o \/ g br
_________________ 2 . . .
% A A = /F|bre bridging
a _ 40mm L 5
(u, =u, =0) < . 2 TIE ©
o Bridging zone constraint = A
Cohesive elements
&' 8
P (c) Response of a cohesive element Crack opening dispplacement (mm)

(d) Crack tip shielding mechanism under fatigue

p 140 | —o— With fibre bridging T

/ Bridging traction L a— Without bridai
/
l )/ elements 120 F : fhout bridging é,\’i‘Q’
! along a crack face I
' 100 +
) Loading-unloading of a single o I
\ traction element e 80
::3. I
Fatigue Loading =% 60
é \ O] i
b 40 |
g | 20
— Unloading L .
= ‘/”(’;_d)k Reloading O o Ala o al s oo adn 1 N ] . | N L
0 20 40 60 \. .80 100 120 140
Crack Openi i - app 2 Gm
pening Displacement G (Jz’m )

Fig. 11. (a) Schematic of finite element model used, (b) traction law incorporating only the large
scale fibre bridging component, (c) the loading-unloading process of a traction element and (d) Crack

tip shielding mechanism as a result of fibre bridging
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(a) Forman plot

(b) Paris plot
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Fig. 12. Mode I experimental data under varying load ratios correlated with AG,; by accounting for

fibre bridging; (a) Forman plot and (b) Paris plot
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