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A B S T R A C T

Out-of-plane wrinkles are manufacturing defects that affect the structural performance of wind turbine blades
under fatigue. Glass Fiber Reinforced Polymer (GFRP) laminated specimens embedded with artificial wrinkle
defects at two severity ratios (amplitude/half-wavelength) show different resistance to cyclic loading when
tested under tension–compression fatigue. This work presents the validation of a fatigue formulation for
the prediction of fatigue damage from wrinkles characteristic of wind turbine blades. The validation is
performed through numerical models combined with experimental tests in which the fracture framework
aims at predicting crack initiation and delamination propagation. The experimental fatigue program loaded
the specimens with 𝑅 = −1 to assess damage growth. The fatigue damage mechanism is quantified as a
stiffness degradation, and the damage level is classified into five phases. Comparing the two severity types of
wrinkles, the fatigue lifetime for equal external loading differs by approximately two decades. This difference
is also captured by the numerical predictions. The lower the aspect ratio (AR), the higher the defect resistance
to reversed fatigue loading. The numerical models captured the qualitative behavior of the SN curves and
delamination fracture path and location observed in the experiments.
1. Introduction

In the context of global warming and the energy crisis, wind energy
has emerged as a viable alternative to fossil fuels to achieve ambi-
tious targets of zero carbon emissions. Development in wind turbine
technology has been implemented to provide reliable and sustainable
energy system generation. Wind turbine blades (WTB) are a major com-
ponent of this system, with a complex composite structure comprising
fiber-reinforced polymer-based laminates, balsa wood, and structural
adhesives. Despite the technological advances in materials and struc-
tural efficiency, blade manufacturing is still mainly carried out through
hand labor. In this way, defects such as wrinkles are prone to arise
during production. Defects not detected during inspection remain in
the structure, potentially leading to failure later during operation. Fiber
wrinkling results from poor attachment of adjacent plies, in addition
to low interlaminar shear strength [1]. The occurrence of out-of-plane
wrinkles is frequent in composite structures [2]. Out-of-plane wrinkles
result from fiber bending out of the laminate and ply bending through
the thickness [3,4]. Another type of wrinkle is known as ‘‘s-shaped’’ or
fold, with a maximum deviation of the fiber misalignment in which a
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layer comes into contact with itself [5]. Folds arise due to layup at the
top of corrugated plies in regions of the mold with steep curvatures.
In a wind turbine blade, this type of wrinkle usually arises at the
root section. Characteristic parameters of wrinkles are wavelength (𝜆),
amplitude (𝛿) and maximum angle (𝜃𝑚𝑎𝑥) (Fig. 1). The severity of the
wrinkle can be measured by the aspect ratio (𝛿∕𝜆) [6], maximum angle
(𝜃𝑚𝑎𝑥) [7] or amplitude-to-thickness ratio (𝛿∕𝑡) [2]. In this work, a
laminate representative of a wind turbine blade is embedded with out-
of-plane wrinkles and a fold, in which the metric for severity will be
the aspect ratio, i.e. amplitude to the half-wavelength (2𝛿∕𝜆).

The operation of a WTB with wrinkle defects can be detrimen-
tal, reducing the structure’s lifetime. Regarding standards, there is a
shortcoming in guidelines to certify composite structures with man-
ufacturing defects. DNVGL-ST-0376 recommends the evaluation and
material tests for blade structures with wrinkles at the most conser-
vative failure mode [8]. Nevertheless, there are no specifications on
the most conservative failure modes for different types of wrinkles at
different load ratios. Few details exist on acceptable criteria to rule out
or to put in operation a structure with such defects based on its severity
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Fig. 1. Cross-section images of the specimens embedded with wrinkle defects (a) type 1 (AR = 1∕5) (b) type 2 (AR = 1∕10) in combination with respective geometrical dimensions,
and the outlined regions for the folded and symmetric shape.
level. A number of studies have investigated the effect of wrinkles under
quasi-static loading [7,9–14], but few have been applied to the wrinkles
representative of a wind turbine blade [12–15]. Additionally, not many
were dedicated to investigating the damage of wrinkles in composite
structures. The fatigue life of a Glass Fiber Reinforced Polymer (GFRP)
sandwich beam embedded with artificial wrinkles had the fatigue life
reduced by 66% compared to a pristine laminate [16]. The investi-
gation shows that in order to reach the target endurance, the fatigue
load amplitude should be brought down to below 80% of the fatigue
design limit. In [17], carbon fiber/epoxy (CFRP) laminates with out-
of-plane wrinkles were tested under tension–tension fatigue at various
load severities. The fatigue life of the wrinkle specimens at a given load
severity was one order of magnitude below that obtained for specimens
without wrinkles. Carbon-epoxy tape laminates with wrinkles are tested
at constant loading amplitude with load ratio 𝑅 = 0.1 to the point
of failure onset and rapid delamination propagation ensued. In [18],
fatigue failure initiation is observed at the resin pockets, followed by
damage growth through the main wrinkle. The current study evaluates
GFRP laminates with wrinkles at two load severity types under fully
reversed loading, i.e. 𝑅 = −1. The fatigue resistance and fracture
behavior are investigated throughout.

Delamination is regarded as the main fracture mechanism in lami-
nates with wrinkle defects under fatigue loading [16,17,19]. Neverthe-
less, a limited number of studies adopted numerical modeling in order
to investigate the fracture mechanisms triggered by wrinkles. In this
respect, some relevant literature contributions have been published by
a research group based at the University of Bristol [20–22]. This ap-
proach entails implementing an energy-based Paris-type delamination
propagation laws in a finite element (FE) framework to predict inter-
laminar and intralaminar fracture propagation in composite laminates.
A crack-tip tracking numerical algorithm was proposed to investigate
interlaminar fatigue crack growth within carbon fiber laminates with
embedded artificial wrinkles [17]. Cohesive elements are inserted be-
tween each contiguous plies to describe progressive delaminations, and
within plies to describe matrix cracks. A bilinear traction-separation
law with interfacial stiffness degradation is considered for crack prop-
agation, while the onset of the cohesive damage is detected by a
quadratic stress interaction formulation. The 3D FE models are in
good agreement with tension–tension fatigue tests 𝑅 = 0.1. In [18],
a fatigue damage progression algorithm is proposed, combining fatigue
failure initiation criterion and variable stress for damage accumulation
2

conditions. Linear damage accumulation is assumed, with stopping
criteria for damage progression corresponding to a matrix crack of
detectable size. Carbon epoxy tape laminates with embedded wrinkles
were tested at three different wrinkle configurations at an 𝑅 = 0.1,
using DIC to measure the peak strains. The FE-models are built based on
digital images of the defects and compared to the experimental tension–
tension fatigue tests. Wrinkles were induced by a ply termination,
which was later accounted for in the FE model. The modification of
the model to account for ply-termination improved the predictions
of failure location and number of cycles to failure. The objective of
the current work is to investigate the fracture pattern of composite
laminates with embedded wrinkles corresponding to the type of defects
that are likely to appear in the manufacturing of wind turbine blades.
A methodology for manufacturing the specimens in a defect-controlled
manner is adopted, and the FE model is built accounting for the actual
features of the cross-section image of the defect [14]. Given that this
analysis aims at replicating a full-scale test of a wind turbine blade
which locally is represented by a tension–compression loading of the
laminates, a similar condition is implemented for the coupon specimens
with an 𝑅 = −1 for laminates with wrinkles of two different severity
types. A FE modeling framework based on a user-defined cohesive
implementation including a Paris-type law [22] predicts crack initiation
and delamination propagation within the defect region. The number
of cycles to failure, qualitative fracture behavior, stiffness degradation,
and SN curves are considered as analysis parameters to verify the
3D FE modeling framework against the experimental campaign. At
last, conclusions are drawn to improve the verification methodology
adopted.

2. Experimental configuration

2.1. Artificial defects

The investigation was conducted with two types of wrinkles, where
the severity metric is the aspect ratio amplitude to half-wavelength
(2𝛿∕𝜆). The cross-sections and dimensions of the individual defects
are shown in Fig. 1. Embedding the defects in the structure requires
performing steps that can potentially lead to the formation of wrinkles
when manufacturing a wind turbine blade. This step comprises the
layup at the top of folded plies in regions of steep curvature as the root
section. Consequently, a folded wrinkle is embedded at the start of the
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layup, and a uniform wrinkle with prescribed geometrical parameters
is further built into the structure. The specimens were manufactured
using a defect control methodology outlined in previous work [14].
The technique consists of pre-curing a [0/0] panel to the shape of a
mold casted to conform to the aspect ratio specified for the defect. The
mold shaped defect emulates a uniform waviness. However, the nature
of the manufacturing process results in laminates that are not identical
and not perfectly symmetrical. At last, the pre-cured panel is stacked
together at the center of the specimen along with UD (unidirectional)
and Biax (biaxial) plies in a [+45∕ − 45∕0∕0∕0∕0∕0]𝑠 layup. A vacuum-
ssisted resin infusion (VARI) process impregnates the plies with resin,
n which Hexion epoxy resin is applied in a mixing ratio of 100/28 by
eight. The curing process follows a cycle of 12 h at 40 ◦C and 10 h at
0 ◦C. Once cured, the specimens are similarly trimmed in dimensions
f 400×25 mm2 with a thickness of 11 mm. The entire batch of samples
s then submitted to a surface treatment process using sandpaper for
olishing rough edges and a final lacquer acrylic cover as a finishing
gent. This surface treatment is required to improve image analysis,
ith the additional effect of preventing rough borders from triggering
remature delamination at the edges during the fatigue loading.

.2. Fatigue tests

The objective of the experiment, other than generating the SN
urves for high cycle and low cycle fatigue, was to capture the fatigue
amage progression triggered by defects at different severity types and
valuate the fatigue damage mechanism of each defect type. This is
ccomplished through the fatigue test, during which fatigue damage
s observed via video recording. Hence, the study aims to predict
he location of the dominant fatigue-driven delamination, underlying
he failure mechanisms rather than focusing on generating precise SN
urves.

For the test configuration, coupon specimens are mounted in a
est rig with a servo-hydraulic machine Instron 1333, with a load cell
f 250 kN capacity. The experimental instrumentation comprises two
onsumer-grade Nikon D7500 cameras facing the side and back of the
pecimen, and an Optris P640 thermo-camera facing the side of the
rinkle as shown in Fig. 2. Five specimens for each wrinkle severity

type 1 and type 2) are tested for failure under tension–compression
atigue loading. The specimens are assembled into the hydraulic grips
ith two extensometers of 25 mm gauge length mounted back-to-back,
ligned 40 mm away from the wrinkle center. Gauge lengths of 160mm
nd 180mm are used for wrinkle coupons type 1 and type 2 in the test
rips, respectively.

The experimental program runs in load-control mode at 𝑅 = −1
o derive the SN curves for each of the two severity levels. The linear
train, provided in Table 1, is determined through the E-modulus and
tress, considering the cross-sectional area under the extensometers and
he applied load. The program entails a constant load amplitude regime
ith a test frequency of 3 Hz at 0.25% amplitude, adjusted accordingly

o the subsequent tests to keep the maximum strain rate constant. The
oad amplitude varies accordingly to determine data-points within 𝑁
n [1× 104, 3×106]. The specimens are tested at different load levels, as
hown in Table 1. The initial stiffness of each specimen is measured
t the beginning of each experiment by the slope of the stress vs.
train relation obtained by increasing the load at a constant rate until
he defined test amplitude. The linear strain is then derived from the
oad amplitude and measured E-modulus. The actual strain is measured
hrough extensometers. The program is defined to acquire 100 photos
er decade of cycles. Additionally, photos were taken once the stiffness
f each sample changed by more than 0.5%. The stiffness measurements
or the specimens and material are recorded at the flat region. A limit
f 3 × 106 cycles were used as the stop criterion. Had no cracks/stiffness
rop been noticed after that given number of cycles, the specimen was
3

onsidered a runout.
Table 1
Identification of wrinkle specimens linked to the percent strain amplitude.

Specimens Type 1 (WT1) Specimens Type 2 (WT2)

Strain amplitude [%] Specimen ID Strain amplitude [%] Specimen ID

0.250 A-WT1 0.300 A-WT2
0.200 B-WT1 0.270 B-WT2
0.175 C-WT1 0.250 C-WT2
0.170 D-WT1 0.225 D-WT2
0.165 E-WT1a 0.215 E-WT2

aThis specimen is a run-out with a test terminated after 3 million cycles.

The test was conducted while several stages of damage accumula-
tion were observed until the final failure. The latter occurred because
of a kink band at the wrinkle section and by a steep drop of stiffness.
The crack path at the side and back of the specimens was captured
by the Nikon cameras, while the thermo-camera detected the rise in
temperature during the crack formation and propagation, see later in
Fig. 5.

2.3. Experimental results

The evaluation of the test results comprises the analysis of the
stiffness degradation and the SN curves for each of the two analyzed
severity types at various strain amplitudes. The qualitative analysis for
the fracture pattern is observed at every frame via the images captured
by the camera. The stiffness degradation is shown in Fig. 3. Stiffness
is derived from the linear regression in the stress-position curve and
normalized by the initial position of the actuator. To draw the SN
curves, the metric for failure is assumed as a stiffness decrease of
25%. A runout at 3 × 106 cycles is assumed for the specimens tested.
That limit was detected at a strain amplitude of 0.165% for wrinkle
type 1. The remaining specimens were tested and failed to below
the established runout limit. The SN curves comparing both defect
severities are displayed in Fig. 4. The crack propagation path is shown
in Fig. 5, taken at a strain amplitude of 0.175% for the wrinkle type
1, whereas Fig. 6 displays the fracture pattern sorted by phases in the
stiffness degradation graph for the same coupon. The fracture pattern is
detected via visual inspection of the time-lapse images and observation
of temperature changes registered by the thermo-camera.

Qualitative analysis is conducted at the set of time-lapse images
captured along the experiment. A similar crack behavior was observed
for the other specimens at both severity types after evaluating the
images acquired by the Nikon camera and the thermo-camera. The loss
of stiffness is noticed before the point where the slope of the curve
drops considerably. The observed slight degradation in stiffness during
the experiments supports the assumption of envelope displacement
as linear strain remains quasi-constant throughout the experiment. In
Fig. 5 and Fig. 6 it is possible to identify initial delamination denoted as
Phase B at the interface Biax/UD around the folded wrinkle in the axial
direction. Through the width, tunneling cracks grow lined up with the
direction of the biaxial fibers. In the Phase C, the delamination path
switches to the UD/UD interface at the wrinkle located above the resin
pocket. The interlaminar crack grows to a characteristic delamination
critical length before evolving to phase D. The image recorded at the
back side of the laminate display a shadow growing in the transverse
direction,indicating matrix cracking across the laminate. In phase D,
multiple delaminations are detected across the interfaces and matrix,
together with cracks along the width within the wrinkle region. At
last, the final failure is denoted as Phase E, and it occurs because of
a kink-band formation along the slope of the symmetric wrinkle.

A rise in temperature is observed during the fatigue test, due to
the hysteresis loss resulting from the frictional sliding of the interfaces
during delamination. Although the temperature rise can affect the
mechanical properties of composites materials, the rise is of approxi-
mately 15 ◦C from Phase A to Phase E, which is considered acceptable.
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Fig. 2. Experimental test setup comprising high-speed cameras to track the crack start and delamination propagation path, thermo-camera faces the side of the specimen to track
the gradient in temperature during the experiment.

Fig. 3. Stiffness degradation normalized by the initial stiffness vs. cycles for wrinkle with severity type 1 and severity type 2 with a dashed line indicating the metric for failure
at 25% stiffness drop.
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Fig. 4. Experimental SN Curves for Wrinkle Type 1 and Wrinkle Type 2.

Fig. 5. Fracture phases identified during the fatigue loading within the wrinkle section taken from specimen ID C-WT1 with the temperature scale at the bottom of the image
ranging within 𝑇 [30:55 ◦ C].

Fig. 6. Fracture phases displayed along the stiffness degradation chart for specimen ID C-WT1.
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Moreover, the highest temperature of approximately 60 ◦C is detected
in the late stage of multiple delaminations propagation in Phase D.
Although the first delamination is observed in Phase B, one can notice
a slight stiffness decrease between Phases A and B. This occurrence
can be attributed to microcracks evolving within the structure, which
may have gone undetected via visual or thermal inspection, or due to
damage arising in the gripping section. Additionally, as the stiffness is
measured by the piston position, the global degradation of the laminate
is considered for the overall damage progression. This implies that not
only the local degradation due to the wrinkles is considered, but also
that the overall stiffness variation throughout the entire structure could
contribute to the stiffness drop before Phase B.

One of the objectives of the present study is to measure and predict
the failure introduced by the presence of wrinkles. However, it is
worth mentioning that the experimental and numerical investigation
of laminates without wrinkles has not been addressed in the current
research. Evaluating a wrinkle-free laminate would require the imple-
mentation of a distinct test and modeling campaign designed to capture
not only delamination but also other failure mechanisms, including
matrix cracking and fiber failure.

The SN curves in Fig. 4 show that the laminate with wrinkle severity
type 1 should operate at a strain amplitude below 0.170% to reach
endurances in the order of 106 load cycles. The laminate with wrinkle
type 2 can achieve the endurance at a strain amplitude below 0.215%.
However, the runout for the wrinkle type 1 at a strain amplitude of
0.165% at 3 × 106 cycles indicates the high sensitivity of the defect
lifetime to small variations on the load amplitude. Sensitivity to fatigue
failure declines as the load amplitude decreases.

Isolating only the high cycle fatigue regime, the slope of the SN
curve reduces, and the curves flatten at higher fatigue resistance. By
considering specimen A-WT1 and specimen C-WT2 tested at the same
strain amplitude, it is noticed that specimen A-WT1 fails at 2.5% of
the fatigue life of specimen C-WT2. At 0.250% strain amplitude, the
specimen at severity type 1 experiences a low-cycle fatigue regime. On
the other had, the severity type 2 coupons behave accordingly to a
high-cycle fatigue regime for the same load amplitude. The difference
in lifetime between the wrinkles severity type 1 and type 2 for the same
load amplitude is approximately two decades.

3. Finite element model

3.1. Constitutive law for fatigue

The fatigue cohesive formulation used for fatigue fracture growth
is based on a bilinear static mixed mode cohesive law developed at
the University of Bristol over several years within Bristol Composite
Institute. A brief description of the model is described, and in depth de-
tails are referred to [20,23,24]. A formulation to evaluate delamination
crack-propagation under cyclic loading is developed, linking the strain
energy release rate at a cohesive interface to experimental Paris law
data [20]. The cohesive interface constitutive law is based on the bi-
linear traction-displacement response (Fig. 7) for damage onset based
on a quadratic damage criterion.

A power law is applied for complete decohesion and a static damage
parameter tracks the accumulation of irreversible damage. The fatigue
damage model relates damage accumulation law at the cohesive inter-
face with Paris-type crack behavior. Interfacial stiffness is introduced
as a parameter for the quasi-static loading (Step one) for delamination
analysis. A fatigue initiation method based on SN curves and Linear
Cumulative Damage (LCD) is set to detect damage onset [22]:
(

𝜎𝐼
𝜎𝑚𝑎𝑥𝐼

)2

+

(

𝜎𝐼𝐼
𝜎𝑚𝑎𝑥𝐼𝐼

)2

= 1 − (𝑠𝐼𝜓2
𝐼 + 𝑠𝐼𝜓2

𝐼𝐼 ) ⋅ 𝑙𝑜𝑔(𝑁) (1)

where 𝜎𝐼 and 𝜎𝐼𝐼 are mode I and mode II tractions with its respective
interface strength in those modes, 𝜎𝑚𝑎𝑥𝐼 and 𝜎𝑚𝑎𝑥𝐼𝐼 . Crack initiation pa-
rameters for mode I and mode II are given by 𝑠 and 𝑠 and extracted
6

𝐼 𝐼𝐼
Fig. 7. Static mixed mode cohesive bilinear law [17,23].

from a semi-logarithmic plot of experimental data for tests in pure
mode initiation [25]. 𝑁 is the number of cycles, 𝜓𝐼 and 𝜓𝐼𝐼 are derived
from the mode I, mode II, and mixed mode displacements:

𝜓𝐼 =

(

𝛿𝐼
𝛿𝑚

)2

(2)

𝜓𝐼𝐼 =

(

𝛿𝐼𝐼
𝛿𝑚

)2

(3)

The static damage variable is driven by the accumulation of irre-
versible damage:

𝑑𝑠 =

(

𝛿𝑚 − 𝛿𝑚,𝑒
𝛿𝑚,𝑓 − 𝛿𝑚,𝑒

)

(4)

where 𝛿𝑚,𝑒 is the resultant displacement for damage initiation, 𝛿𝑚 is
the mixed mode relative displacement and 𝛿𝑚,𝑓 is the displacement
for failure. Once 𝑑𝑠 reaches the unity, the cohesive element enters the
softening phase at the cohesive law reducing the interface strength.
Complete failure occurs when the power law criterion reaches the unit:
(

𝐺𝐼
𝐺𝐼𝑐

)𝛼

+

(

𝐺𝐼𝐼
𝐺𝐼𝐼𝑐

)𝛼

= 1 (5)

where 𝐺 is the energy release rate for modes I and II, and its critical
value is indicated by ‘𝑐’. Fatigue damage variable is derived from crack
propagation 𝑑𝑎∕𝑑𝑁 :
(

𝑑𝑎
𝑑𝑁

)

= 𝐶

(

𝐺𝑚𝑎𝑥
𝐺𝑐

)𝑚

(6)

The mixed mode Paris law coefficient and exponent, 𝐶 and 𝑚 are
derived from the experimentally measured values for Mode I and Mode
II:

𝐶 =
𝐺𝐼

𝐺𝐼 + 𝐺𝐼𝐼
𝐶𝐼 +

𝐺𝐼𝐼
𝐺𝐼 + 𝐺𝐼𝐼

𝐶𝐼𝐼

𝑚 =
𝐺𝐼

𝐺𝐼 + 𝐺𝐼𝐼
𝑚𝐼 +

𝐺𝐼𝐼
𝐺𝐼 + 𝐺𝐼𝐼

𝑚𝐼𝐼
(7)

At the maximum load, along with the static damage accumulated,
an additional damage parameter is introduced for fatigue accumula-
tion. Total damage is updated at every increment time as:

𝐷𝑡 = 𝐷𝑠 +𝐷𝑓 (8)

where 𝐷𝑡 is the total damage, 𝐷𝑠 is the static damage, and 𝐷𝑓 is
the fatigue damage. The cohesive damage law is implemented as a
user material subroutine (VUMAT) in Abaqus/explicit and written in
FORTRAN90. Damage, failure status, and number of cycles are saved
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Table 2
Elastic properties for the GFRP and epoxy material [14].

𝐸11
(GPa)

𝐸22
(GPa)

𝐸33
(GPa)

𝐺12
(GPa)

𝐺13
(GPa)

𝐺23
(GPa)

𝜈12 𝜈13 𝜈23

UD 42.70 12.58 12.58 4.61 4.61 4.61 0.257 0.257 0.364
Biax
[+45/−45]

13.92 13.92 13.92 11.5 11.5 5.53 0.533 0.533 0.257

Epoxy 3.2 1.2 0.3

at each cohesive element as state variable for the entire analysis. The
elastic properties for the resin epoxy, UD, and Biax plies are presented
in Table 2 [14], and for fatigue damage in Table 3.

The data presented are representative of those for general glass/
epoxy composite systems in the open literature. These data provide
a reasonable basis for describing the phenomenon of fatigue-driven
delamination via cohesive zone modeling. The properties for fracture
toughness and Paris parameters (𝐺𝐼𝑐 , 𝐺𝐼𝐼𝑐 , 𝐶𝐼 , 𝐶𝐼𝐼 , 𝑚𝐼 , 𝑚𝐼𝐼 ) are
ased on Ref. [26]. Normal and shear traction strengths (𝜎𝑚𝑎𝑥𝐼 , 𝜎𝑚𝑎𝑥𝐼𝐼 )
re taken from experimental R-curves values investigated in [27]. The
henomenological damage variable for initiation (𝑠𝐼 , 𝑠𝐼𝐼 ) is based on

values proposed at [22]. Studies prove the effect of through-thickness
compressive stress on the enhancement of the Mode II fracture energy
(𝐺𝐼𝐼𝑐) corresponding result of the increase in the shear strength [28,
29]. That effect is accounted for in a through-thickness enhancement
factor, 𝜂. High penalty stiffness is introduced at the cohesive interface
connecting the adjacent plies (𝐾𝐼 , 𝐾𝐼𝐼 ) [17].

.2. Model definition

The response of the fatigue coupons is simulated using the finite
lement explicit solver Abaqus, version 2022. The model comprises
D and biaxial plies, along with resin epoxy pockets, which were
escribed in Section 2.1. Three-dimensional eight-node linear brick
lements with reduced integration (C3D8R) were used for the UD and
iaxial plies. Six-node triangular prism solid elements (C3D6R) were
sed for the resin pockets. Eight-node cohesive elements (COH3D8)
ere used at the interface, as shown in Fig. 8. Cohesive elements are

nserted between the plies to describe progressive delamination during
he fatigue loading. Inter ply delamination was the main mode of failure
ncluded in this analysis. Although other mechanisms of fracture were
bserved during the experimental tests, the objective of the model is
o track the critical delamination patterns and their location in the
aminate. The finite element models take into consideration the real
eometry of the defect cross-section. This implies that the resin pockets,
olds, and wrinkles are geometrically built through an image processing
f the defect cross-section image, as detailed in previous work [14] and
ereby referred to as a high-fidelity geometric model.

A mesh sensitivity analysis was conducted in the models under
atigue loading, taking the number of cycles to failure as a metric for
ssessing the convergence of the analysis. As discussed in [17], the
atigue cohesive zone length tends to be smaller than the quasi-static
ohesive length. Convergence is achieved at an individual element
ize of 0.35mm and cohesive element layer thickness of 0.01mm. The
nvestigated FE models achieved convergence for a global mesh size of
.2mm and an interface mesh of 0.1mm. The complete model consists of
7

.7 million solid elements, including ply, resin, and cohesive elements. s
A discrete material orientation was assigned to each individual ply
following their wavy contour. Therefore, material axis 3 follows the
normal of the elements mid-plane, aligned with the curve representing
each ply contour. Directions 1 and 2 are the global 𝑥 and 𝑦 directions.
Constraints are introduced through kinematic couplings at reference
points located at both ends of the model.

Displacement is applied at the reference point (main node) and
transferred to the surface nodes positioned at the right end of the model
(secondary nodes). Two loading steps analysis are performed according
to the envelope load method described in [24] (Fig. 9), considering
two pseudo-time steps at a pseudo-frequency (f). In the current work,
displacement (𝐷) is applied instead of load. Table 4 presents the
differences in the test conditions compared to the numerical model
specifications. In step one, a quasi-static analysis is conducted with
smooth displacement increment ramping up from zero to the fatigue
amplitude displacement, while fatigue is activated in step two, holding
the displacement constant throughout the analysis. A limitation in the
current implementation is that reverse loading with 𝑅 = −1 is not cov-
ered. Thus, only a single bound of the envelope can be investigated at a
time (0 < 𝑅 < 1 and 1 < 𝑅 < +∞). A critical factor in the performance
f Abaqus/Explicit is the stability limit [30]. The conditional stability
f the explicit method relies on the time increment, 𝛥𝑡. In the explicit
olver, the time increment is typically short in order to guarantee
umerical stability. Although the time increment unit is defined in
econds, it does not represent a physical meaning. The formulation links
he analysis time (T) to the number of cycles (N), in which N = Tf. The
inetic and internal energy is used as a metric to evaluate the use of
he mass scaling. From a mass scaling corresponding to a global stable
ime increment of 𝛥𝑡 = 10−5 s, the kinetic energy is sufficiently small
nd retained below 0.5% of the internal energy, which is kept constant
ntil the point of delamination. Then the internal energy drops due to
nergy dissipation from delamination. Both models (defect type 1 and
ype 2) present approximately the same number of degrees of freedom,
hich results in a similar calculation time of ≈32 h performed in a 32
PUs Linux cluster.

.3. Numerical verification

This section presents the verification of the model results based on
he following:

• Material sensitivity analysis on the fatigue properties effect on the
behavior of the SN curves.

• Agreement of experimental SN curves for wrinkles at severity
types 1 and 2 to the SN curves obtained from the fatigue sim-
ulations.

• Comparison of fracture phases identified in the experimental
campaign to the fracture phases captured in the model.

The envelope displacement assumption in the cohesive fracture
ormulation is advantageous for computational performance. However,
he models can only be evaluated at one side of the envelope at a
ime. The compression–compression fatigue load is considered critical
or wrinkles, whereas tension–tension loading has a major impact
n matrix cracks [31,32]. Therefore, the models are simulated in
ompression–compression, assuming a conservative fatigue sequence.
he applied displacement amplitude is based on Table 1 and kept
onstant throughout the fatigue analysis. The applied displacement
s obtained from the linear strain measured at the flat region of the

pecimens, where the extensometers are located.
Table 3
Fatigue properties for GFRP cohesive interface [17,22,26–29].
𝐺𝐼𝑐 [26]
(J∕mm2)

𝐺𝐼𝐼𝑐 [26]
(J∕mm2)

𝜎𝑚𝑎𝑥𝐼 [27]
(MPa)

𝜎𝑚𝑎𝑥𝐼𝐼 [27]
(MPa)

𝐾𝐼 [17]
(N∕mm3)

𝐾𝐼𝐼 [17]
(N∕mm3)

𝛼 (−)

0.26 1.00 40.3 23.4 105 105 1.2

𝑠𝐼 [22]
(MPa/decade)

𝑠𝐼𝐼 [22]
(MPa/decade)

𝐶𝐼 [26]
(mm/cycle)

𝐶𝐼𝐼 [26]
(mm/cycle)

𝑚𝐼 [26] (−) 𝑚𝐼𝐼 [26] (−) 𝜂 [28] (−)

0.075 0.15 0.00221 0.122 5.09 3.6 0.74
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Fig. 8. Finite Element Model with material identification and the elements selected for ply, resin, and cohesive regions.
Fig. 9. Envelope displacement method [24].
Table 4
Comparing definitions for the exp. tests with the definitions with the numerical model
specifications.

Experimental tests 3D numerical model

tension–compression Compression–compression
Load-control Displacement envelope
Strain amplitude Strain amplitude is the strain range for compression

3.3.1. Fatigue properties sensitivity analysis
Material parametric analysis is conducted at different displacement

amplitudes to evaluate the sensitivity of the interface fracture parame-
ters on the qualitative behavior of the SN curves as shown in Fig. 10.
The analysis is performed for the laminate with severity type 1 under
compression–compression loading and modifying one parameter at a
time from the Baseline material card presented in Table 3. The param-
eters are modified to cover values on the upper and lower limits of the
baseline. The metric evaluation is the change in position and slope of
the SN curve. As wrinkles act as local shear stress concentrators [11],
Mode II parameters are considered critical for interlaminar failure
within the defect region. Although Mode I parameters can influence
8

crack opening in compression, the sensitivity analysis studies only the
influence of Mode II parameters on the performance of the fatigue
curves. Furthermore, it should be noted that crack growth in Mode I
requires much less fracture energy compared to Mode II.

Decreasing the crack initiation parameter 𝑠𝐼𝐼 = 0.10 MPa/decade,
the position of the SN curve is shifted to the right, increasing the fatigue
resistance by about 0.20 decades. Increasing this value to 𝑠𝐼𝐼 = 0.20
MPa/decade has the opposite effect where the SN curve is shifted to
the left, but the fatigue resistance decrease by a factor of 0.15 decades.
The Paris exponent 𝑚𝐼𝐼 = 3.00 moves the position of the SN curve to the
left, while 𝑚𝐼𝐼 = 4.00 shifts it to the right. The difference in fatigue life
is about 0.30 decades lower and higher for 𝑚𝐼𝐼 = 3.00 and 𝑚𝐼𝐼 = 4.00,
accordingly. The Paris constant 𝐶𝐼𝐼 = 0.022 mm/cycle moves the SN
curve to the right, and 𝐶𝐼𝐼 = 0.32 mm/cycle moves it to the left, in
which the difference in life compared to the Baseline is close to 0.20
decades. For the fracture toughness 𝐺𝐼𝐼𝑐 = 0.5 (J∕mm2), the SN curve is
shifted to the left with a difference close to 0.70 decades in the lifetime
and 𝐺𝐼𝐼𝑐 = 1.5 (J∕mm2) is shifted to the right to increase the fatigue
life in about 0.35 decades. By evaluating the interface shear strength
𝜎𝑚𝑎𝑥𝐼𝐼 = 13.40 MPa shifts the curve to the left, and 𝜎𝑚𝑎𝑥𝐼𝐼 = 33.40 MPa
shifts it to the right, but it displays a higher effect on the slope of the
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Fig. 10. Sensitivity Analysis for the fatigue interface properties.
Table 5
Influence of material parameters on the fatigue life.
Fatigue life increase Fatigue life decrease

↓ 𝑠𝐼𝐼 ↓ 𝐶𝐼𝐼 ↓ 𝜎𝑚𝑎𝑥𝐼𝐼 ↓ 𝑚𝐼𝐼 ↓ 𝐺𝐼𝐼𝑐
↑ 𝐺𝐼𝐼𝑐 ↑ 𝑚𝐼𝐼 ↑ 𝜎𝑚𝑎𝑥𝐼𝐼 ↑ 𝑠𝐼𝐼 ↑ 𝐶𝐼𝐼
↑ 𝜂

curve, mainly when the value is decreased. Lower values of 𝜎𝑚𝑎𝑥𝐼𝐼 seem
to have a stronger influence on high load amplitudes, indicating that
at the low cycle, the initiation is the dominant effect. In contrast, for
the high cycle, propagation is the dominant mechanism.

The difference in fatigue life varies accordingly, with the amplitude
keeping fairly constant for the entire set of displacement amplitudes
evaluated. Additionally, the effect of through-thickness compressive
enhancement is disregarded in the analysis for 𝜂 = 0. As observed
in previous work [28], through-thickness compression increases the
interlaminar shear strength. The difference in fatigue life is of 0.26
decades for the high load and 0.20 decades for low loads, indicating a
strong influence on the shear strength enhancement for the low fatigue
cycle.

In summary, the effect of fracture parameters on the fatigue life of
wrinkle severity type 1 is presented in a qualitative overview compared
to the Baseline parameters and displayed in Table 5. The values denot-
ing an increase in fatigue life are symbolized with an upward arrow (↑),
while those indicating a decrease are denoted by a downward arrow
(↓).

3.3.2. Verification of SN curves
The global stiffness of the laminates in the model can be obtained

from the reaction force during the fatigue loading normalized by the
reaction force at the beginning of the fatigue analysis (𝐹∕𝐹𝑚𝑎𝑥). The
baseline fatigue properties used for the verification are indicated in
Table 3. Following the sensitivity analysis, a modification was made
wherein 𝑠𝐼𝐼 = 0.20 MPa/decade is assigned. It is worth mentioning
that the interface properties used as a baseline in this work are derived
from available data in the literature. In that way, a closer agreement
9

can be found with a dedicated experimental campaign covering mode I,
mode II, and mixed-mode tests for the particular material system being
analyzed.

The SN curves set a drop of 25% in the global stiffness as a
reference for failure (Fig. 11). At both severity levels, the compression–
compression models predict a higher fatigue resistance compared to the
experiments for 𝑅 = −1. However, a higher difference in fatigue life is
observed for high loads, which is noticeable when the low load cases
are isolated in Fig. 12. Although model results present an overestima-
tion of the number of cycles to failure for fatigue in compression, the
predicted SN curves display the same qualitative behavior compared to
the fatigue tests.

Despite different fracture mechanisms that occur between tension
and compression loading, this analysis primarily focuses on the ex-
perimental observation that the compression part plays a dominant
role in the fracture behavior. As a result, numerical investigation and
determination of material parameters are focused on predicting the
compression driven delamination failure mechanism. Fatigue phenom-
ena affecting the bulk material represent a second order effect in terms
of the structural integrity of the coupons. The failure is controlled by
the presence of the wrinkle and the ensuing delamination. This is con-
firmed by the experimental data provided. Other fatigue damage mech-
anisms, notably tensile driven fatigue matrix cracking mechanisms,
are assumed to have a negligible effect on the tension–compression
fatigue of a wrinkled laminate and are therefore disregarded in this
model. A fair agreement is observed when the high cycle fatigue cases
are isolated, pointing to a better prediction of the model to low load
fatigue. It can be justified by the modeling approach to cover the
effect of delamination only. In this particular case, low cycle fatigue is
matrix crack dominant, which is not covered in the model. Therefore,
low cycle fatigue underestimates the effect of wrinkles on the fatigue
lifetime.

The sensitivity analysis presented in Fig. 10 points to a better
agreement of the data when the shear strength of the interface is
reduced, which indicates the initiation is dominant for high load levels
and the propagation dominates for low compression fatigue load levels.
In that way, it seems that the interface properties are sensitive to the
load level applied. As the predictions show fair agreement at high cycle
fatigue, that could also point to a delamination driven fracture for low

load cases.
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Fig. 11. SN Curves from numerical models and exp. data for the wrinkles at two severity types.
Fig. 12. SN Curves isolating high cycle cases for numerical models and exp. data for wrinkles at two severity types.
Fig. 13. Fracture phases represented in the stiffness degradation chart for specimen ID C-WT1 and analogous phases captured in the model for the same specimen.
3.3.3. Verification of fracture phases
Visual inspection of the samples and experimental time-lapse figures

show that fracture phases are similar for both types of wrinkles at
different load cases. Fig. 13 and Fig. 14 show the stiffness degradation
curve and respective fracture phases which are captured in the model.
10
The prediction of phase C, where delamination in the UD/UD
interface is observed in the tests, is equally captured by the model.
Delamination at the interface Biax/UD around the fold is equally
captured at that phase, although the initiation at that interface was
not predicted by the model. Phase B was not captured in the model
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Fig. 14. Fracture modes model.
predictions as the model is not designed for interfiber failure in the
form of transverse cracks. There are concentrations of resin around
the fold, potentially leading to matrix cracking around that region.
Phase D with multiple delaminations is captured in the model prior
11
to the final failure with a kink band. The behavior of the stiffness
degradation presents a similar pattern compared to the experiments.
Stiffness degradation experimentally observed before the identification
of several crack phases is not captured by the model.
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4. Discussion and conclusion

This work presents the effect of wrinkles in representative lami-
nates for wind turbine blades through a comparative analysis of two
defect severity types under fatigue loading. The key contribution of
this research lies in the investigation of the experimental SN curves
for the defect types subjected to tension–compression fatigue loading
with 𝑅 = −1. Notably, wrinkles defects with equivalent amplitude but
istinct aspect ratios exhibit a substantial sensitivity to fatigue life, in
hich higher aspect ratio specimens display inferior fatigue resistance.
dditionally, an investigation into the fracture mechanism revealed

hat delamination predominates as the primary failure mechanism for
his particular loading.

Furthermore, the present research introduces a numerical fatigue
ramework to evaluate fatigue fracture for the representative laminates.
D numerical models representing the two defect severity types are ver-
fied using a Paris-law type fracture formulation, with delamination as
he primary failure mechanism represented in the numerical analysis.
he comparison between the numerical models and the experimental
esults indicates a fair agreement. Given its emphasis on delamination,
he model presents an advantageous computational efficiency. There-
ore, it may be feasible to employ this framework to investigate a
epresentative section of a wind turbine blade using the same approach,
ith the focus solely on delamination as the governing failure mecha-
ism of a wind turbine blade embedded with the same defect severity
ypes. Different from the experiments, the numerical predictions are
erformed only using the compression side of the loading and under
rescribed displacements, both of which will lead to a conservative
ifetime prediction compared to the fully reversed and load-controlled
yclic loading experiments.

xperimental observations for fatigue test R = −1

• Initiation starts at the fold wrinkles around the resin pockets at
the interface Biax/UD;

• Initiation seems driven by interfiber failure in the transverse
direction;

• Delamination around UD/UD interface grows at the maximum
amplitude wrinkle leading to multiple delaminations;

• Difference in fatigue life between the two severity types repre-
sents two decades.

Numerical Verification of the model:

• Sensitivity analysis with the interface parameters shows a change
in the position of the SN curve for all the parameters, while
only the shear strength of the investigated parameters essentially
changes the slope;

• The Numerical model displays a fair agreement for high cycle
compression–compression fatigue;

• Delamination phases and locations in the model are in agreement
with the experiments, however, the initiation is not captured;

• Numerical SN curves and stiffness degradation present a fair
qualitative agreement against the experiments.

• Low cycle fatigue seems initiation dominant, whereas high cycle
fatigue seems propagation driven.
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