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ABSTRACT: The study aims to investigate a wind turbine composite blade
subjected to wind loading forces. Linear elastic fracture mechanics principle
was used to evaluate the blade with a deteriorated adhesive layer through the
estimation stress intensity factor of an edge crack at the adhesive layer. The
opening and sliding mode of SIF were predicted and discussed. Two dimen-
sional, plane strain FE modeling was adopted in the study. Interfacial stresses
along the bonding line of the composite blade were estimated as well. A para-
metric study was conducted to assess the influence of the adhesive, mechanical
properties on the levels, and the distribution of the stresses along the interfacial
bonding line of the composite blade for both intact and fractured blade.
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1 INTRODUCTION

During the operation of wind turbines, blades are subjected to complicated load-
ing conditions caused by the nature of wind. Wind turbine technology can offer an
affordable as well as an alternate renewal energy source due to its capability of pro-
ducing greater amounts of electrical energy with a quit zero greenhouse effects in
comparison to other energy generating technologies including solar cell, biofuel, hy-
drogen, tidal wave, biodiesel, and biomass technologies [1]. Wind turbine simply
transforms the kinetic energy of the wind into electrical energy, where output power
delivered to a transformer, which converts the electricity from the generator to the ap-
propriate voltage for the power collection system [2]. There are many advantages of
renewable energy sources because they can offer clean, uninterrupted, environmental
impact-free electrical energy at a reasonable cost. Studies showed that wind and so-
lar sources offer the cleanest and most cost-effective renewable energy, pollution-free
electricity generation, fast installation, and commissioning capability, low operation
and maintenance cost, and using free and renewable energies [3]. In general, energy
crisis and global warming have led to a higher demand for renewable energy [4], so
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wind energy becomes one of the great energy among renewable energy in the fu-
ture. One of the efficient ways to improve the performance of the wind turbine is
to reduce the weight of the blades. Therefore, wind turbine blades are mainly based
on fiber-reinforced polymer (FRP) composite for lightweight. Several factors expose
wind turbine blades to the fatigue phenomena, which can be summarized as shown
below [5]: 1. Long and flexible structures; 2. Vibrations in its resonant mode; 3.
Randomness in the load spectra due to the nature of the wind; 4. Continuous oper-
ation under different conditions; 5. Low maintenance during the lifetime. Polymer
matrix composites have been extensively used in the construction of large-scale wind
turbine blades due to the low weight and high stiffness requirements [6]. Compos-
ite blade and its supporting spars are usually manufactured in parts and then bonded
together with adhesives. Adhesively bonded wind turbine blades are subjected to
static and fatigue loads under various environmental conditions. Therefore there is a
need for rigorous analysis of the stress states in adhesive joints for better design [7].
It was reported that many investigators did tests to study the failure mechanism of
the blades [8]. It was observed that crack initiated at the flaw areas in the adhesive,
which led to unexpected structural responses regarding the joint failure and its as-
sociated strength. Since wind turbine blades are large-scale structures, it is difficult
to avoid flaws in the manufacturing process, such as air bubbles in the adhesive lay-
ers [9]. Detailed local characterization and analysis, such as geometric imperfections
and its associated stress intensity behaviors, are lacking due to the computational dif-
ficulty for accurate predictions [10]. In comparison with other mechanically fastened
joints, such as rivet and screw, adhesive joints are considered to have relatively fewer
sources of stress concentrations, higher toughness, and more uniform stresses dis-
tribution through the joined area. Adhesive joint failure observed between skin and
spar was observed in the investigation that carried out on the failed sections of the
blade [8]. Full-scale collapse testing was done under the flap-wise loading for a large
full-scale wind turbine blade, which showed that the aerodynamic skins debonding of
the adhesive joints is the primary failure mechanism causing a progressive collapse
of the blades [11]. A three-point bending test for asymmetric beam was conducted
for studying the adhesive performance between the shear web and the spar cap of
the wind turbine rotor blade through investigating thick bond-lines [12]. Ahmed et
al. [13-15], studied the impact of the interlaminar cracks on the mechanical behavior
of deteriorated and rehabilitated structures using FEA. Linear elastic fracture me-
chanics was adopted to assess the stress intensity factor (SIF) as well as the stresses
along the bonding line of the composite structure. Finite element analysis is a help-
ful tool that has been used for decades to predicate the failure of structural elements
as well as the damage in the structure of the material under high loads [16], using
a standard software package like ANSYS. Jrgensen et al. [17] developed a new ap-
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proach that allows the residual stress to be determined on a single test specimen for
transverse cracks in adhesive joints for wind turbine blades. Prediction and simula-
tion of the damage initiation and evolution were investigated by using a developed
finite element model [18]. Engineering approaches for adhesive joint have been of
great interest. Geometrical nonlinear and interlaminar progressive failure finite el-
ement analysis of a generic wind turbine blade undergoing a static flap-wise load,
which was found that showed excellent correlation with the experimental results and
observations in the pre-instability response. Ji and Han [19] assessed the structural
integrity of composite components of a wind turbine blade that were assembled with
adhesive blades in order to investigate fracture of joints. Finite element analysis based
on fracture mechanics was conducted and developed to predict damage initiation and
propagation to characterize the failure of an adhesive joint for a wind turbine blade.
It was reported that surface delamination mechanism was the primary cause of fail-
ure [20]. The performance of adhesive joints of the carbon/epoxy wind turbine blade
subjected to combined bending and tension loadings was investigated through FEM.
Jrgensen et al. [21] presented a novel approach that was used in a generic tunneling
crack tool for the prediction of crack growth rates for tunneling cracks propagating
across a bond-line in a wind turbine blade under high cyclic loadings. Masmanidis
and Theodore [22] predicted the failure of scarf joints for wind turbine blade repair
of debonding in joints using a continuum damage model for simulating propagation
that was performed using stress analysis plane strain elements of FE. Using evidence-
based analytical procedures has increased their capability to identify the probable
causes of incidents involving engineering structures [23], which can be a reference
for design implementation by offering a perspective that considers factors other than
the common concerns of quality, cost, and duration of work. Therefore, they reduce
the difficulties caused by risks of future damage or the follow-up management of in-
cidents [24]. Tarfaoui et al. [25] studied the damage of fiberglass composite blades
for an offshore wind turbine using finite element, where implicit has been employed
to simulate the response of blades for a sound knowledge of the mechanical behavior
of the structures and then localize the susceptible sections, where FEA is widely used
in aeronautics, civil and architecture engineering, and energy [26].

The present work aims to use 2D Linear Elastic Fracture Mechanics to investigate
a pre-cracked wind turbine blade with edge crack located at the tip of the adhesive
layer to evaluate the composite structure integrity. Therefore, Stress Intensity Factors
(SIF) was adopted in this analysis, since it is considered as one of the fundamental
problems in Linear Elastic Fracture Mechanics (LEFM) [27], where two principal
approaches are known for a SIF calculation: local, based on the use of displacements
or tractions near to the crack tip; and global or energy methods, which are based on
the calculation of the energy release rate in terms of a crack growing. The stress
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intensity factor (SIF) has been estimated for both modes I and II. Besides, the study
evaluated the interlaminar stresses, i.e., the peel as well as the shear stress along with
the adhesive layer. A comparison was made with a deteriorated wind turbine blade
with an embedded semi-elliptical hole (1 mm by 0.5 mm) positioned at 1.25 mm
away from the adhesive tip. It has been revealed that the adopted method showed
reliable results in comparison with the 3D analysis that would minimize efforts and
cost, especially in the early stages of the design process.

2 LINEAR ELASTIC FRACTURE MECHANICS

If the composite system is assumed to be a linear elastic material, the linear elastic
fracture mechanics approach can be applied, and the SIF parameter can be used as a
characterizing parameter for the flawed material. Linear elastic fracture mechanics
technology is based on an analytical procedure that relates the stress field magnitude
and distribution in the vicinity of a crack tip to the nominal stress applied to the
structural member, size, shape, and orientation of the crack and material properties.
The fracture is usually studied in terms of the strain energy release rate by using the
methods of linear-elastic fracture mechanics. The underlying assumption of linear-
elastic fracture mechanics is that the relation between the strains and the stresses
can be expressed by Hooke’s law [28]. The fundamental principle of the fracture
mechanics is that the stress field ahead of a sharp crack in structural member can be
represented by a single parameter, which is the stress intensity factor SIF (K'). This
parameter is a function of both the nominal stress level in the member and the size of
the crack.

Fracture mechanics is generally based on two types of analysis [29], namely resid-
ual strength analysis to determine the maximum crack size that can be tolerated, and
fatigue crack growth analysis to calculate the time for crack growth from a particular
initial crack size until the maximum tolerable crack size in order to determine the
safe life, that is based on SIF, which can always be expressed as:

(1) K; = oY /s,

where Y is a dimensionless factor that depends upon the geometry of the body and
the crack size. The problem resides in the determination of Y. Many structural
configurations are so complicated that a solution may not be available in handbooks.
Consequently, the finite element method was still a powerful tool to determine crack
tip stress fields in complicated geometry and determine the SIFs.

Basically, there are two different approaches to determine SIF by the finite el-
ement method [29]. One is the direct method in which SIF is calculated from the
stress field or the displacement field. The second is an indirect method in which SIF
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is derived from another parameter, the line integral (J-Integral). In this study, the
direct approach is considered. The displacement method involves a correlation of the
finite element nodal point displacements with the well-known crack tip displacement
equation. For mode I, the crack tip displacement can be written as

_ K
) Ui =551\ 57 fi0).

where Uy = v and Uy = v.
f1 = cos(8/2)[k — 1+ 2sin*(A/2)] and

3) fo=sin(0/2)[k + 1 — 2cos2(0/2)] .

By substituting a nodal point displacement U; at some point (r, §) near the crack
tip into Eq. (2) a quantity K can be calculated as:

/27 2GU;

From plots of K as a function of r for fixed values of § and a particular displace-
ment component, estimates of K; can be made. If the exact theoretical displacement
is substituted in Eq. (1), then the value of K; obtained as r approaches zero would
be the precise value of K. Since the FE displacements are somewhat inaccurate at a
negligible distance from the crack tip, this process is not useable. Instead, a tangent
extrapolating of the K curve is used to estimate K [30]. The most accurate esti-
mates are obtained from K curve corresponding to the normal displacement on the
crack surface at § = 180° [31]. The stress method for determining the crack tip SIF
involves a correlation of the finite element nodal stresses with the well-known crack
tip stress equations.

For mode 1, the crack tip stress can be expressed as

4) K

(5) 0ij =

where 011 = Ogg, 022 = Oyy, 012 = Ogy.
Nodal point stresses o;; in the vicinity of the crack tip can be substituted into
Eq. (5) and values of K can be calculated from

27y
6) Kir=—<0;.
fiz(0)
Due to the inability of the FEM to represent the stress singularity conditions at
the crack tip, the K; curve for r greater than zero must again be extrapolated back
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to r = 0. Accurate evaluation of the SIF by stress method could be obtained from

plotting K curve corresponding to the normal stress on the crack tip (o) at an angle
0 = 0° [32].

3  FINITE ELEMENT MODELLING OF WIND TURBINE BLADE

FEA has been one of the most common numerical tools in the field of fracture me-
chanics since the early 1960s [33]. Researchers have been developing new techniques
to improve the accuracy of FEM in application to fracture mechanics [34,35]. In the
adhesive joints, the failure usually starts at edges of the adhesive layer. The rea-
son for this is the higher peeling stress values that occur at the edge of the adhesive
region. Therefore, due to the importance of the adhesively bonded joints, the 2D fi-
nite element method was used to investigate the effects of the bonding joints that are
partly embedded in the adherent on the tensile behavior of reinforcing plate adhesive
joint [36]. Basically, the blade is subjected to drag and lift forces and consists of a
composite shell supported by spar through adhesive to avoid the blade’s buckling, as

shown in Fig. 1.
ﬁLift force

Drag force

—

Fig. 1: Wind turbine blade profile with the applied forces.

The three-dimensional geometry investigated wind turbine blade is illustrated in
Fig. 2, which shows the supporting spar bonded to the composite shell through the
adhesive layer.

Figure 3 illustrates the dimensional details of the wind turbine composite structure
adopted in the analysis.

Basically, when the airstrikes the blade in an angle o4 that is named the angle of
attack. The reference line for the angle on the blade is most often the chord line for
blade data [37]. The force on the blade F' can be divided into two components, the
lift force F, and the drag force F)p and the lift force is per definition perpendicular
to the wind direction, as shown in Fig. 4.

The lift force can be calculated as [38]

1
(7) Fr, ZCLgpr(bc),
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Fig. 2: 3D model of the wind turbine blade.

Sler

n
(=]

4

&

- 40 T
h

! 40 !:%

4

4

| 50 | 1

Fig. 3: Dimensions of wind turbine composite blade.

where C7, is the “coefficient of lift”, p is the density of air, w the relative wind speed,
b the width of the blade section, and c the length of the chord line. Similar for the
drag force

8) Fp = C’D%pr(bc) :
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Fig. 4: The angle of attack of the blade.

The coefficient of lift and drag both depend on the angle of attack. For angles
of attack higher than typically, 15-20°, the air is no longer attached to the blade, a
phenomenon called “stall”. The ratio C,/Cp is called the “glide ratio”, i.e., GR =
Cr,/Cp. Typically we are interested in a high glide ratio for wind turbines as well as
for airplanes. Values up to 100 or higher are not uncommon, and the angles of attack
giving maximum are typical in the range 5-10°.

For the cross-section analysis, mixed displacement-force analytical approach for-
mulated by Jung et al. [39] was adopted for the cross-section analysis, where its
advantages are that it can work with open or closed profiles, the thickness of the
shell is considered, and considering the bending and torsion moments. Therefore, by
considering the thin-walled assumption, the out-of-plane shear forces are assumed
negligible. The laminate constitutive equation of a plate can be formulated as

Nya [A11 Az A Bui Az Bis| [e€w
Nss A1 Azy Az Boy By Bog| | €ss
©) Nus | _ |Aer As2 Ass Be1 Bs2 Bes| |Ves
Mz By1 B2 Big Dun Dz Dig| |kea| '
M Boy Bos Bsg D21 Doa Dog| | kss
| My | | Be1r Bes2 Bes Des1 De2 Des] [Fus]

where Ngs and Mg in Eq. (9) can be considered negligible in the plate as well.
However, at a specific lay-up configuration, it is pointed out that a significant error
may happen in the torsional stiffness by neglecting the bending moment M [40—42].
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Then, by reducing N, and by the semi-inversion, the equation can be written as

Nz Ape Apg An@ An'y Anr €xx

er Ank Amk AmQ) Am’y AmT kxm

(10) Mys | = An@ Am@ A@@ A(bfy A@T Fes
Vas —Any —Amy —Apy Ay Ay | [ Nas

kss _AnT _AmT _A@T A'y'r A’TT Mss

The right-hand side column vector of Eq. (10) can be formulated in the shape of
beam strains as following:

[59036 k:c:v kxs Nxs Mss]T = [M} [U,x Bya: /Bzx (Z),:c m,xz]Ta

where the transfer matrix [M] can be derived from the geometric relationships and
continuity [39]. The beam strain terms, U, By, [z, and (), are axial displacement,
rotation about ¥, rotation about z, and twist, respectively. The subscripts x in beam
strains indicate the partial differential operator. Subsequently, by the virtual work
principle with integration along the contour of the cross-section, the section stiffness
matrix can be derived as Eq. (11) [39]

N ki1 k12 ki3 ks kis| [Ug

M, koo kosz koa kos| |Bya

(11) M, | = kss ks k35| |Boz
T kag kas| | 04

M, sym. kss | |0 2z

The section stiffness matrix contains five external forces and the corresponding
deformations, where [V is the tensile force along ; M, and M. are the bending mo-
ments about ¢ and Z, respectively; 7" and M, are the St. Venant twisting moment and
Vlasov bimoment [43]. By using the analytical method, it is convenient to determine
the stiffness of corresponding deformations in diagonal terms as well as the coupling
intensity in off-diagonal terms.

The structural bonded joint that has been modeled is shown schematically in
Fig. 5.

The assumption adopted for the structural modeling for the adherents is that
beams or plates in cylindrical bending, which are described by the use of ordinary
‘Kirchhoff’; plate theory where is considered as generally orthotropic laminates us-
ing classical lamination theory. Besides, the laminates are assumed to obey linear
elastic constitutive laws, and that the strains are small, and the rotations are minimal.
On the other hand, for the adhesive layer, it is modeled as continuously distributed
linear tension and shear springs inclusion linear adhesive properties with a von Mises
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Fig. 5: Representation of the different bonded joints analyzed.

yield criterion. The system of governing equations is set up for the adherents that
are modeled as plates. In general, for modeling of adherents as plates in cylindri-
cal, as shown in Fig. 6, cylindrical bending can be defined as a wide plate (in the
y-direction), where the displacement field can be described as a function of the lon-
gitudinal coordinate only.

i Nxy
Adherend 2 gy Qx
(N2 layers) 1 N
o I i XX
Adhesive K"’(l/(‘

<layer ,;"/‘H"

- '

Adherend 1\; , ¥ _ ‘tz

(Nl]ayers)\ _ i Y T

1-
t
i

Fig. 6: Bonded single lap joint subjected to general loading conditions.

The displacement field in the width directions will be uniform, as a consequence.
Therefore, the displacement field can be defined as

(12) ub = ub(z), v =vi(zx), w =w(zx),
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where wug is the midplane displacement in the longitudinal direction (x-direction), vg
is the midplane displacement in the width direction (y-direction), and w is the dis-
placement in the transverse direction (z-direction). The displacement components
Uug, Vo, w are all defined relative to the middle surfaces of the laminates, and 7 corre-
sponds to the laminate/adherend number.

As a consequence of this, the following holds:

(13) uay = Ué,y = wfy = wfyy =0.

The boundary conditions at the boundaries in the width direction are not well
defined within the concept of bending. However, it is assumed that there are some
restrictive constraints on the boundaries, such that they are not capable of moving
and rotating freely. It should be noted that the concept of cylindrical bending; is not
unique and that other definitions than the one used in the present formulation can be
adopted [44]. Substitution of the quantities in Eq. (13) into the constitutive relations
for a laminated composite material [44] gives the constitutive relations for a laminate
() in bending

Nye = Alyug, + Algh . — Biwle,
1 —_ K2 K] K] Y] 1 1

T AT 0 ) 7 A
Nﬂ?y - AIGUQ,LL‘ + AGGUQ,x - Blﬁiw,q}x

T _ R, T o0 % A

T R0 T o0 % %
My, = 12U, + BZGUQ@ — Dipwiy,

- ) T a0 7 7
My, = Bigup , + Bt — Di1wl,

(14)

where Aé. ko B; k, and D; i (J,k = 1,2,6) are the extensional, coupling, and the flex-
ural rigidities as defined by classical lamination theory, as described by Jones [45].
Ni_, Nz,y, and N;y are the in-plane stress resultants, and M}, Mz,y, and Miy are the
moment resultants. For the advanced joint types such as a scarfed or stepped lap, the
rigidities A; k> B;- ;. and Dj. i (J,k =1,2,6) are determined as functions of the longi-
tudinal direction of the joint within the overlap zone, since the adherend thicknesses
are variable within the overlap. From the Kirchhoff assumptions, the following kine-

matic relations for the laminates are derived
(15) u=uh By, Br=-wh, By =0,

where v’ is the longitudinal displacement, ) is the longitudinal displacement of the
midplane, and w’ is the vertical displacement of the 4, laminate.

Basically, linear elastic behavior is used to model the properties of the adhesive
layer in the joint analysis. Besides, the supporting spar and the composite shell are
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Table 1: Materials properties for the composite blade and the adhesive [33].

Properties Composite shell Adhesive
Longitudinal modulus F 145 GPa 1.1 GPa
Transverse modulus Fs 10 GPa —
Transverse modulus F3 10 GPa —
Shear modulus G 7 GPa 0.382
Shear modulus G135 7 GPa —
Shear modulus Ga3 3.7 GPa —
Poisson’s ratio 12 0.25 0.44
Poisson’s ratio 13 0.25 —
Poisson’s ratio vo3 0.5 —

considered to have orthotropic characteristics through the analysis, whereas for the
adhesive layer is taken as isotropic. Table 1 shows the properties adopted.

Two dimensional, plane strain finite element model was adopted in the analysis
[46] using 8-node quadrilateral (Solid 183) instead of the 3D model. In general, the
essential element size chosen was 1 mm for the supporting spar and the composite
shell as well, whereas for the adhesive layer was 0.5 mm except at the crack tip,
where the mesh was done according to the software macro. This is depicted in Fig. 7.

(b)
Fig. 7: a) FE model of the blade, b) FE mesh at the crack tip.

The applied combined loads on the proposed structure were tensile stress of 100 MPa
along the y-axis of the supporting spar, which simulates the lifting and the drag force
on the wind turbine blade resulted from the wind-induced pressure difference [47].
Besides, a 3 mm displacement along the x-axis was applied at the end of the sup-
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porting spar as well. The composite shell was constrained in all directions. Taking
into account that the condition of the bonding lines is considered to have a perfect
adhesion between the adhesive and the composite shell one time and the adhesive and
the supporting spar in the second time. In this context, it is important to clarify that
instead of analyzing the influence of through-thickness elliptical void located at the
adhesive layer on the interlaminar stresses and the SIF, an edge crack was studied,
which was located between the adhesive layer and the composite shell, as shown in
Fig. 8.

M Intact

500 1 mCracked

Stress (MPa)

Sy Sxy S1 Svon
Fig. 8: Fractured blade with edge crack at the adhesive tip.

Knowing that the crack length was analogs to studied case [9], except it starts
from the adhesive tip. Linear elastic fracture mechanics (LEFM) was adopted to
estimate SIF at the crack tip for mode I and II. Besides, the influence of the adhesive
layer stiffness, i.e., shear modules, were explored. Stresses, shear, peel, principal as
well as Von Misses were estimated at the adhesive tip for the intact case, whereas
evaluated at the crack tip for the fractured example.

4 RESULTS AND DISCUSSION

The first stage of the analysis was to investigate an intact model, i.e., without any
void or crack, in order to locate the maximum stresses in the model, especially the
critical points close to the adhesive layers. It has been seen that the maximum stresses
exist at the adhesive tip because of the lack of fillet in the studied model, as shown in
Fig. 9.

It is depicted that the high values of the peeling stress in comparison with the
applied one, whereas the st principal stresses already exceed the applied stresses.
Von Misses stresses approaches the applied stresses. Shear stresses more than 40%
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Fig. 9: Stresses at the adhesive tip for intact, and the crack tip for the fractured wind
turbine blade.

of the applied stress, and this is clear evidence that this point is critical in the ge-
ometry where there is a big opportunity for crack initiation and prorogation. On the
other hand, by introducing an edge crack at the adhesive tip, between the adhesive
layer and the composite shell, a consequence of the fact that a considerable increase
in the stresses at the crack tip was observed as illustrated in Fig. 6, which illustrates
maximum stresses. It can be interpreted in comparison with the intact case, that an
increase of 348% was observed in the peel stresses, and 90% shown in the shear
stresses, whereas 314% in the 1st principal stresses, and eventually 278% increase
in the Von Misses stresses. In order to investigate the impact of the adhesive shear
modulus on the peel and the shear stresses at the crack tip, a parametric study was
carried out. The results are represented by Fig. 10, where the adhesive Young’s mod-
ulus (i.e., Ey) varies from 1100 to 6600 GPa, whereas the adhesive shear modulus
(i.e., G4y) is estimated using principles of solid mechanics.

It has been evident that with the increase of the shear modulus of the adhesive,
both peel and shear stresses at the crack tip increases accordingly. In fact, the rise
in the peel stresses can approach 70% as the adhesive stiffness becomes about seven
times the primary value (Young’s modulus 1.1 GPa), though less rise in the shear
stresses up to 55%, where observed with the same adhesive stiffness increase. The
last stage of the study was to investigate using linear elastic fracture mechanics prin-
ciple (LEFM), the influence of the fractured blade caused by presumed edge crack
located between the adhesive layer and the composite shell, on the estimated stress
intensity factor (SIF). It has been known that voids play an essential role in adhesive
joint failure [48]. Therefore the present study elaborates on the impact of the esti-



252 Wind Turbine Composite Blade: Fracture Mechanics Assessment

700

600

500 -

400

300

Stress (MPa)

200

100

0 I I
0 500 1000 1500 2000 2500

Adhesive shear modulus Gxy (GPa)

Fig. 10: Stresses at the adhesive tip for the intact blade.

mated SIF as a result of the fractured adhesive layer. Fig. 11 illustrates the location of
the elliptical void (1 mm by 0.5 mm) positioned at 1.25 mm away from the adhesive
tip, which was studied by Hua et al., where SIF was estimated at the main side tips
of the void (i.e., Tip-1 and Tip-2).

Elliptical void
1mm x 0.5 mm

Fig. 11: Elliptical void located 1.25 mm from the adhesive tip [14].

Mainly due to the combined loading that the blade is subjected, it is expected to
have both opening and shear mode of stress intensity factor. Therefore these two
types were analyzed and compared. Clear evidence can be observed from the pres-
ence of the edge crack in increasing SIF in levels more than that caused by the void,
and this can be elucidated in Fig. 12, where it is apparent that SIF of the cracked
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Fig. 12: Mode I SIF (K1) for fractured and voided (Tip-1(T1) and Tip-2 (T2) Ref.
[13]), as a function of adhesive shear modulus.

blade overtakes and dominates the voids results.

The increase in the SIF of the fractured blade can be as 23% more than the max-
imum SIF for the blade with the void, i.e., at tip 1, when the adhesive stiffness was
1.1 GPa (for isotropic material, shear modulus can be estimated from Young’s mod-
ulus by G = E//2(1 +v). In contrast, it is shown to be 32% more than the maximum
SIF of the voided blade at a stiffness of 5.8 GPa. Regarding the impact of the edge

10 +

Mode Il SIF (N/mm~3/2)

0 T T T T
0 500 1000 1500 2000 2500
Adhesive shear modulud Gxy (GPa)

Fig. 13: Mode II SIF (KII) for fractured and with voided (tipl and tip2 [14]) blade,
as a function of adhesive shear modulus.
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crack on the mode II SIF, by the same FE model, KII was estimated at the same time
of evaluating KI, and besides was analyzed in comparison with adhesive stiffness,
i.e., shear modulus. Fig. 13 shows that mode II SIF, i.e., KII, exceeds the level of
the SIF estimated at the ends of the trough thickness voids. Although the level of the
SIF of mode II is lower that mode I, but since it is located in the weak layer, i.e., the
adhesive layer, it makes the failure situation of the blade more crucial. However, this
increase of mode II SIF can be seen to be 4.5 times the maximum SIF of the voided
blade at the lowest value of the adhesive shear modulus and to be 5.9 times at the
maximum shear modulus value.

5 CONCLUSIONS

The present analysis is based on using Linear Elastic Fracture Mechanics and Finite
Element Analysis to evaluate the Stress Intensity Factor of an edge crack located at
the tip of the adhesive layer of the wind turbine blade. The study discusses the results
in comparison with a wind turbine with an embedded void. The following points
summarize the investigation outcomes:

1. For the intact blade, the stresses at the adhesive tip are relatively higher than
the applied, especially the peel and the principal stresses, and this would cause
the initiation of the crack, especially with lack of the adhesive fillet.

2. The presence of the edge crack at the adhesive tip increases the stresses at the
crack tip times than the applied stress, and this might cause the propagation of
the crack.

3. One of the main reasons for the failure of the constructions made of composite
materials is the initiation and propagation of cracks. In order to investigate
these cracks, fracture mechanics methods have been used [31]. It has been
demonstrated in this investigation that Mode I and II SIF of the fractured blade
show always higher levels than the corresponding SIF of the blade with avoid.

Cracks may significantly reduce the strength and stiffness of the structural ele-
ment, especially composite since nowadays, most of the wind turbine components
are made from the composite section and material [49]. Thus, the load-bearing ca-
pacity of a structure is highly dependent on the fracture toughness properties of the
structural component. This would cause a problem that leads to failure in case of any
cracks or tiny holes that may exist in the bonded joints.

Eventually, it has been revealed by the study that two-dimensional analysis can be
implemented effectively to analysis deteriorated wind turbine blades caused by em-
bedded gravities within the adhesive layer of the bonded composite structure, where
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the results illustrated critical levels of the SIF associated with the cracked bonded
components that could be used later on to estimate fatigue lifetime easily rather than
adopting three-dimensional analysis.
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