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A B S T R A C T

Finite-width-correction factors (FWCF) are required for GLARE to accurately predict fatigue crack growth using
linear elastic fracture mechanics. As demonstrated in earlier work, these factors effectively correct for the change
in specimen compliance, which in GLARE relates to intact fibre layers and the formation of delaminations
between these layers and the cracked metal layers. Therefore, the development of delaminations in various
GLARE grades were studied using digital image correlation during fatigue crack growth experiments under
different maximum stresses and stress ratios. The elongation of GLARE in loading direction was recorded by
crosshead displacement during fatigue testing, and was correlated to the observed development of the dela-
mination area. The relationship between effective delamination area and effective GLARE specimen compliance
is used as basis for determining explicit formulations for the FWCF for GLARE.

1. Introduction

GLARE is a fibre metal laminate (FML) with inherently higher fa-
tigue crack growth resistance, high impact resistance, damage toler-
ance, and high burn through resistance than monolithic aluminium. It
has been applied in the primary fuselage structure of the Airbus A380.
The current understanding of fatigue crack propagation in FMLs is
formulated using linear elastic fracture mechanics, in which an effective
stress intensity factor (SIF) is calculated by using the principle of su-
perposition, and subsequently applied in a Paris-type relation to cal-
culate the crack growth rate [1,2]. The superposition includes the SIF of
a centre crack in a monolithic plate under far field uniaxial loading and
the SIF for the bridging stresses of fibres restraining the crack opening
[3]. Some corrections then should be applied to calculate the SIF of
FMLs under fatigue loading, including a Finite-Width-Correction Factor
(FWCF), a stress ratio correction, and a delamination correction [4].
However, Alderliesten [5] and Wilson [6] observed that the traditional
FWCF for centre cracks in a monolithic plate was not suitable for FMLs,
as it would result in over-predicting the fatigue crack growth. None-
theless, theoretically one can expect that a FWCF for FMLs should be
incorporated in the calculation of the effective SIF. The SIF for any fi-
nite geometry needs correction factors, which are stipulated by the
many studies on development of weigth functions.

In the past, several researchers have studied the FWCF to establish a
relationship between the crack tip SIF for uniformly stressed strip with
a through-thickness centre crack and the closed form solutions of SIF for
infinite width plate. Westergaard [7] and Koiter [8] obtained a relation
for the FWCF by correlating the stress field equation for finite width
strip and the linear elastic tress field equations for infinite width plate.
Irwin [9] suggested an approximate formula for the crack tip SIF by
solving a periodic array of cracks in an infinite sheet under uniform
stress. Isida [10] obtained the SIF correction by using series expansion
stress function techniques. Other approximate polynomial forms for
FWCF for central crack problems were developed by Brown and
Srawley [11], Forman and Kobayashi [11,12] and Tada [13]. Feddersen
[14] provided a concise secant formula for SIF correction very close to
the approximate polynomial forms. Dixon [15] developed a theoretical
solution of FWCF for centre cracked plates, which was verified by
photoelastic experiments. It should be noted that discrepancies exist in
the above corrections when the aspect ratio of crack length and plate
width is close to 1. Bowie and Neal [16] used a modified mapping
collocation technique to illustrate this phenomenon. As for the non-
linear effect, such as crack front plastic yielding, Irwin used a plastic
zone size correction as a means to compensate [17]. Liebowifz and Eftis
[18] adopted total strain energy dissipation rate using a simple com-
pliance type determination to study the nonlinear effect. The
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relationship between the strain energy dissipation rate and SIF is ob-
tained when a specimen has a small crack increment without changing
its length. This is often referred to as ‘fixed grip condition’. Chandran
[19] related the FWCF to the average net-section stress using an ima-
ginary of cutting and welding a finite width specimen in an infinite
plate.

In the current work, we extend the hypothesis discussed in [20], i.e.
the FWCF is related to the change in applied work under constant
amplitude loading, with the hypothesis that this change in compliance
in GLARE relates to the actual delamination size. Therefore, the dela-
mination areas for different GLARE grades under fatigue loading were
measured to calculate the change in specimen compliances. It is hy-
pothesized that a relationship between the specimen compliance and
the delamination size, enables to find an explicit formulation for the
FWCF for any GLARE grade of which the delamination sizes is pre-
dicted. Therefore, this paper presents the experiments, the measure-
ment of delamination growth during the tests, and presents an explicit
relationship for the FWCF through correlation with specimen com-
pliance.

2. Experiment

To evaluate the fatigue crack growth behavior and delamination
characteristics of GLARE under fatigue loading, fatigue experiments
with different maximum applied stresses and stress ratios of GLARE
with different grades were conducted. The test matrix is provided in
Table 1. The basic mechanical properties of Aluminium 2024-T3 and
Prepreg S2/FM94 are presented in Table 2 [21]. There are three stan-
dard grades of GLARE used in the test: GLARE 2A-4/3-0.4, GLARE3-5/
4-0.4 and GLARE4B-5/4-04. GLARE 2A, GLARE3 and GLARE4B are,
respectively, corresponding to 0/0, 0/90 and 90/0/90 of fibre layer
orientations with respect to the rolling direction of the aluminium. The
‘4/3′ in GLARE 2A-4/3-0.4 represents the alternative distribution for 4
layers of 2024-T3 aluminium and 3 layers of 0/0 fibre prepreg, while
0.4 in GLARE 2A-4/3-0.4 indicates a thickness of 0.4mm for each 2024-
T3 aluminium layer. As for each grade of GLARE, three levels of max-
imum applied stresses and two stress ratios were applied. The geometry
and dimensions of the fatigue specimen are derived from the ASTM
E647-15el standard [22], as illustrated in Fig. 1(a). A hole with a radius
of 1.5mm was drilled in the centre of the specimen. Two opposite in-
itial saw-cuts of length 1mm were made at the hole edges, to create a
starter crack of 2a0= 5mm. This precrack condition might not be re-
presentative for a crack initiating at a rivet hole in one of the metal
layers of an FML, because not all layers are initially cut (including fibre
layers), but just a single layer. However, the motivation for choosing
this through-thickness crack geometry in Fig. 1 originates in the lower
level of complexity, allowing better understanding of the fatiguie crack

growth phenomena. Most studies adopted this through-thickness crack
configuration, which allows the current work to be related to previous
studies. Additionally, the centre crack configuration is preferred over
e.g. compact tension, because the centre crack opening of the crack is
more realistic and representative for actual cracks in structures. Com-
pact tension gives too much rotation opening of the crack, which in
practice does not occur.

Fig. 1(b) shows the measurement setup. All fatigue tests were con-
ducted with constant amplitude load spectrum on an MTS 250 kN fa-
tigue testing machine. The fatigue loading frequency was 10 Hz.
Speckle patterns were sprayed on all specimens to record fatigue crack
lengths and subsurface delamination shapes during the fatigue tests
through digital image correlation (DIC). The method to measure and
obtain crack length and delamination from DIC has already been in-
troduced in earlier studies, like Khan and Rodi [23,24]. The delami-
nation shapes and sizes obtained by DIC are well consistent with the
ones obtained by chemical etching [24,25]. In addition, the crosshead
displacements were recorded, which were observed to increase during
the constant amplitude fatigue load due to the increase of compliance of
the GLARE specimens. It should be noted that these crosshead dis-
placements include errors from fixture and crossbeam.

3. Compliance calculation using equivalent delamination area

The change in compliance can be calculated with the change in
specimen stiffness. Traditionally, this apparent stiffness change is re-
lated to the crack length. In GLARE, this should be related to both the
formation of cracks and of delaminations. Hence, instead of simply
determining compliance through crosshead displacement and force and
relating it to crack length over width, one should relate compliance to
crack length over width and delamination area over the specimen’s
aerial dimensions. Fig. 2 shows the DIC strains illustrating the dela-
mination contours of GLARE 3 under fatigue loading corresponding to

Nomenclature

Symbol Description [Unit]
a half crack length [mm]
a0 half starter crack length [mm]
amax theoretical maximum crack length [mm]
A delamination area [mm2]
Amax theoretical maximum delamination area [mm2]
b half delamination length [mm]
beq equivalent half delamination lengh across the specimen

width [mm]
EFML Young’s modulus of the entire laminate [MPa]
Ef Young’s modulus of all fibre layers together [GPa]
Ef0 longitudinal Young’s modulus of fibre layers [MPa]
Ef90 transverse Young’s modulus of fibre layers [MPa]
L specimen length [mm]

ΔL specimen elongation [mm]
nAl number of aluminium layers [-]
nf0 number of fibre layers parallel to the loading direction [-]
nf90 number of fibre layers perpendicular to the loading di-

rection [-]
P load [N]
tAl thickness of aluminium layer [mm]
tf thickness of fibre layer [mm]
tFML thickness of entire laminate [mm]
W specimen width [mm]
λeq equivalent compliance [-]
λFML compliance of the laminate [-]
λf compliance of all fibre layers [-]
F0 FWCF for monolithic metal material [-]
F(a) finite-width-correction factor [-]
Ff finite-width-correction factor from delamination [-]

Table 1
Test matrix for fatigue experiments of GLARE.

Material Maximum Stress [MPa] Stress Ratio [-] Specimen name

GLARE 2A-4/3-0.4 160 0.05 G2AS160R0.05
200 0.05 G2AS200R0.05
240 0.5 G2AS240R0.5

GLARE 3-5/4-0.4 120 0.05 G3S120R0.05
180 0.5 G3S180R0.5
200 0.5 G3S200R0.5

GLARE 4B-5/4-0.4 100 0.05 G4BS100R0.05
120 0.05 G4BS120R0.05
180 0.5 G4BS180R0.5
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different fatigue crack lengths. The subsurface delamination shapes in
Fig. 2 between fibre layer and aluminum layer can be distinguished
through the difference of strains in the delaminated and non-delami-
nated regions. Thus, the delamination contours for each GLARE spe-
cimen were recorded during the fatigue tests using non-destructive DIC.

The schematic diagram of delamination contour is shown in Fig. 1,
where a is the fatigue crack length, and b is the maximum width of
delamination region along the loading direction. In the delaminated
region, the metal layers do not carry load owing to the existence of
fatigue crack, implying that all load in the aluminum layers is trans-
fered to the fibre layers. The fibre layers carry the load, because they
are not broken at the location where the metal is cracked [23]. The
delamination areas can be quantified by integrating each delamination

shape corresponding to each fatigue crack length. Fig. 3 shows a series
of one quarter delamination contours, which were used to calculate the
delamination area by using finite element discretization. It can be found
that the delamination shapes corresponding to different crack lengths
are different. The delamination area is related with the energy dis-
sipation.

In order to calculate the compliance of GLARE specimen, an
equivalent rectangular area is assumed, which is described by the
specimen width W and a delamination length 2beq. Thus, the area de-
fined by 2beqW is equal to the delamination area of the real delami-
nation contour as shown in Fig. 1. Theoretically, the fatigue specimen
then can be divided into two non-delaminated regions and a delami-
nated region defined by 2beqW, as shown in Fig. 1. By a linear simpli-
cation of the Classical Laminate Theory, the stiffness of the specimen in
the non-delaminated region can be calculated as

=
+ +

+ +
E

E n t E n t E n t
n t n t n t

· · · · · ·
· · ·FML

al al al f f f f f f

al al f f f f

0 0 90 90

0 90 (1)

In the delaminated region, only the fibre layers carry the fatigue
load. Thus, the stiffness of the specimen in the region can be expressed
as

=
+
+

E
E n t E n t

n t n t
· · · ·

· ·f
f f f f f f

f f f f

0 0 90 90

0 90 (2)

Along the fatigue loading direction, the equivalent compliance of
GLARE can be calculated using the compliances of non-delaminated

Table 2
Mechanical properties of Aluminium 2024-T3 and Pregreg S2/FM94 [21]

Unit 2024-T3 S2-glass, FM-94

‖Fibre axis ⊥Fibre axis

Thickness of single layer mm 0.4 0.133
Young’s Modulus MPa 72,400 48,900 5500
Shear Modulus MPa 27,600 5550
Poisson’s ratio υxy – 0.33
Poisson’s ratio υyx – 0.33 0.0371
Thermal expansion coefficient 10−6°C−1 22 6.1 26.2
Curing temperature °C – 120

Fig. 1. (a) Geometry sizes of fatigue specimen (all dimensions in mm) for GLARE and (b) measurement setup.
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and delaminated regions, expressed as

= − +
= − +

λeq P L λ P L b λ P b
λ P L λFML P L b λf P b

· · · ·( 2 ) · ·2
· · · ·( 2 ) · ·2

FML eq f eq

eq eq eq (3)

where b2 eq is the equivalent delamination length along the loading di-
rection, as shown in Fig. 1. The compliance ratios of non-delaminated
and delaminated regions are

=
+ +

λ
E W n t n t n t

1
· ·( · )FML

FML Al Al f f f f0 90 (4)

=
+

λ
E W n t n t

1
· ·( )f

f f f f f0 90 (5)

The elongation of the specimen during the fatigue experiment as a
result of the change in compliance can be written as

= −L P λ λΔ ·( )eq FML (6)

which is used to calculate the elongation of the specimen during the
fatigue experiment, and is necessary to quantify the change in applied
work (strain energy). Here, the FWCF is the ratio of the applied workUN
and original applied work U0, which can be expressed as

= = =F a U
U

P λ
P λ

λ
λ

( )
0.5

0.5
N eq

FML

eq

FML0

2

2 (7)

Theoretically, the FWCF can be divided into two parts:

⎜ ⎟= ⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

F a F a
W

F A
A

( ) 2
f0

max (8)

where F0(2a/W) is the common FWCF for monolithic metal material,
for which in the present study the Dixon FWCF is taken, i.e.

= −( ) ( )F 1/ 1a
W

a
W0

2 2 2
. ( )Ff

A
Amax

is then the correction for the delami-

nation in GLARE, and Amaxis the maximum delamination area

corresponding to the maximum crack amax=W/2.

4. Results and discussions

4.1. Delamination area and compliance of GLARE under fatigue loading

The subsurface delamination shapes corresponding to different fa-
tigue crack lengths can be measured using DIC measurements.
Takamatsu et al. has studied the differences between interior subsurface
cracks and surface cracks in GLARE, and reported differences of few %,
i.e. marginally shorter cracks and delamination lengths at inner layers
[27]. This difference is ignored in the present study. Therefore, it is
assumed here that the delamination areas in the interior of GLARE are
the same as the one subsurface measured through DIC, shown in Fig. 2.
The equations fitting the delamination area measured with DIC to 2a/W
are listed in the Table 3. The fitting curves and the experimental data
for GLARE 2A, GLARE 3 and GLARE 4B are provided in Fig. 4.

Fig. 4 illustrates that the fatigue delamination growth in all speci-
mens is related to the maximum stress and the stress ratio. For example,

Fig. 2. DIC Eyy strains illustrating delamination contours of GLARE 3 corresponding to different fatigue crack lengths.

Fig. 3. A series of delamination contours.

Table 3
Fitting curves of delamination area and 2a/W for different kinds of GLARE.

Serial No. Smax
(MPa)

R Fitting Equation of Quarter Delamination
Area

G2AS160R0.05 160 0.05 A=884.09× (2a/W)1.76

G2AS200R0.05 200 0.05 A=1004.4× (2a/W)1.84

G2AS240R0.5 240 0.5 A=698.74× (2a/W)1.75

G3S120R0.05 120 0.05 A=698.66× (2a/W)1.63

G3S180R0.5 180 0.5 A=675.07× (2a/W)1.81

G3S200R0.5 200 0.5 A=922.7× (2a/W)2.12

G4BS100R0.05 100 0.05 A=660.68× (2a/W)1.67

G4BS120R0.05 120 0.05 A=719.19× (2a/W)1.64

G4BS180R0.5 180 0.5 A=817.41× (2a/W)2.05
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the delamination growth at a stress ratio of R= 0.05 is higher than that
at a stress ratio of R= 0.5. Similalry, a larger maximum stress corre-
sponds to a larger delamination area at the same stress ratio. Ad-
ditionally, the maximum delamination area for each specimen can be
determined theoretically by extrapolating the fitting equation in
Table 3 to the crack length a=W/2.

The specimen elongations during fatigue testing were recorded
through the crosshead displacement. These elongations are compared
to the elongations calculated with the equivalent delaminations for
GLARE 2A, GLARE 3 and GLARE 4B in Fig. 5. This figure illustrates that
the calculated elongation of each specimen along the loading direction
is smaller than the crosshead displacement, while the trend is similar.

Fig. 4. Delamination area against 2a/W curves, (a) GLARE 2A, (b) GLARE 3,
and (c) GLARE 4B.

Fig. 5. Elongation calculated by equivalent delamination area and comparing
with the crosshead displacement measured in the experiment, (a) GLARE 2A,
(b) GLARE 3, and (c) GLARE 4B.
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This is attributed to the fact that the crosshead displacement includes
not only the specimen deformation but also the deformation of fixture
and crossbeam. These additional deformations also increase with the
increase in applied loading. This is visible in Fig. 5 where the dis-
crepancy between the calculated deformation and crosshead displace-
ment is larger for higher applied stresses. It is also illustrated that for
determining specimen compliance, the elongation of the specimen
should be measured with an extensometer on the specimen, rather than
measuring crosshead displacement.

4.2. FWCF formulation for GLARE

Based on the previous discussion, it is reasonable to argue that the
FWCF for GLARE specimens can be described by the ratio of com-
pliances for the constant amplitude loading as described with Eq. (7).
Fig. 6 shows these compliance ratios against 2a/W for GLARE 2A,
GLARE 3 and GLARE 4B, which are also compared with work ratios
calculated using the force and crosshead displacement, and the Dixon
and Feddersen FWCF. Where the work ratio curves exhibit quite some
differences in the shape of curves and the magnitude, it can be seen that
the compliance ratios based on the equivalent delamination area have
very similar trends for the GLARE with different grades. These com-
pliance ratios for GLARE are all significntly lower than the Dixon and
Feddersen FWCF, as explained in our previous paper [20]. In addition,
the discrepancy between the standard FWCFs and the compliance
curves increases greatly with the increase of crack length. Although the
FWCF are substantially lower than the standard FWCFs, they cannot be
neglected when implementing linear elastic mechanics to calculate the
SIF.

To aid in the prediction of fatigue crack growth in GLARE, it is re-
quired that the FWCF can be described with an explicit formulation. For
GLARE under constant amplitude fatigue loading, the change in applied
work is determined by the increase in crack length and the delamina-
tion area. As formulated in Eq. (8), the FWCF can be divided into two
parts. By using the equivalent delamination area, the compliance of
GLARE is expressed as function of the delamination area. The delami-
nation area is also associated with the crack length [26]. The final
formulation of FWCF for GLARE therefore can be written as the func-
tion of 2a/W. At a certain crack length a, there is a corresponding de-
lamination area A. Fig. 7(a) presents the delamination correction Ff as
function of A/Amax, in which the contribution from the crack growth is
removed. The delamination correction Ff decreases with the increase of
A/Amax. The relationship between A/Amax and 2a/W is shown in
Fig. 7(b). Combining Fig. 7(a) and Fig. 7(b), the resulting delamination
correction Ff against 2a/W for different grades of GLARE are provided
in Fig. 8 and the corresponding polynomial fitting fuctions are also
presented. It can be observed from Fig. 8 that the data for all specimens
of a single GLARE grade together, despite some variability, can be fitted
fairly well by one similar polynomial function. This means that the
FWCF for GLARE can be formulated explicitly as

⎜ ⎟=
−

⎛
⎝

+ ⎛
⎝

⎞
⎠

+ ⎛
⎝

⎞
⎠

+ ⎛
⎝

⎞
⎠

⎞
⎠( )

F a C a
W

C a
W

C a
W

( ) 1

1
1 2 2 2

a
W
2 2 1 2

2

3

3

(9)

Here, the three formulations are distinct due to effective stiffness as-
sociated with the fibre lay-up. Thus, C1, C2 and C3 can be related with
the average Young’s modulus of the fibre lay-up Ef between metal
layers. Using polynomial fitting, C1, C2 and C3 can be expressed as

= − × + × −− −C E E E7.67494 10 6.02099 10 0.011861f f f1
6 3 4 2

(10)

= × − × +− −C E E E2.3917 10 1.9907 10 0.0409723f f f2
5 3 3 2

(11)

= − × + × −− −C E E E5.11225 10 4.41151 10 0.106717f f f3
5 3 3 2

(12)

=F a E E t t( ) ( / )·( / )FML f FML f
2 (13)

In Fig. 9, the explicit forms of FWCF for GLARE are compared with
the compliance ratios of all GLARE specimens, and with the Dixon and
Feddersen FWCFs. This figure demonstrates that the explicit form of the
FWCF for GLARE correlates well with all compliances ratio curves. The
steep increase beyond 2a/W∼ 0.8 is attributed to the polynomial fit of
equation (9) to the data beyond 2a/W=0.8 (see Fig. 8), while multi-
plying with the Dixon (or any other) FWCF can increase to infinite at
2a/W=1. As metioned in [20], the FWCF for GLARE increase slower
with crack length, not up to infinite, but to a finite value as provided in

Fig. 6. Comparing FWCF for GLARE obtained by work ratio and compliance
ratio, (a) GLARE 2A, (b) GLARE 3, and (c) GLARE 4B.
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Eq. (13). Hence, Eq. (9) has a limit of validity bounded by 2a/W < 0.8.
This validity range is deemed to be sufficient for large scale structures.
To accommodate accuracy in laboratory specimens with limited di-
mensions, it is proposed to use a linear relation from the value of Eq. (9)
at 2a/W=0.8 and the value of Eq. (13) at 2a/W=1. The current
hypothesis is that this FWCF of Eq. (9) applies to any FML with 0/0, 0/
90, or 0/90/0 fibre orientations in-between the metal layers and similar
delamination characteristics. Fatigue crack growth tests on FMLs with
other metal and fibre polymer constituents are needed to validate this
hypothesis.

5. Conclusion

The delamination areas in GLARE specimens made of different
grades under fatigue loading were determined using strain field field
measurements based on DIC. Subsequently, the elongations of GLARE
under fatigue loading were calculated using the equivalent delamina-
tion areas, assuming it is equal to the measured delamination shapes.
The calculated displacement of GLARE specimen itself is lower than
that recorded by crosshead displacement, while they follow a rather
similar trend. The calculated compliance ratio is proven to be suitable
to establish the FWCF, which exhibits substantially less scatter than the
method based on the crosshead displacement. It is concluded that
combining the finite width correction for crack growth and the pro-
posed delamination correction, allows for establishment of an explicit

formulation of the FWCF for all GLARE grades. These explicit FWCFs
aid the description and prediction of fatigue crack growth in GLARE
using linear elastic mechanics.

Fig. 7. Delamination correction for GLARE, (a) correction factor from delami-
nation contribution, (b) delamination area vs. 2a/W.

Fig. 8. Fitting correction formulation, (a) GLARE 2A, (b) GLARE 3, (c) GLARE
4B.
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