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This paper presents the experimental and analytical research on the applicability of the linear damage

accumulation approach for fatigue crack growth in fiber metal laminates under variable amplitude loading. A

recently developed constant amplitude analytical prediction model for fiber metal laminates has been extended to

predict fatigue crack growth under variable amplitude loading using a linear damage accumulation rule. The

modified model has been compared with crack growth tests on fiber metal laminates center-cracked tension

specimen. In the end, it is discussed to what extent or under which conditions the linear damage accumulation

predictions are sufficiently accurate for fiber metal laminates structures.

Nomenclature

a = total crack length
aD = delay distance
ai = current crack growth increment
a0 = initial/total crack length of previous loading cycle
Ccg, ncg = crack growth relation constants
Kbridging = bridging stress intensity factor
Kfar-field = far-field stress intensity factor
Ktip = crack-tip stress intensity factor
N = number of loading cycles
ND = number of delay cycles
NOL = number of overload cycles
Smax = maximum stress magnitude
SOL = overload stress magnitude
R = stress ratio
RKtip = crack-tip stress ratio
ROL = overload stress ratio
�Keff = effective stress intensity factor range

I. Introduction

FATIGUE is no doubt the main cause of failure in most load
bearing components. The type of loading in nature is mainly

based on variable amplitude which largely affects the severity and
mechanisms of failure. In the case of metallic structures, the effect of
variable amplitude (VA) loading is more pronounced due to large
plastic zone sizes and crack growth retardation. On the other hand, to
know about the fatigue life and crack growth in metals under VA
loading, a number of prediction models have been developed [1].
These models range from simple models like linear damage accu-
mulation (LDA) to the more complex yield zone, crack closure, and
strip yield models. This variety of prediction models is the result of
the required prediction accuracy. The trends of model development
progresswith the integration of physical phenomena like plastic zone

and crack closure [2] in the formulation of the models. It has been
observed that the fatigue crack growth predictions using the LDA
rule are not accurate in metallic structures [3] due to the absence of
consideration of plasticity and crack closure concepts. This has led to
the fact that the LDA rule is unable to predict the crack growth
retardation in the case of VA loading in metals.

Fiber metal laminates (FMLs), being a hybrid material of metal
and composite, have metallic, composite as well as their unique
properties [4]. It is assumed that LDA predictions for VA loading in
FMLs are more accurate than in metals, due to the existence of fiber
bridging which restrains the crack opening. As a consequence, crack
closure in the wake of crack and the size of the retardation zones are
supposed to be smaller than the one in monolithic metals.

II. Linear Damage Accumulation

The linear damage accumulation model is based on a cycle-by-
cycle analysis independent of proceeding load cycles. It is an
integration of calculated crack growth increments �ai using crack
growth relations [5] to obtain a prediction for the full load spectrum.
As a result, it is the simplest model to predict the crack growth
under VA loading. The advantage of the LDA rule is computational
efficiency, whereas the disadvantage is nonconsideration of non-
linear fracture mechanics concepts such as plastic zone formation in
front of the crack tip, crack closure in thewake of crack, crack growth
retardation, and crack growth acceleration. In general, the LDA rule
can be presented mathematically as

a� a0 �
Xn

i�1
f��K; r; . . .� � a0 �

XN

i�1
�ai (1)

III. Fiber Metal Laminates

After ARALL (aramid aluminum laminate) [6], GLARE (glass-
reinforced) is the second member of the FML concept. Unlike
ARALL, GLARE has good fatigue properties in combination with
compressive loading [7]. Besides the excellent fatigue character-
istics, GLARE also has good impact and damage tolerance charac-
teristics [4]. GLARE is proved to be quite durable in case of cor-
rosion, impact, and high temperature. The fiber/epoxy layers act as
barriers against corrosion of the inner metallic sheets, whereas the
metal layers protect the fiber/epoxy layers from picking up moisture.
The laminate has an inherent high burn-through resistance as well as
good thermal insulation properties.

FMLs are built up by alternatingmetal andfiber layers, as shown in
Fig. 1. For standardGLARE, aluminum2024-T3 sheets and S2-glass
fibers are bonded together with FM94 epoxy adhesive to form a
laminate. This stack is cured in an autoclave at 120�C and 6 bar for
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1:5 h. The fiber orientation is defined with respect to the rolling
direction of the aluminum layers and each orientation represents a
prepreg layer of 0.133 mm nominal thickness. Detailed description
of the ARALL and GLARE grades is shown in Table 1.

Since 1980, the FML concept has been investigated, developed,
and tested, especially at Delft University of Technology. The devel-
opment was sped up in 1996 after the decision of Airbus to apply
GLARE on the Airbus A380 [9]. In April 2005, this newly built
aircraft, with GLARE on major structural fuselage parts, performed
its first maiden flight.

FML being a material made of metal and composite exhibits the
properties of both metals and composites. The metallic layers
show the fatigue crack growth similar to monolithic metals and the
composite part shows the delamination at the metal-composite
interfaces. The fibers in FMLs transfer load over the fatigue crack in
the metal layers and restrain the crack opening. This phenomenon is
called fiber bridging (Fig. 2). An other visible phenomenon in Fig. 2
is the occurrence of delamination at the metal–fiber interface in the
wake of the crack. The cyclic shear stresses at the interface as a
result of the load transfer from the metal to the fiber layers induce
delamination growth. Both the fatigue crack growth in the metal
layers and the delamination growth at the interfaces form a balanced
and so-called coupled process.

For the development of structural FMLs, the main keys are the
crack growth behavior of the metal layers and the delamination
resistance of the fiber/adhesive layers. The choice of the aluminum
alloy in GLARE determines to a great extent the fatigue behavior.
If the metal type is determined by other (static) requirements, the
fatigue behavior can only be influenced by controlling the
delamination resistance of the fiber/adhesive layers [10]. Increase in
delamination resistance results in better fiber bridging and thus
slower crack growth in the metal layers. However, too high delami-
nation resistance will induce too high stresses in the fiber layers,
causing fiber failure. This means that control of the delamination
resistance requires knowledge of the fibers and the adhesive.

IV. Selective Variable Amplitude

A selective variable amplitude load spectrum (Fig. 3) is defined as
a constant amplitude spectrum with few load variations, like single

overload/underload, multiple overload/underload, and their combi-
nations in different sequences. These selective load variations are
the building blocks of the (aircraft) service spectrum [11]. In the
research presented here, the selective variable amplitude spectrum
has been used to get the basic understanding of crack growth
behavior of FMLs under aircraft spectra. These loading spectra can
be categorized for understanding in the following groups.

A. Single and Multiple Overloads

Application of a single overload (OL) in the constant amplitude
(CA) baseline cycles causes a load interaction effect detailed
schematically in Fig. 4. This entire mechanism is known as crack
growth retardation. The magnitude and extent of the retardation is
measured by the parameters defined in Fig. 4, that is, the number of
delay cycles ND, the delay distance aD, and the OL-effected crack
growth increment�aOL. Similar results and phenomena are present
in case of multiple overloads. In case of single/multiple overloads,
the main parameter influencing crack growth retardation is the
overload ratio (ROL � SOL=Smax). Thus, increase inROL will result in
an increase inND, aD, and�aOL, and a reduction in the da=dN level.

B. Blocks of Overloads

A block of overloads gives rise to more severe crack growth
retardation during following CA baseline cycles than a single
overload. Retardation occurs more rapidly than for a single overload.
Similar to single overload case, the retardation effect is amplified by
increasing the ROL. On the other hand, an increase in the number of
overload cycles NOL enhances the retardation by extending the ND
period, whereas the �aOL distance remains the same as for a single
overload [12,13].

C. Sequences with Underloads

Sequences having underload cycles exhibit unfavorable load
interaction effects. Some investigations [14,15] revealed that highly
different acceleration phenomena occur after application of an

Fig. 1 GLARE.

Table 1 Commercially available fiber metal laminates [8]

Grade Metal type Metal thickness, mm Fiber layer, mm Fiber direction, deg Characteristics, %

ARALL 1 7075-T6 0.3 0.22 0=0 Fatigue, strength
2 2024-T3 0.3 0.22 0=0 Fatigue, formability
3 7475-T76 0.3 0.22 0=0 Fatigue, strength, exfoliation
4 2024-T8 0.3 0.22 0=0 Fatigue, elevated temperature

GLARE 1 7475-T61 0.3–0.4 0.266 0=0 Fatigue, strength, yield stress
2 2024-T3 0.2–0.5 0.266 0=0, 90=90 Fatigue, strength
3 2024-T3 0.2–0.5 0.266 0=90 Fatigue, impact
4 2024-T3 0.2–0.5 0.266 0=90=0, 90=0=90 Fatigue, strength in 0=90 direction
5 2024-T3 0.2–0.5 0.266 0=90=90=0 Impact
6 2024-T3 0.2–0.5 0.266 �45=� 45, �45=� 45 Shear, off-axis properties
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Fig. 2 Crack bridging of the fibers and delamination of the layers [8].
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underload in a CA baseline spectrum. A drastic increase in fatigue
crack growth rate after the application of a single compressive
underload has been observed in the case of uniaxial loading [16].

D. Combinations of Overloads and Underloads

In case of simple load spectra containing combinations of
underload and overload cycles, the sequence has an influence on
crack growth [14,17]. An underload applied just after an overload
reduces the postoverload retardation, which is not the case of an
overload which immediately follows an underload.

E. Two-Level Block Sequences

A high-low load sequence produces similar results as those
obtained under a block of overload cycles, except that retardation in
fatigue crack growth is always immediate and not preceded by the
acceleration phase, whereas in the case of a low-high sequence, the
start of the high-amplitude block is typically accompanied by crack
growth acceleration followed by a gradual reduction until the new
steady state is attained [18,19]. In some fatigue crack growth tests
(Fig. 3j), only the mean load level is changed stepwise, whereas the
load amplitude remains the same in each block. In such a case, a
reduction of themean load causes an immediate drop in crack growth
rate below the level related to CA loading with the lower mean and
crack growth retardation or even a temporary crack arrest [20].

V. Analytical Prediction Model

A model has been developed using the LDA rule [Eq. (1)] to
investigate the prediction accuracy of the LDA rule for FMLs under
VA loading. The CAmodel of Alderliesten [10,21] has been used as
the basis for development of this VApredictionmodel using the LDA

a) Single OL b) Block of OL  c) Period blocks of OL 

d) Single UL e) Blocks of UL f) Period blocks of UL 

h) Single UL-OL g) Single OL-UL 

k) Periodic OL-UL blocks 

i) Periodic UL-OL blocks 

j) Two-Level block loading – const. 
load Amplitude 

l) Two-Level block loading – HI-LO m) Two-Level block loading – LO-HI

Fig. 3 Examples of selective variable amplitude load spectra [26].
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rule for FMLs. The flow diagram of the LDA prediction model is
shown in Fig. 5.

The original analytical model describes the bridging stress, the
delamination shapeextension, the stress intensity factor, and thecrack
growth. It can easily be concluded from this model that the bridging
stress, the crack opening contour, and the delamination shape are
in balance with each other. The bridging stress is obtained by
balancing the relations for the crack opening in the metal layers and
the elongation and deformation of the fiber layers. The fiber layers in
the FMLs transfer the load through the crack in the metal layers.
Therefore, the fiber bridging stress has a direct influence on the
stress intensity factor at the crack tip. However, the bridging stress is
influenced by the shape of the delamination, which has a significant
influence on the crack growth. Delamination growth is described
using a Paris-type relation with two experimentally determined
constants Cd, nd, and the energy release rateG [22]:

db

dN
� Cd�

�������������
Gd;max

p
�

�������������
Gd;min

p
�nd (2)

In the model, the effective stress intensity factor in GLARE is
defined as the difference between the aluminum far-field stress
intensity factor and the bridging stress intensity factor:

Ktip � Kfar-field � Kbridging (3)

Plokker et al. [23] refined the effective stress intensity factor
relation using the Schijve [24] correction (which was further
improved by Rensma [25]):

�Keff � �0:55� 0:33RKtip
� 0:12R2

Ktip
��Ktip (4)

where, according to Rensma RKtip
� Ktipmin

=Ktipmax
.

Finally, the crack growth rate can be determined using thematerial
constants Ccg and ncg for the Paris-�Keff region and the effective
stress intensity range:

da

dN
� Ccg�K

ncg
eff (5)

To formulate this analytical approach, a program has been written
using MATLAB software. The program starts with defining input
variables concerning material parameters, crack geometry, and Paris
constants for crack propagation and delamination growth. Other
important input parameters are the spectrum file, initial delamination
shape, and loading cycle counter. To make this model functional for
all sorts of variable load spectra, an input file system is programmed.
The spectrum file consists of stress values listed in the order of
applied sequence.

START PROGRAM

MATERIAL 
PARAMETERS

CRACK/NOTCH 
GEOMETRY

PARIS CONSTANTS 
FOR CRACK & 

DELAMINATION 
GROWTH

INITIAL 
DELAMINATION 

SHAPE

INPUT FILE; 
SPECTRUM

Smax,Smin

NC=0, ∆N=1

a = a + ∆a
b(x) = b(x) + ∆b(x)

NC = NC + ∆N

∆a=∆N.da/dN
∆b=∆N.db(x)/dN

da/dN, db(x)/dN

∆Keff, Gmax

σbr(x)

EOF (SPECTRUM)
OR

a=0.5*W

NO

OUTPUT FILE

END PROGRAM

YES

Fig. 5 Flow diagram of the LDA crack growth prediction model.
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VI. Model Validation Using Test Data

To validate the model, fatigue crack growth experiments on
GLARE 3-4/3-0.3 with cross-ply fiber orientation have been per-
formed. These fatigue crack growth tests have been performed
on center-cracked tension specimens, for which the geometry is
illustrated in Fig. 6. The starter notches are made by drilling a hole of
3 mm in diameter with two saw cuts, directing perpendicular to the
loading direction. The total length of the starter notch (2a0) is
approximately 5 mm.

A. Test Matrix

The experiments were performed on specimens made of GLARE
3-4/3-0.3. Load variations are applied on a CA baseline spectrum
with a maximum stress Smax � 120 MPa and a stress ratio R� 0:1.
The single overload spectrum has an overload SOL � 175 MPa at
100 kcycles. The multiple overload spectrum has three overloads,
that is, SOL1 � 175, SOL2 � 158, and SOL3 � 139 MPa at 100, 160,
and 220 kcycles, respectively. Block loading spectra have two stress
levels Smax 1 � 100 MPa and Smax 2 � 140 MPa and vice versa with
stress ratio R� 0:1. Apart from these selective VA loading spectra,
representative complex flight spectra are also used for the model
validation. Details of these tests are given in Table 2.

B. Test Equipment and Procedure

The testswere conducted in labair at roomtemperature onaclosed-
loop mechanical and computer-controlled servo-hydraulic testing
system with a load capacity of 6 t. The test frequency was 10 Hz.

VII. Results and Discussion

The comparisons of LDA predictions with the tests results are
shown in Figs. 7–12. Figure 7 shows the comparison for a single
overload of 175 MPa in the CA baseline cycles of Smax � 120 MPa
and stress ratio R� 0:1.

The crack growth retardation is not predicted due to the limitation
of the LDA approach being a noninteraction model. The magnitude
of retardation in the case of an FML is less than themonolithicmetals
case, making the LDA predictions slightly more reliable for FMLs.
The comparison also shows that the crack growth rate gets back to the
original rate as soon as the crack is out of the retardation region
(which is always larger than plastic zone size).
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Fig. 6 Center-cracked specimen geometry.

Table 2 Fatigue crack growth test matrix

Load variation CA cycles Load variation,
MPa

Maximum stress,
MPa

Stress
ratio

Single overload 120 0.1 175
Multiple
overload

120 0.1 175, 158, 139

Block loading,
LO-HI

100 0.1 140

Block loading,
HI-LO

140 0.1 100

Spectrum
loading, I

Wide-body fuselage spectrum

Spectrum
loading, II

Megaliner front fuselage spectrum

Spectrum
loading, III

Megaliner aft fuselage spectrum
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Similar to the single overload case (Fig. 7), the crack growth rate in
the multiple overload case (Fig. 8) gets back to original level
depending on the magnitude of SOL and ROL. Figure 8 shows the
comparison for the case with multiple overloads of 175, 158, and
139MPa, respectively, in the CAbaseline cycles of Smax � 120 MPa
and R� 0:1. It is known from the literature that, in metals, the
retardation region is highly influenced by the magnitude of SOL, and
similar behavior is seen in the case of GLARE. By reducing the SOL
from 175 to 158 and then to 139 MPa the crack growth retardation
keeps decreasing (Fig. 8).

Figures 9 and 10 show the comparison between LDA prediction
and test results for the two different sequences of block loads. The
stress values are Smax 1 � 100 MPa, R� 0:1 and Smax 2 � 140 MPa,
R� 0:1. Figure 9 shows the comparison for the low-high block
loading case. Because the loading sequence goes from low to high
values, there will not be any retardation, but due to an increase in
stress level, crack growth acceleration is observed. The error in this
case is less than the cases shown in Figs. 7 and 8 because the
interaction effects are absent in the test.

Figure 10 shows the comparison between test results and the LDA
predictions in the case of the high-low block loading sequence. The
error in crack growth prediction is evident from this comparison.
Because of the presence of a block of high (overload) cycles, the
crack growth retardation is more than the case of a single overload.
Here, it is clear that the LDA being a noninteraction model is unable
to predict the crack growth and retardation.

Figures 11–13 exhibit the comparison of crack growth test
results with the LDA predictions for representative complex aircraft
spectra. Three different spectra are used with different Smax values
and sequences. Spectrum I is a wide-body fuselage spectrum,
whereas spectrum II is a megaliner front fuselage spectrum, and
spectrum III is megaliner aft fuselage spectrum, as detailed in
Table 2. The loading spectrum (spectrum II) used in Fig. 12 is a
severe spectrum with a lot of variations in the stress peaks.

The observed mismatch in LDA prediction and test result for
spectrum II (Fig. 12), whereas only a small error is observed for the
other two spectra (Figs. 11 and 13), can be attributed to the nature of
these spectra. To avoid disclosing proprietary information, only the
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graphical representation of the three spectra in Figs. 11–13 will be
used for comparison and discussion. Comparing the spectra, one can
observe that spectrums I and II have all loads randomly distributed
between minimum and maximum values. Only spectrum III seems
to have less amplitude cycles on the lower stress range, but that has
no significant effect on crack growth, resulting in similar behavior as
spectrum I. However, spectrum II has clearly large load cycles
distributed throughout the spectrum with mostly stress cycles in the
lower stress range. These high stresses have a retardation effect on the
smaller stress cycles, which are not captured by LDA predictions.

Comparing to a single overload situation (Fig. 7), the crack in
Fig. 12 seems unable to grow out of the retardation zone of previous
high load in spectrum II before facing subsequent high load. This
continuous retardation not captured by LDA results in the systematic
mismatch.

VIII. Conclusions

A linear-damage-accumulation-based model has been introduced
and evaluated with experimental results. It has been shown that the
model does not predict the crack growth well when distinct load
sequences occur in the applied spectrum. However, for load vari-
ations with small interaction effects and full aircraft spectra with
randomly distributed load cycles, the model correlated fairly well
with experimental results.

Furthermore, it has been observed from the experiments that the
crack growth retardation after an overload gradually diminishes until
the crack growth rate has reached its level before the application
of the overload. Although different in magnitude, the phenomenon
corresponds qualitatively with the behavior observed for monolithic
metals. Similar to metals is the dependency of the crack growth
retardation on the overload ratio ROL. Small ratios result in less
retardation and smaller delay zones.

Out of the three evaluated aircraft fuselage spectra, two correlated
quite well with the predictions based on noninteraction. The spec-
trum for which the correlation was insufficient contained distinct
severe peak cycles as compared to the remainder of the spectrum
cycles. This might induce more distinct crack growth retardation,
which is not captured by the noninteraction model. This supports the
conclusion that the LDA-based prediction of crack growth in FMLs
can only be accurate if the load cycles are evenly and randomly
distributed throughout the applied load spectrum.
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