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Abstract: Delamination damage to spar caps seriously endangers the operation safety of offshore
wind turbines. The effect of initial delamination of various depths and areas on the ultimate tensile
load of laminates is studied based on experiments and numerical simulation, and an effective method
for predicting the residual tensile strength of laminates with high thickness is proposed. Three
groups of initial delamination specimens with different characteristics were fabricated, and static
displacement tensile tests were carried out. An accurate three-dimensional numerical analysis model
was established, and the results were in good agreement with the experimental values, with the
overall error of the failure load being less than 6%. Furthermore, a numerical model for a 20-ply high-
thickness spar cap laminate was established to predict the effect of delamination on tensile strength.
The results showed that, for the same depth of initial delamination, the difference in delamination
area had little influence on the tensile strength. The dangerous locations of delamination were at the
shallow surface and at the ratio of 0.3–0.4 in the thickness direction, and the maximum decrease in
tensile strength was 14.86%; meanwhile, it was found that delamination on the middle surface had
no significant effect on tensile strength.

Keywords: offshore wind turbine blade; spar cap; initial delamination; numerical simulation;
ultimate tensile load; tensile strength

1. Introduction

In recent years, offshore wind turbines have brought considerable economic benefits
to energy power generation in a number of countries due to its advantages in terms of
abundant wind energy reserves, continuous stability, the territory being free of charge,
flexible construction space, low degree of visual interference and low environmental
impact [1,2]. With the increase in the demand for power generation, blade structures have
also been upgraded in terms of size [3]. Wind turbine blades are a key component in
converting wind energy into electric energy, and their ultimate load carrying capacity plays
a vital role in safe operation. However, offshore wind turbines operate under changeable,
rough sea conditions and environments with extreme wind load, along with increased
probability of blade failure. As an important structural part of the blades, the spar cap
is a fiber–resin composite laminated using dozens of unidirectional fabrics, which bears
more than 60% of the blade’s ultimate load and provides the ability to resist flapping
deformation [4]. During the health inspection of blades, it has been found that defects can
occur in the process of manufacturing, transportation and operation of spar cap laminates,
and these defects can easily evolve into damage under ultimate load or fatigue load [5,6].
At the same time, the complex offshore environment can accelerate the evolution of such
defects into damage. Among the typical forms of damage to which blades are subjected,
delamination is the most common, and it is also form of damage unique to composite

Energies 2023, 16, 3607. https://doi.org/10.3390/en16083607 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16083607
https://doi.org/10.3390/en16083607
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0009-0007-6550-3724
https://doi.org/10.3390/en16083607
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16083607?type=check_update&version=2


Energies 2023, 16, 3607 2 of 19

laminated structures [7]. Delamination damage can lead to severe degradation of the
mechanical properties of laminate structures, with 35–40% reduction in strength [8]. The
spar cap is one of the areas prone to delamination damage, driven by tensile load or
buckling load, and delamination damage can easily occur in the interior of the spar cap
laminate structure [9]. The delamination in the spar cap can aggravate interlaminar damage,
reducing the structural stiffness, strength and load-carrying capacity of the blades, and
in serious cases, this can lead to catastrophic blade accidents or even the destruction
of the whole machine [10–12]. Although the development potential of offshore wind
turbines is huge, the structural safety problems caused by the extreme environment deserve
special attention. Therefore, the evaluation of the initial delamination damage experienced
by offshore blades and the effective prediction and assessment of failure can make it
possible for blade accidents to be predicted and avoided at an early stage, which is of great
significance to improving the operation of wind turbines and satisfying the requirements
of safety, durability and sustainability.

To date, researchers have mainly studied the influence of initial delamination on the
mechanical properties of laminates by meanas of experiments and numerical simulation.
Haselbach [13] used numerical methods to study the effect of different degrees of initial
delamination on the buckling performance of blade spar cap, and found that initial de-
lamination near the surface led to high levels of strain, stress and local buckling, while
delamination around the middle surface of the thickness direction of the spar cap had
no significant influence on blade buckling performance. Li [14] investigated the effect
of different types of initial delamination on the buckling behavior of laminates with an
8-mm-thick blade spar cap using the finite element method, and verified the results by
means of compression tests, showing that the buckling mode was dependent on the size
and position of the delamination. Fu and Zhang [15] studied the effects of circular initial
delamination on the compressive strength of 3.84 mm laminates using a shell element
numerical model considering delamination growth. The results showed that delamination
size had a considerable influence on the compressive strength of the laminates, while the
delamination position in the thickness direction had no obvious influence on compressive
strength. Amaro [16] and Liu [17] carried out bending tests on carbon fiber laminates
with initial delamination in the width direction, and showed that delamination damage
significantly reduced the bending performance of the materials, mainly due to the change
in shear stress distribution. It can be seen that under different loading modes, the initial
delamination in laminates results in differences in failure capabilities. Studies on the initial
delamination of laminates have mainly been focused on their buckling, compression and
bending properties. However, the effect of initial delamination on tensile strength has rarely
been studied, and the tensile properties of laminates with large thickness have not received
enough attention. During the operation of the blade, the spar cap of glass fiber laminates is
subjected to the coupled action of a variety of loads, including tension, compression and
bending, with alternating tensile and other stress loads constantly testing the performance
of the blade spar cap. Even small degrees of delamination damage represent a certain
hidden danger to the safe operation of blades, so it is necessary to study the influence of
delamination on the mechanical behavior of blade spar caps under tensile loads.

The Cohesive Zone Model (CZM) has been widely used for the numerical simulation of
delamination [18,19]. CZM can be used not only to study the growth of initial delamination,
but also to predict the initiation of new instances of delamination, which has important ap-
plication value in the prediction of the occurrence of delamination [20,21]. When studying
the delamination damage experienced by local blade components, Haselbach [13], Li [14]
and Overgaard [19] used the CZM method to simulate the initiation and propagation
of delamination, but only a single damage mode was simulated, and the interaction of
multiple damage modes was not considered, thus limiting the applicability and integrity of
failure assessment. The mechanical behavior and damage modes of composite materials
are complex due to the different mechanical properties of the composite components (i.e.,
fiber and matrix). For example, failure modes such as fiber fracture, matrix cracking and
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delamination damage can occur independently or simultaneously [22,23]. The Continuum
Damage Model (CDM) takes into account various local damage forms and the material
property degradation of laminates [24], and can be used together with the CZM method
to predict the damage mechanism of laminates and the interlaminar and intralaminar
coupling effect. By combining the two models, an accurate finite element model can be
established to simulate to a great extent the real process of damage initiation and propa-
gation. Thus, structural damage expansion and ultimate strength can be predicted more
accurately [25,26]. In order to systematically explore the influence of delamination on the
tensile properties of laminates, it is still necessary to comprehensively consider various
damage effects and establish an accurate numerical analysis model.

Combined with the above research progress, aiming to address the insufficiency of
research on the effect of delamination on tensile properties, in this paper, the influence
of initial delamination on the tensile properties of offshore blade spar caps was studied
through the technical route of mutual verification on the basis of experiments and numerical
simulation. The same composite material as that used for spar caps was used to make the
specimens, which were prefabricated with different sizes and depths, and uniaxial tensile
tests were carried out. An accurate three-dimensional numerical analysis model of a spar
cap with large thickness was established, and the Cohesive Zone Model (CZM) and the
Continuum Damage Model (CDM) were used to simulate the progressive interlaminar
and intralaminar damage evolution process. The delamination propagation law and
the coupling effect among various damage modes are expounded. Combined with the
experimental and simulation results, the influence of different initial delamination damage
states on the tensile strength of spar cap laminates was further verified. The research
results can serve as a reference for the failure assessment and maintenance of the composite
materials constituting offshore blade spar caps.

2. Experimental Study of Initial Delamination
2.1. Delamintion Damage of Blade Spar Cap

In this paper, a 1.5 MW, 40.3 m in-service blade (40.3 m blade for short) is used as the
research object, and the maximum thickness of the blade spar cap is nearly 40 layers. As
shown in Figure 1a, the thickness of the spar cap rapidly increases from the blade root to
5 m along the blade, before slowing down after 5 m until it reaches its maximum thickness
at 20 m, after which the layup thickness of the blade spar cap gradually decreases. In the
design of this blade spar cap, the minimum design safety factor is mainly distributed in
the 10 m–20 m range. Therefore, this working section is an area requiring comprehensive
consideration with respect to design safety factor and layup thickness of the spar cap. In
Figure 1b, the ultimate flapwise moment increases linearly from the root to the tip, and
the load accumulates, reaching its maximum value at the tip. However, the blade output
efficiency of the cross-section decreases, so the key area for researching blade ultimate load
and power generation efficiency is the area near 16 m in the spanwise direction of the blade.
Therefore, in this paper, after weighing the structural safety design, power generation
efficiency, ultimate loading capacity and other factors of the blade, the balanced region in
the 10 m–20 m range of the blade is selected to study the delamination tensile performance
of spar cap.

Infrared thermography is a visual, non-contact and nondestructive detection tech-
nology that can be used to detect and characterize near-surface defects in or damage to
composite materials, and it has become an important tool for performing nondestructive
detection and fault diagnosis. In recent years, it has been widely used in nondestructive
detection of damage in wind turbine blades [5,27,28]. When performing field detection in
the 40.3 m in-service blade (Figure 2), the areas of blade experiencing damage determined
using infrared thermal imaging technology were compared with the verification results
after polishing, and three delamination damages in blade spar cap area were identified.
As shown in Figure 3a, delamination damage was detected at distances of 10 m, 14 m and
16 m away from the blade root. Figure 3b,e,h respectively show the infrared thermal image,
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optical image after polishing, and schematic diagram of delamination damage at 10 m
away from the blade root. The damage was located on the pressure side, 0.8 m from the
leading edge, with a long strip shape, and the delamination depth was about 5 mm. As the
shape of the damage is usually irregular, the size of the damage was determined using the
minimum external rectangle method (the red rectangle in the picture), and the damage area
was about 10 cm × 2 cm. The delamination at R14m is shown in Figure 3c,f,i. The damage
was leaf-shaped, and was located on the pressure side, with an area of about 2 cm × 2 cm
and a delamination depth of 3 mm. The third delamination area was located 16 m from the
pressure side, and the damage was shaped like a long strip, with an area of approximately
18 cm × 4 cm; the delamination depth was 5 mm–6 mm away from the surface, as shown in
Figure 3d,g,j. By analyzing the three areas of delamination damage, it can be observed that
the characteristics of the delamination can mainly be described on the basis of similarities
and differences in depth and area, and the characteristics of the three instances of damage
are presented as schematic diagrams in Figure 3h–j.
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Figure 1. Structure distribution of the 40.3 m blade: (a) spar cap layup thickness and design safety
factor; (b) ultimate flapwise moment and output efficiency of the cross-section.
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was identified in this paper that the delamination damage experienced by the in-service
blade spar cap was located near the surface of the pressure side of the blade, and the
damaged areas had obviously been subjected to tensile load. At the same time, according
to the DNVGL-ST-0376 standard [29], the main test for blade spar cap structures is tensile
load. Therefore, static tensile load was selected as the test load in this paper.
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2.2. Specimen Design and Test Process

The delamination damage exhibited by the in-service blade, detected using the in-
frared thermal imaging method in the previous section, presented different characteristics
with respect to area and depth. Therefore, three groups of test specimens presenting de-
lamination were prefabricated in accordance with these characteristics, and a group of
undamaged specimens was fabricated as the control group (No. A4), as shown in Table 1.

Table 1. Design of specimens with delamination.

Marked ID Delamination Area
(mm)

Delamination Position
h/H

Number of
Specimens

A1 10 × 10 1/4 5
A2 15 × 15 1/4 5
A3 15 × 15 1/2 5
A4 None None 5
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The specimens were made of UDH-1250 unidirectional (UD) layers (Owens Corning),
TECHSTROM™ 180 epoxy resin and TECHSTROM™ 185 curing agent (100: 32). The
laminates with stacking sequence [0]4 were prepared using the vacuum infusion method,
and cured at 50 ◦C for 3 h, then cured at 80 ◦C for 3 h. The cured templates were cut
into specimens of small size using the water cutting method, whereby the specimens had
dimensions of 250 mm × 25 mm. Tabs were pasted on both ends to protect the clamping
ends and to transfer the load to the effective area of the specimen, which were made
of BX800 biaxial layers, while the effective distance of the specimen was 150mm. The
embedded delamination was made of PTFE film with a thickness of 0.01 mm. During
the UD laying, PTFE films with different areas were placed in the center of specimens in
different layers, that is, the location of the occurrence of delamination in the thickness
direction is indicated by h/H, as shown in Figure 4. Five specimens for each group were
fabricated to ensure the validity of the test.
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Figure 4. Schematic diagram of specimens with delamination.

The uniaxial tensile testing of the laminates was carried out in accordance with the GB
T 1040.4-2006 standard. Both ends of the specimen were held in the clamp of an Instron-5982
universal testing machine. Under the atmospheric environment of a standard laboratory
(23 ± 2 ◦C, 50 ± 10% relative humidity), a displacement control loading mode was adopted
until the failure of the specimen using a loading rate of 2 mm/min. The damage process
and final failure mode of the specimen were recorded during the test. Figure 5 shows the
tensile test system and test specimen.
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2.3. Experimental Results and Disscussion

The final failure morphologies of the specimens are shown in Figure 6, where Figure 6a,b
present the front and side view, respectively, of the failure of specimen A1, Figure 6c,d
present the failure form of A2, and Figure 6e,f present the failure morphology of A3. It
can be seen from the main view of Figure 6 that the failure morphologies of the specimen
all corresponded to explosive fiber tearing, with many fibers having been pulled out,
and the fracture positions were close to the side of the end tab. From the side view, it
can be observed that the A1–A3 samples were damaged at or near the location of the
prefabricated delamination, and there were traces of delamination propagation to a certain
extent. The failure modes and appearances of the specimens were roughly the same, and
the fracture positions were also roughly the same, but the ultimate tensile loads were
different. Figure 6g,h show the failure mode of undamaged specimen A4, the failure mode
of which mainly corresponded to whole-matrix tensile failure, and the fracture position
was also close to the side of the end tab.
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The tensile test results are shown in Table 2. The tensile failure load was taken as the
average value of each group with effective specimens, and the dispersion coefficients of
the four groups were all within 2%. The failure load of the undamaged specimen (A4) was
112kN. The failure loads of the prefabricated initial delamination specimens were reduced
to varying degrees, which are expressed as tensile load loss rate. The average limit load of
the A3 specimen, which had a size of 15mm × 15mm and was located at the 1/2 position
of the laminate, exhibited the greatest decrease, about 11.25%. From the results, it can be
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observed that the average limit load was to a certain extent related to the area and position
of the delamination damage. The delamination area in A2 was the same as that in A3, but
the delamination damage in A2 located at the 1/4 position of the laminate in the thickness
direction, and the average rate of decline in limit load was lower than that of A3, which
was about 4.79%. The delamination area of A1 was 10mm × 10mm, and it was located at
the 1/4 position of the laminate, exhibiting the lowest average ultimate load reduction rate,
which was about 2.74%.

Table 2. Static tensile test results of specimens.

Marked ID Tensile
Load (Kn)

Tensile
Strength

(Mpa)

Thick-Ness
(mm)

Width
(mm)

Mean
Tensile

Load (kN)

Dispersion
Coefficient

(%)

Effective
Sample

Quantity

Tensile
Load Loss
Rate (%)

A1-1 107.692 1273 3.380 25.037

108.93 0.85 4 2.74
A1-2 108.83 1292 3.327 25.310
A1-3 109.115 1285 3.350 25.357
A1-4 110.074 1303 3.353 25.200

A2-1 102.989 1202 3.390 25.280

107.11 0.32 5 4.79
A2-2 101.822 1181 3.390 25.423
A2-3 108.384 1281 3.387 24.987
A2-4 110.268 1278 3.397 25.400
A2-5 112.102 1293 3.433 25.257

A3-1 92.903 1163 3.403 23.467

99.4 0.74 5 11.25
A3-2 99.819 1166 3.350 25.550
A3-3 101.253 1151 3.450 25.500
A3-4 101.261 1172 3.443 25.090
A3-5 101.848 1176 3.433 25.223

A4-1 110.834 1290 3.407 25.227

112 1.53 5 0
A4-2 111.278 1269 3.433 25.553
A4-3 112.166 1308 3.387 25.327
A4-4 111.523 1299 3.370 25.477
A4-5 114.198 1329 3.403 25.247

3. Numerical Analysis

Due to the inhomogeneity of fiber-reinforced composites at the mesoscale, their failure
modes and processes are very complex, and the failure forms and mechanisms of com-
posites with different fibers, interfaces and matrix are completely different. In light of the
complexity of damage evolution, CDM and CZM were used to describe the progressive
interlaminar and intralaminar damage evolution.

3.1. Intralaminar Damage Model

The Hashin failure criterion [30] can be used to distinguish different damage modes,
and has been widely used to predict the damage behavior of composite materials. In this
paper, the stress in the thickness direction was considered, and the three-dimensional
Hashin criterion was used to predict the different damage types. The specific expression is
as follows:

Fiber tensile damage (σ11 ≥ 0):(
σ11

XT

)2
+

(
τ12

S12

)2
+

(
τ13

S13

)2
≥ 1 (1)

Fiber compression damage (σ11 ≤ 0):(
σ11

XC

)2
≥ 1 (2)
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Matrix tensile damage (σ22 + σ33 ≥ 0):

(σ22 + σ33)

Y2
t

+
τ2

23 − σ22σ33

S2
23

+

(
τ12

S12

)2
+

(
τ13

S13

)2
≥ 1 (3)

Matrix compression damage (σ22 + σ33 < 0):

1
Yc

[(
Yc

2S12

)2
− 1

]
(σ22 + σ33) +

(
σ22 + σ33

2S12

)2
+

1
2S2

23

(
τ2

23 − σ22σ33

)
+

(
τ12

S12

)2
+

(
τ13

S13

)2
≥ 1 (4)

where σ11, σ33, σ22, σ33 are normal stresses, τ12, τ13, τ23 are shear stresses, XT and XC are lon-
gitudinal tensile and compressive strengths, YT and YC are transverse tensile and compressive
strength, and S12, S13, S23 are longitudinal and transverse shear strengths, respectively.

When a certain element satisfies one or more criteria of the Hashin criterion, the
laminate will be damaged, and the stiffness will change, accordingly. The Camaho [31]
parametric degradation model assumes that the effect of the damage on material stiffness
can be expressed by intermediate state variables, and the reduced material properties will
be used to recalculate the local stiffness, a process which is similar to the actual failure
process of materials. In this paper, the Camaho model was used to reduce the element
stiffness, as shown in Table 3.

Table 3. Degradation modes of material properties.

Failure Mode Rules for Reduction of Materials

Fiber tensile E11 = 0.07E11
Fiber compression E11 = 0.14E11

Matrix tensile E22 = 0.2E22, G12 = 0.2G12, G23 = 0.2G23
Matrix compression E22 = 0.4E22, G12 = 0.4G12, G23 = 0.4G23

3.2. Interlaminar Damage Model

The CZM (Cohesive Zone Model) element can be used to describe the mechanical
behavior of an interface. The bilinear CZM model is simple, effective and clear in terms of
physical meaning, and is widely used for describing the delamination behavior of composite
structures. At the same time, it has been found to be applicable to brittle materials [32].
In this paper, the bilinear CZM model was adopted to study the interlaminar mechanical
characteristics of wind turbine blade spar caps.

In Griffith’s theory of fracture, cohesive elements can be used to simulate delamination
growth. The energy release rate with respect to delamination growth is strongly dependent
on fracture mode, and the criteria for delamination onset and delamination propagation
must take the interaction between modes into consideration. Generally, three different
fracture modes are assumed. Under uniaxial load, damage occurs only when the external
load reaches the point strength in each direction on the contact surface. However, under
a mixed-mode load, damage occurs before the point strength of each individual mode
has been reached due to the interaction of contact forces in all directions on the contact
surface. Therefore, it is necessary to comprehensively consider the interactions among all
modes, and the quadratic nominal stress criterion is able to satisfy the requirements of the
definition of this damage threshold [33], as shown in Equation (5).(

〈σn〉
N

)2
+
(τs

S

)2
+
(τt

T

)2
= 1 (5)
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where σn, τs, τt represent the interfacial stress corresponding to type I, II and III delamina-
tion damage, respectively, and N, S, T are their corresponding sectional strength values.
The symbol 〈〉 denotes the Macaulay bracket operator, defined as follows:

〈x〉 =
{

x, x > 0
0, x ≤ 0

(6)

When Equation (5) is satisfied, delamination damage begins to occur.
Delamination growth is dependent on the energy release rate, and the Benzeggagh–

Kenane [34] (B-K) criterion is able to achieve the goal of describing the failure surfaces of
different composites using the least number of parameters, taking into consideration the
dependence of fracture energy on the mode mixture. At the same time, it is assumed that
delamination can only propagate at the interface between two layers, and the interface is
represented by cohesive elements. The critical strain energy release rate GC, calculated
using the B-K criterion, is as follows:

GC = GIC + (GIIC − GIC)

(
GII

GI + GII

)η

(7)

where GIC, GIIC are the critical strain energy release rates of modes I and II, respectively. η is
the mixed-mode ratio index, which is dependent on the material properties. For glass epoxy
resin composites, η = 2–3. When G ≥ GC, delamination damage begins to propagate.

3.3. Finite Element Model

In this section, a finite element model with delamination damage is established
(Figure 7). By using the ABAQUS/Explicit module, a VUMAT subroutine was written to
introduce the 3D Hashin failure criterion and linear degradation criteria to analyze the
unit damage evolution, and the delamination growth in the interfaces was analyzed in
combination with the CZM model. A flow chart of the analytical process is presented in
Figure 8.
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The size of the model is consistent with that of the specimen in the test section above.
The mechanical properties of the material are presented in Table 4. A C3D8R hexahedron
reduced integral element was used to divide the mesh of the laminate, and the thickness
of a single layer was taken as the element thickness. The interface layer used a COH3D8
zero-thickness cohesive element. Local mesh refinement was carried out for the growth
area around the delamination. The finite element model of specimen A1 was selected as an
example. A total of 62,000 solid elements and 2500 cohesive elements were used in the finite
element model. The left end of the laminate was fixed, and the right end was subjected to
tensile displacement load, as shown in Figure 9, the red area represents delamination, the
yellow is delamination expansion area, and the blue area represents clamping area.
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Table 4. Material properties of the laminate. Young’s modulus (E), shear modulus (G), Poisson’s ratio
(µ), fiber longitudinal strength (X), fiber transverse direction strength (Y), fiber shear strength (S),
critical energy release rate (GC), interlaminar normal strength (N), interlaminar shear strength (T),
mixed-mode exponent (η).

Ply Properties Interface Properties [23]

E11 48.8 GPa GIC 0.368 kJ/m2

E22 = E33 13.6 GPa GI IC 0.702 kJ/m2

G12 = G13
G23

4.33 Gpa
4.5 Gpa

N
S

20.02 MPa
28.73 MPa

µ12 = µ13
µ23

0.26
0.3

T
η

28.73 MPa
2

XT 1207 MPa
XC 918.3 MPa
YT 46.6 MPa
YC 154.1 MPa

S12 = S13 = S23 66.5 MPa
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ultimate load of the numerical simulation was 104.9 kN, and the test result was 108.93 kN, 
exhibiting a difference of 3.7%. The tensile displacement calculated by numerical simula-
tion was 9.79 mm, demonstrating a difference of 8.4% with respect to the experimental 
result (10.69 mm). It can be seen that the errors were within the allowable range, and a 
good correlation could be observed between the numerical and experimental results, 
showing that the numerical model described in this paper possessed the ability to predict 
damage evolution. 

Figure 9. Meshing and boundary conditions of the model.

3.4. Modeling Results and Discussion

The tensile load–displacement curves of specimen A1 are shown in Figure 10. The
ultimate load of the numerical simulation was 104.9 kN, and the test result was 108.93 kN,
exhibiting a difference of 3.7%. The tensile displacement calculated by numerical simu-
lation was 9.79 mm, demonstrating a difference of 8.4% with respect to the experimental
result (10.69 mm). It can be seen that the errors were within the allowable range, and
a good correlation could be observed between the numerical and experimental results,
showing that the numerical model described in this paper possessed the ability to predict
damage evolution.
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Figure 10. Load–displacement curve of specimen A1 on the basis of test and simulation results.

Matrix tensile failure and interlaminar delamination damage were the main failure
modes of the prefabricated laminates with delamination under tensile load. Figure 11
presents the final matrix tensile failure nephogram of the UD layer. It can be clearly
seen that the matrix experienced complete failure, which is consistent with the complete
separation of fibers into explosions observed in Figure 6a. The failure factor nephograms
of the delamination damage propagation area at six load steps are extracted in Figure 12.
With increasing load, the prefabricated delamination extends to the surrounding area, until
complete failure of the damage propagation area occurs. At that time, the maximum loading
capacity of the laminate had not been reached, and the tensile load continued to increase,
with the fibers around the delamination area carrying part of the load and transferred stress,
aggravating the fiber damage here. This is consistent with the interlaminar delamination
and local fiber fracture damage forms presented in the local enlarged diagram in Figure 6b.
Therefore, the failure process under tensile load of laminate subjected to initial delamination
is complex, as a result of the interaction between multiple damage failure modes.
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Figure 12. Evolution process of prefabricated delamination damage propagation region: (a) F = 0 kN;
(b) F = 1.2 kN; (c) F = 12 kN; (d) F = 25.8 kN; (e) F = 45.7 kN; (f) F = 98 kN.

Table 5 presents a comparison between the ultimate loads of specimens A1–A4 ob-
tained by means of the finite element models and those obtained from the test results. It
can be seen that the simulation results were consistent with the test results, further proving
the rationality of the cohesive element method and progressive failure analysis method
used in this paper.

Table 5. Comparison between test results and simulation results.

Marked ID Delamination
Area (mm)

Delamination
Position h/H

Mean Ultimate
Tensile Load (kN)

Simulated Limit
Load (kN) Error Rate (%)

A1 10 × 10 1/4 108.93 104.9 −3.7
A2 15 × 15 1/4 107.11 101.3 −5.42
A3 15 × 15 1/2 99.4 97.9 −1.5
A4 None None 112 108.2 −3.39

4. Simulation and Prediction of Blade Laminate with Delamination

For the 40.3 m blade, the thickness of the 10–20 m section of the spar cap was
34 mm–38 mm. For the prediction component, the thickness of the spar cap was reduced to
1/2 of its original thickness, that is, 18 mm. The length and width were also reduced, and



Energies 2023, 16, 3607 14 of 19

the length–width ratio was selected to be 5: 1. In combination with the verified numerical
analysis model in the previous section, the size of the spar cap was determined to be
equivalent to a finite element model with dimensions of 800 mm × 160 mm × 18 mm,
and the stacking sequence was [0]20. The geometric configuration and mesh division of
the model are shown in Figure 13 (the blue area represents the delamination, the green
area represents the delamination extension in the partial enlargement), and the material
parameters were the same as those described in Table 4. In order to study the influence
of initial delamination on the tensile performance of the blade spar cap, the delamination
was located in the center of the model, and the area and position of the initial delamination
were varied in the thickness direction. Table 6 shows the initial delamination design and
failure strength of the prediction model. N4 denotes the undamaged spar cap laminate,
which possesses a tensile strength of 1243.57 Mpa. It was found that the failure strength of
the laminates with delamination decreased to different degrees.
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4.1. Influence of Delamination Size

By analyzing the data in Table 6, it was found that when delamination occurred at
the same depth, as is the case for N1-2, N2-2 and N3-2, the tensile strengths were similar,
even though the delamination areas were quite different, as shown in the histogram of the
same line in Figure 14, which shows that differences in delamination area had little effect
on residual tensile strength. Comparing the data obtained for N1, N2 and N3, it was found
that the tensile strength exhibited the same trend. For delamination of the same size, with
increasing depth, a trend of first decreasing and then increasing was observed, showing
that delamination position has an influence on tensile strength.
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Table 6. Initial delamination design and failure strength.

Group Marked ID Delamination
Area (mm)

Delamination
Position h/H

Tensile Strength
(Mpa)

Tensile Strength
Loss Rate (%)

N1
N1-2 2/20 1196.9 3.75
N1-6 40 × 40 6/20 1108.36 10.87

N1-10 10/20 1244.34 −0.06

N2
N2-2 2/20 1208.37 2.83
N2-6 80 × 80 6/20 1108.74 10.84

N2-10 10/20 1234.21 0.75

N3
N3-2 2/20 1206.37 2.99
N3-6 100 × 100 6/20 1120.4 9.90

N3-10 10/20 1237.3 0.50

N4 N4 None None 1243.57 0
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4.2. Influence of Delamination Depth

As reported in the previous section, the delamination depth has an impact on tensile
strength; therefore, in this section, a more detailed simulation of the influence of delam-
ination depth is performed. Based on the N2 group, that is, with a delamination area of
80 mm × 80 mm, a simulation was performed starting from the first layer and progressing
through to the tenth layer, which were then numbered according to the delamination depth,
with the delamination on the first layer named N2-1. Because the [0]20 laminates were
centrosymmetric, the simulation was run from the first layer to the tenth layer. Figure 15
shows the tensile strength at different depths when the delamination area was 80 mm
× 80 mm. When the delamination was located in the first layer, the minimum residual
tensile strength was obtained, which was 1058.74 Mpa, representing a decrease of 14.86%.
When the delamination was located at a ratio of 0.3–0.4 in the thickness direction, that is,
in the sixth–eighth layer, this was also a dangerous layer position. With increasing depth,
the tensile strength increased. When the delamination position was 0.5, that is, in the
middle layer, the load was 1234.21 Mpa, which was close to the strength of the undamaged
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laminate, which was 1243.57 Mpa. Figure 16 shows the load–displacement curves of a part
of the N2 group simulation. Compared with the undamaged laminate N4, the ultimate
load of the N2 group decreased to varying degrees.

In conclusion, for spar cap laminate structures with a large thickness, the most dan-
gerous position of delamination was at the shallow surface and at the depth ratio h/H
equals 0.3–0.4, and the delamination on the middle surface had no significant influence on
tensile strength.
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5. Conclusions

In order to solve the problem of there being insufficient research on the influence of
delamination on the tensile properties of offshore blade spar cap laminates, specimens were
prefabricated with initial delamination of different sizes and at different depths, and the
influence of initial delamination on the tensile properties of blade spar caps was studied.
An accurate three-dimensional numerical analysis model of blade spar cap laminate was
established using a solid element and a cohesion element. The Hashin failure criterion was
used as the intralaminar damage criterion, and the quadratic nominal stress criterion and
the B-K failure criterion were used as interlaminar damage criteria. The results showed that:

1. On the basis of comparison with the experimental results, the three-dimensional solid
numerical model and progressive failure criterion used in this paper were able to
effectively simulate and predict the progressive intralaminar and interlaminar damage
process of composite laminates under tensile load, and the structural damage behavior
was more comprehensive and detailed. The load–displacement distribution trend of
the numerical simulation was consistent with that of the tests, and the overall failure
load deviation was less than 6%.

2. The main failure modes of laminates with initial delamination under tensile load were
matrix tensile failure and interlaminar delamination damage. Initial delamination
aggravated the stress transfer and caused the periphery to bear part of the load,
leading to local fiber failure.

3. For initial delamination at the same depths, differences in delamination area had little
influence on tensile strength. The most dangerous locations of delamination were
at the shallow surface and at the ratio of 0.3–0.4 in the thickness direction, and the
maximum decrease in tensile strength was 14.86%. The delamination at the middle
surface had no significant effect on tensile strength.

Future research should consider the size effect of the blades, study the damage evolu-
tion law of the initial delamination at the component level and on full-sized blades, as well
as the influence initial delamination on their mechanical properties.
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