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ABSTRACT

Fatigue delamination growth in composites is accompanied by large scale bridging (LSB) that yields
important toughening effects. However, the extent of this mechanism depends on the laminate geometry
rendering its modeling a challenging task. This work presents a combined experimental/numerical study
on characterization of specimen thickness dependence of LSB in fatigue delamination. Double cantilever
beam specimens of different thicknesses (h = 2, 4 and 8 mm), equipped with arrays of multiplexed fiber
Bragg grating sensors, are subjected to mode I fatigue loads. Measured strain data with the sensors are
employed to identify the bridging tractions and subsequently compute the energy release rate (ERR) due
to the bridging as well as the ERR at the crack tip. The obtained results confirm that fatigue delamination
growth strongly depends on the specimen geometry when LSB prevails. It is shown that both the extent
of bridging and critical ERR at failure increase by increasing the specimen thickness while the maximum
bridging traction at the crack tip is found independent of the specimen geometry. The identified traction-
separation relations serve to establish a power correlation, between the crack growth rate and ERR at the
crack tip which is independent of the specimen thickness.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Delamination under fatigue loads is widely recognized as a
critical failure mode of fiber-reinforced laminates. Significant
progress has been achieved on this matter over the past few de-
cades as recently reviewed in Ref. [1]. In particular, a wealth of
literature exists on modeling and experimentation of fatigue
delamination based on the fracture mechanics concepts [1-6]. Yet,
a thorough characterization of governing mechanisms on delami-
nation growth under cyclic loading is still lacking. Moreover, the
standardized experimental methods for characterization of fatigue
delamination, such as ASTM D6115, are limited only to the onset of
delamination. These limitations are primarily due to the complexity
of damage events that take place in the wake of the crack during
delamination growth. An important damage mechanism that can
accompany fatigue delamination propagation in fibrous laminates
is crack bridging by intact fibers. Bridging fibers effectively reduce
the stress level at the vicinity of the crack tip and consequently
contribute to crack growth resistance: under fatigue loads,
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development of the bridging zone affects the rate of crack growth
and can lead to crack deceleration and even crack arrest. Hence,
assessment of bridging effects is of particular importance in the
characterization of fatigue delamination in composite laminates. In
the literature, several semi-empirical relationships between the
cyclic loading parameters and delamination growth rate are pro-
posed. These models often employ a Paris-Erdogan relation be-
tween the rate of crack growth and applied cyclic energy release
rate (ERR) or stress intensity factor [1]. However, the applicability of
such relations is often limited to the experimental conditions in
which they are established. Moreover, such an approach cannot
predict crack growth deceleration while the total applied ERR
increases.

In contemporary approaches, bridging effects are described by a
distribution of tractions over the crack faces. The relationship be-
tween the bridging tractions and corresponding crack opening
displacements (COD), called traction separation relation, can serve
in computational methods to model delamination [4,7—9]. A direct
experimental assessment of crack-bridging tractions in fatigue
delamination is, however, a challenging task, as it requires precise
local measurements of strains or displacements along the bridging
zone under alternating loads. As a consequence, the modeling ef-
forts accounting for bridging do not always rely on such local
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measurements and for convenience bridging tractions are often
estimated from the global response of the specimen [10—12]. Yet,
distribution and intensity of bridging in fatigue delamination may
differ from bridging in monotonic delamination fracture [13—15].
Moreover, when large scale bridging (LSB) prevails, it can be
influenced by the laminate geometry [7,16—18]. In these studies,
identification of traction-separation relations is based on COD
measurement at the notch root [7] or distributed strains along the
bridging zone under monotonic loads [13,16,17]. Here, the latter
method [13] is adopted to identify the bridging traction contribu-
tion in fatigue fracture of carbon-epoxy composite specimens, due
to its ease of implementation and data acquisition as well as
versatility especially in fatigue tests: it is based on distributed strain
measurements, with wavelength multiplexed fiber Bragg grating
(FBG) sensors, along the crack propagation direction and subse-
quent inverse identification of bridging tractions using parametric
finite element (FE) modeling. Employing such an approach in the
analysis of monotonic fracture it is demonstrated that both the
bridging zone length and steady state ERR significantly increase by
increasing the specimen thickness while the crack initiation ERR, as
well as the maximum bridging traction at the crack tip, are inde-
pendent of the specimen geometry [16,17]. A recent micro-
mechanical analysis of LSB supports the specimen thickness
dependence of bridging during fracture [19]. Although progress has
been reported on understanding bridging phenomena, studies on
load-controlled fatigue delamination are very scarce. Thus, in this
work, LSB effects and the specimen thickness dependence in fa-
tigue delamination are investigated. Unidirectional carbon epoxy
specimens of different thicknesses, equipped with arrays of mul-
tiplexed FBGs, are subjected to mode I force-controlled fatigue
loads. Measured strain data with FBG sensors are employed to
identify the bridging tractions and subsequently quantify the crack
tip ERR as well as the ERR due to bridging. The results allow
elucidating bridging effects in delamination growth.

2. Materials and methods
2.1. Specimens

Unidirectional carbon epoxy laminates with thicknesses of
h = 2,4 and 8 mm are fabricated by stacking prepreg layers of SE 70
from Gurit ST™. An initial crack starter is introduced at the mid-
plane of the laminates by inserting a 60 mm long and 13 pm
thick release film from Aerovac®. The laminates of different thick-
nesses are cured using the same standard procedure suggested by
the prepreg manufacturer so that the variation of fiber volume
fraction between the composite plates is less than 1% and the
maximum variation in thickness for any given specimen does not
exceed 0.1 mm. Double cantilever beam (DCB) specimens are pre-
pared by cutting the cured composite plates into 25 mm wide
beams and bonding steel loading blocks (10 x 25 x 10 mm) to the
beams end. One side of each specimen, normal to the crack plane, is
painted white and marked with black thin lines at every millimeter
to provide a clear image of the crack tip location during the tests.
The specimens with h = 2 and 4 mm, are equipped with optical
fibers (SM28, 125 um in diameter), each containing 10 wavelength
multiplexed FBG sensors. The sensors are equally spaced at 3 mm
center to center and each one has a gauge length of 1 mm. In case
the of the 2 mm thick specimen, the optical fiber (with the coating
removed) is embedded four layers away from the crack plane. For
the h = 4 mm specimen, the array of sensors is bonded to the
specimen surface using a liquid cyanoacrylate instant adhesive
(Loctite® 401). In both cases, the optical fibers are aligned parallel to
the carbon fibers' direction and centered in the width of the
specimen. The exact position of FBGs along the longitudinal axis of

the beam is measured using the optical low-coherence reflectom-
etry technique with a step length of 25 pm. The following elastic
constants are used for the numerical analysis: longitudinal
modulus E, = 120.2 GPa, transverse moduli Ey, = Ex = 7.3 GPa, shear
moduli Gy = Gzx = 3.9 GPa and Poisson's ratios vz, = v;x = 0.28,
vyx = 0.48 (Fig. 1) [20].

2.2. Fatigue testing

Mode I fatigue tests are performed using an Instron® machine
equipped with a 500 N load cell in force control. A schematic of the
fatigue testing configuration is shown in Fig. 1a. In total, nine
specimens (three specimens per laminate thickness) are tested.
Prior to fatigue testing, the specimens are ramp loaded in
displacement control (3 mm/min) to initiate a natural crack from
the end of the insert film. The load at crack initiation under
monotonic loading of each specimen is reduced by 20% and applied
in the subsequent fatigue experiment as the maximum cyclic load.
Loading consists of a sinusoidal waveform with a frequency of
f =2 Hz and a minimum to maximum load ratio of R = 0.5. The
experiments are terminated at total fracture of the specimen which
is the result of unstable crack growth at the end of each fatigue test.
Crack propagation is followed throughout the tests using a high
resolution CCD camera. The rate of crack growth, 4a/4N, is deter-
mined from the crack length data, a, at every millimeter and
number of elapsed cycles, N. It is experimentally observed that the
specimens behave linearly elastic in loading/unloading cycles with
negligible energy dissipation. Thus peak values of load, P, and
displacement, 4, are acquired at each fatigue cycle and subse-
quently combined with the corresponding crack length data to
obtain the maximum cyclic values of the total applied ERR, G;, as
follows:

2

Gt = Gpip + Grp = Izj_b Z—g (1)
Here b is the width and C = 4/P is the compliance of the specimen.
To obtain smooth data for subsequent differentiation, the measured
crack length data and corresponding compliance values are fitted to
the following power expression: C=Ba" where B and n are the
fitting constants. Axial strains along the crack propagation direction
are monitored by means of the integrated multiplexed FBG sensors.
The initial Bragg wavelengths, Apg, are between 1520 and 1565 nm
(spaced by 5 nm) with a bandwidth of 1.5 nm. The Bragg wave-
lengths emitted during the fatigue loading are detected using the
Micron Optics SM130® interrogator with a frequency of 15.8 Hz. It is
experimentally observed that the Bragg peaks only shift in
response to fatigue crack growth and do not split up. The latter
indicates a uniform strain field on the short gratings used. Hence,
considering the axial strain, ¢, as the dominant strain component
in the optical fiber, the measured shifts of Bragg wavelength, Alg,
are converted to axial strains as follows: A\gi/Apoi=(1—pelezi
where i = 1, ...,10, indicates an FBG sensor along the optical fiber
andpe is the effective photo-elastic constant, equal to 0.2148 for the
optical fibers used herein. Subsequently, the measured strains are
expressed in the local crack tip coordinate system, as previously
described in Ref. [13], to obtain a quasi-continuous strain distri-
bution for inverse identification of bridging tractions in fatigue.

2.3. Identification of the bridging tractions

To identify the bridging tractions, FE models representing the
DCB specimens of each thickness, at the crack lengths of interest,
are built in Abaqus® Standard v 6.12. The maximum cyclic strain
values are taken as the objective data for the identification
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Fig. 1. Schematics representations of: (a) the experimental setup and integrated optical sensors, (b) distributed bridging tractions along the crack, (c) J-integral contours associate

with the rack tip I';j, and the entire process zone I';.

procedure, consequently the boundary conditions representing the
maximum cyclic loading are considered in the identification
models. Only one arm of the specimen is modeled due to the
symmetry of the specimen and loading configuration. Quadratic
plane strain elements (Abaqus® CPESR) are employed to discretize
the models. At least 12 elements are used in the thickness of the
specimen arms and the mesh is locally refined around the crack tip
(with the radial length of elements at the crack tip equal to
12.5 um). The crack tip singularity (1//r) is modeled by collapsing
the elements at the tip to triangles and shifting their mid side nodes
to 1/4 of the element's edge. In total, 8864 to 45082 elements (from
the thinnest to the thickest specimens) are used in the models.
Fiber bridging is represented by a parametric surface traction
applied to the specimen arms normal to the crack plane [13,16,17]:

0p(2) = omaxe (1 — Z/Zmax), 0 <z < Zmax (2)
Here z is the distance from the crack tip; omax is the maximum
bridging traction at the crack tip; zmax is the length of the
completely developed bridging zone and v is a parameter that ac-
counts for the nonlinear rate of traction decay along the bridging
zone (Fig. 1b). In monotonic tests zyax corresponds to the steady
phase of propagation [16] whereas in fatigue it is assumed that a
fully developed bridging zone z,,x is achieved at the end of prop-
agation phase II (defined in Section 3). The strains given by the
parametric FE model at the position of the nodes corresponding to
the sensors location, ergy = €5, and the strain data from FBGs, egxp,
interpolated linearly at the same locations as the nodes of the FE

model, are implemented in an error vector defined as:
2
emi—ee| | where ggxp is a reference strain value

F(0max, Zmax,Y) =

for normalization that is set equal to the mean value of the
measured strains. The error norm F serves as the objective function
in a non-linear least-squares optimization scheme using a trust-
region reflective Newton optimization algorithm built-in in the
commercial software Matlab®. To identify the optimal bridging
traction parameters (omax.Zmax.Y), the objective function is itera-
tively minimized with several random initial values chosen in the
following ranges: 0< omax <om, Where oy, is the strength of the
matrix, 0 < zmax < a—agp, where qg is the length of the crack starter
and 0 <y < 1. These multiple minimization processes converge to
the same results, independent of the initial choice of parameters.
This unique set (Gmax, Zmax,Y) iS considered as the solution of the
optimization scheme.

The corresponding traction separation relations for each thick-
ness, 7,(0), are constructed by combining each ¢5(z) with the cor-
responding values of COD, d(z). The later values can be obtained
using the weight function for an orthotropic DCB specimen [21].
However, since numerical integrations are necessary in this case,
0(z) is readily obtained from the optimized FE simulations for
simplicity. Note that simulations with linear and non-linear
geometrical effects show a difference of 4% on the bridging trac-
tion calculations.

Relations a,(0) for each thickness serve to numerically compute
the ERR of the bridged cracks along appropriate contours, as
follows:

Omax

Je=Jrip +Jip =Jrsip + / ap(6)do (3)
0

Here the total ERR, J;, is calculated by considering a far-field con-
tour, I'y, encompassing the crack tip and entire bridging zone and
Jitip represents the crack tip ERR obtained with a contour integral
local to the crack tip, I'sp, as illustrated in Fig. 1c. Parameter Omax
denotes the opening displacement at the end of the bridging zone
(i.e. 6(z = zmax))- Thus, in the analysis of ERR presented herein, the
term G refers to the maximum cyclic ERR values experimentally
obtained with the compliance calibration method (Eq. (1)) and J
refers to the numerically computed ERR using the contour J-integral
and the identified bridging tractions (Eq. (3)).

3. Results and discussion

Representative experimental data of crack length plotted
against number of cycles are shown in Fig. 2. The date in Fig. 2
demonstrate that crack propagation consists of an initially high
crack growth rate (phase I) that evolves into a long period of slow
crack propagation (phase II) which ends by rapid crack growth
(phase IIT) and unstable fracture.

Based on these experimental observations and physical
reasoning, the reported delamination fatigue process is envisioned
as follows (Fig. 1a): upon loading, damage develops in the crack tip
process zone as well as in the bridging zone behind the crack tip
with different growth rates. When damage in the crack tip process
zone reaches a critical level, local failure takes place and the crack
grows in this zone. In parallel, crack advance generates interface
failure and new bridging fibers close to the crack tip as well as
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Fig. 2. Representative fatigue crack growth curves indicating three distinct stages of fatigue delamination, (I) crack growth deceleration, (II) constant growth rate (III) crack growth

acceleration for: (a) h = 2 mm, (b) h = 4 mm, (c) h = 8 mm. See text for details.

failure of bridging fibers in the tail of the bridging zone. The process
of damage accumulation in both zones is repeated until specimen
failure.

Representative specimens for each thickness and the evolution
of the specimens’ compliance versus crack length during the fa-
tigue delamination tests are shown in Fig. 3a and b, respectively.
The slope of these curves are used to calculate the applied
maximum cyclic ERR, G, as described in Section 2.2. The measured
strain data with an array of 10 wavelength multiplexed FBG sensors
during the entire fatigue experiment are demonstrated in Fig. 4a for
the specimen with h = 2 mm. Each curve represents the evolution
of the strains imposed on an individual sensor by cyclic loading.
Note that the sensors are loaded in compression due to their po-
sition with respect to the neutral axis of the beam (Section 2.1). For
the subsequent analysis of bridging effects on fatigue delamination,
the maximum values of strain, ¢,, are extracted as shown in Fig. 4b.

Due to the force-controlled loading condition, the applied
maximum G; to each specimen monotonically increases due to the
increase in crack length throughout the fatigue test. The latter is
demonstrated in Fig. 5 together with the corresponding resistance
curves measured in monotonic delamination tests [16]. The fatigue
ERR curves are initially close but diverge progressively up to the
failure of each specimen. For a given specimen thickness, the
applied ERR is lower than the corresponding monotonic delami-
nation resistance until a critical value at which the specimen fails.
As shown in Fig. 5, such critical values are nearly equal to the
plateau level of the R-curves in the corresponding monotonic tests.

Fig. 6 shows the rate of fatigue crack growth, 4a/4N, in

representative specimens of different thicknesses plotted against
the applied total maximum ERR, G;. The three phases of crack
propagation, marked in Fig. 2, can also be distinguished here.
Namely, crack deceleration (phase I), constant crack speed (phase
I) and crack acceleration (phase III) terminated by specimen frac-
ture. Such crack growth behavior, also observed elsewhere [13,22],
is attributed to the development of LSB during fatigue, which re-
duces the ERR at the crack tip in phases I and II, despite the
monotonic increase in the applied global ERR throughout the test.
Such behavior implies that the presence of the bridging zone and its
evolution produces different levels of shielding on the crack tip in
these two phases.

The results presented in Fig. 6 demonstrate significant scaling
effects on fatigue delamination in the present composite speci-
mens: for a given value of the applied G, crack growth rates become
lower with the increase in specimen thickness. Moreover, a higher
ERR, at specimen fracture, is achieved in the thicker samples, thus
the constant crack growth rate phase (i.e. phase II) becomes longer
by increasing specimen thickness. Given the same damage mech-
anisms (matrix and/or interface failure, fiber bridging and fiber
fracture) in delamination of specimens with different thicknesses,
the experimental observations can be explained by assuming a
more pronounced bridging effect in fatigue delamination of the
thicker specimens. To investigate such a hypothesis, the bridging
tractions in representative specimens with different thicknesses
are determined using the iterative identification of bridging trac-
tions described in Section 2.3. Such an identification scheme re-
quires the analysis of a completely developed bridging zone in each
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specimen. Yet, the crack bridging mechanism evolves during the
entire fatigue delamination growth.

From the results presented in Figs. 2 and 6, the successive
phases of bridging zone development in a given specimen can be
interpreted as follows:

- At the early part of phase [, the bridging zone is negligible and
crack growth occurs relatively fast. Upon continued load, the
bridging zone increases in size giving rise to slower crack speed.

Hence, during this phase, the rate of increase of bridging trac-
tions, dGyp/da, is larger than the rate of the applied ERR, dG¢/da,
and G decreases with crack growth.

- In phase II, the crack grows at a constant speed while the ERR
continues to increase due to increasing crack length (with load
controlled conditions) and bridging zone size. The constant
crack speed in phase Il suggests that the increase in the applied
ERR is equal to the increase in the resistance due to bridging. i.e.
dG¢/da = dGjp/da and Gjp remains constant, i.e. dGyp/da=0.



E. Farmand-Ashtiani et al. / Composites Science and Technology 137 (2016) 52—59 57

1400 T T T T T T T T T T

1200 -

1000

800

600

ERR (J/m?)

400 Fatigue -
5
i 2 .
200 4 . e -
8 i L
0 ;. T ) T 4 T ) T T
0 20 40 60 80 100

Crack advance (mm)

Fig. 5. Maximum cyclic ERR as a function of fatigue crack growth in the specimens of
different thicknesses, together with the corresponding R-curves measured in the
monotonic tests.

0 g——F—— T}
0.01 5 : . . 5
T . o e .o .o ]
3 : . oo ]
g SR e N

£ 1E34 Y & A 3
= E o o ¥ 3
= . = . L ]
g ’:o et r.. ..... :
3 s oo . Specimen thickness
1E-4 - o = oo d e
E A e e m:. 3
ol ;_'- 00 00 ® e 4mm 5
RO (0.. D T e 8mm a

1E-5 —
200 400 600 800 1000 1200

Maximum cyclic ERR (J/m°?)

Fig. 6. Fatigue crack growth rates obtained from the specimens of different thick-
nesses. The horizontal lines indicate averaged constant crack speed in phase II of fa-
tigue delamination.

- At the end of phase II, the crack starts to accelerate leading to
specimen fracture (phase III). This is due to the diminishing rate
of bridging zone growth and the acceleration of damage growth
in the process zone, rendering additional toughening due to fi-
ber bridging insignificant and all additional energy is spent on
crack tip propagation ie. dG/da = dGjp/da. Eventually com-
plete specimen fracture occurs at the end of phase III. Based on
the aforementioned sequence of crack propagation, it is
assumed that bridging is fully developed at the end of phase II.
Thus, the measured strains at the onset of crack acceleration (i.e.
end of phase II), are considered for the identification of bridging
tractions expressed by Eq. (2). Note that the length of the
bridging zone, zmay, is a load and geometry dependent param-
eter and should be identified when such changes are imposed,
unless an equation of its evolution is known.

Following the procedure outlined in Section 2.3, the identified
bridging parameters are as follows: gmax = 1.15 MPa, zZjmax = 14 mm,
v = 0.058 mm~' for the specimen with h = 2 mm, and

Omax = 121 MPa, Zmax = 25 mm and y = 0.035 mm~! for the
specimen with h = 4 mm. While the traction at the crack tip, omax, is
found to be practically the same for the two specimens of different
thicknesses, the bridging zone length, zihax, and the nonlinear decay
parameter v, vary considerably with h. These findings suggest that
specimen thickness dependence of bridging parameters in load
controlled fatigue delamination follows the same trend as previ-
ously reported in the case of monotonic delamination [16,17],
though the identified bridging parameters in fatigue differ from the
corresponding values in monotonic delamination [16]. This obser-
vation is explained by the fact that in fatigue, bridging bundles are
unloaded and therefore compressed during the unloading phase of
each cycle. This compression induces buckling and fractures of
certain fibers/bundles that reduces the length of the zone as
compared to that of monotonic delamination.

Based on these results, the bridging tractions parameters in the
DCB specimen with h = 8 mm are determined by considering omax
as a constant, independent of h. Parameters y and zy,,x are obtained
by assuming the same scaling relationships found in monotonic
delamination [16,17]. Namely, zZmax=Cih+ C; (where C1,C; are
fitting parameters) and yh = const. The complete set of data is
shown in Figs. 7 and 8.

As mentioned earlier, during phase III, the growth of the
bridging zone is insignificant. Consequently, the form of 7 (d) re-
mains the same and Gy is considered constant dG;p/da = 0 (Eq. (1))
with all additional energy spent on crack growth with dG;gp/da > 0.
Thus, using the constructed traction separation relation, for each
thickness, and the applied maximum force at specimen fracture Jj sp
and Jjp (Eq. (3)) are calculated and the results are compared with
the measured G; (Eq. (1)) for the specimens with the three thick-
nesses considered in this study. The data in Fig. 9 demonstrate that
the calculated total ERR (Eq. (3)) and the measured ERR (Eq. (1)) at
failure are nearly the same. Thus, the identified traction-separation
relations implemented in this study can predict well the ultimate
failure of the specimens under fatigue, lending support to the
adopted identification approach. Furthermore, specimen fracture
takes place when the crack tip ERR reaches the interlaminar crack
initiation toughness of the present composite material measured in
monotonic delamination Jtp = Gjc = 300 + 30 J/m? [16] (Fig. 9).

In addition, using the identified traction 7, (9), the evolution of
J1.tip in phase Il can be calculated. Fig. 10a shows experimental crack
speed data vs. the Jisp values identified at several crack lengths in
this phase as well as the values at the onset of fatigue delamination
indicated by inclined arrows. Also shown in Fig. 10a are the average
values of the crack speed in Phase II (single data points for each
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Fig. 7. The evolution of the bridging zone length, zm.x, and the nonlinear rate of
tractions decay, v, in terms of specimen thickness.
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case) indicated by vertical arrows. The results demonstrated in
Fig. 10a suggest a power relation independent of the specimen
thickness and crack length, ie, Ada/AN=A(sp)" where
A = 9.69 x 1077 mm/(J/m?)" and n = 5.63 are fitting parameters.
Note that the values of these parameters are similar to recently
reported data regarding fatigue delamination in other composites
[14,23]. It is stated earlier that in phase II, J;p remains constant.
Thus Jip during this phase can be expressed as, Jip=Ji—Jip-
Replacing J; with the experimental values of G; and using the
calculated values of Jp, Jip is estimated for several vales of crack
advance as shown in Fig. 10b. Also shown in Fig. 10b are the values
of Jip in phase III, taken equal to the identified values at the tran-
sition between phases I and III. The data in phase [ are interpolation
values between the zero crack advance and the start of phase IL

4. Conclusions

1. Load controlled fatigue delamination is accompanied by LSB and
significantly depends on the specimen thickness resulting in
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Crack advance (mm) (b)
Fig. 10. (a) Crack growth rate as a function of the identified J;;, values for the speci-
mens of different thicknesses. Inclined arrows indicate data corresponding to the first
crack increment and vertical ones the average constant speed in phase II (Fig. 6), (b)
Computed evolution of bridging ERR during the fatigue crack growth. The different
propagation phases are separated by vertical arrows.
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crack deceleration and eventual specimen fracture at a critical
ERR almost equal to the corresponding steady state ERR under
monotonic delamination.

2. The identified bridging tractions suggest that the maximum
bridging traction at the crack tip is independent of the three
tested specimens with thicknesses of 2, 4 and 8 mm. However,
fatigue delamination in thicker specimens is accompanied by a
longer bridging zone, in which the bridging tractions decay with
a lower rate.

3. The scaling relationships between the specimen thickness and
the bridging parameters, derived previously in the case of
monotonic delamination [16,17], can be effectively used to
predict thickness effects on bridging parameters in fatigue.

4. The identified values of ERR at the crack tip and the corre-
sponding crack growth rate data suggest a power relation in-
dependent of the specimen thickness and crack length.
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