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a b s t r a c t

Predicting progressive failure and consequential loss in the load-bearing capability of large-scale com-
posite wind blades is vital for accurately assessing their service life and maintenance. A physics-based
multi-scale damage model describing progressive ply cracking and joint adhesive debonding in blades
under both quasi-static and cyclic loading is presented. The complete structure of the blade was
considered including the shell-spar adhesive joint and shell-root adhesive joint. For quasi-static loading,
the geometrical transition region of the blade was observed as the critical ply crack damage region,
which was in agreement with previous experimental results. The matrix micro-cracking damage was
mainly caused by high gale wind speeds, and adhesive debonding ultimately initiated at the shell-spar
joint. The blade tip deflection increased nonlinearly with increasing wind speeds, reaching 29.0% of
the blade length at 19 m/s. For cyclic loading, sub-critical damage grew along the length of the blade with
increasing cycles, gradually increasing the normal and shear stresses in the joint adhesive layer as the
crack density increased, eventually leading to local shell-spar adhesive debonding. The simulation
methodology presented here will be useful for assessing the durability and increasing the safety and
accuracy of service life prediction of large-scale blade structures.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Wind power is a clean, relatively inexpensive and renewable
energy source, which has been growing dramatically over the past
few decades [1,2]. In order to capture wind energy more effectively,
there exists a demand to increase the scale of wind turbines in
commercial wind power generation [3]. However, as wind turbines
increase in size, so do the requirements for material and structure
designs of rotor blades due to the increase of blade weight and the
associated gravitational load. To meet this challenge, fiber-
reinforced laminated composites are widely used in large rotor
blades due to their high stiffness-to-weight ratio, strength-to-
weight ratio, and resistance to fatigue failure [4,5]. However, dur-
ing a typical 20-year service life, multiple evolving damage modes
resulting from extreme combined cyclic loads (i.e., gravitational
cience and Engineering, Uni-
, M5S 3E4, Canada.
.V. Singh).
force, centrifugal force, and aerodynamic force) can occur in rotor
blades [6e8]. These damage modes typically initiate as undetect-
able sub-critical cracks and progress into critical damage modes
that ultimately leads to catastrophic failure. It is therefore vital to
predict their evolution concurrently under both quasi-static and
fatigue conditions as well the consequent loss in load bearing
capability of the structure in order to facilitate an improved design
for rotor blades.

Typical damage modes observed in large wind turbine blades
includematrixmicro-cracking, cohesive joint debonding, and inter-
ply delamination, which have been studied in previous reports
[9e11]. Generally, matrix micro-cracking is the first to initiate in
composite laminates under both quasi-static and cyclic loading
conditions. This ply cracking typically does not cause the final
failure but causes appreciable stiffness degradation; and to address
this, a number of excellent models have been developed to evaluate
stiffness loss caused by matrix micro-cracking in composite lami-
nates. These popular methods include elasticity approach
[12], continuum damage approach [13], ply discount method [14],
synergistic damage mechanics approach [15,16], and damage

mailto:chandraveer.singh@utoronto.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2017.10.103&domain=pdf
www.sciencedirect.com/science/journal/09601481
http://www.elsevier.com/locate/renene
https://doi.org/10.1016/j.renene.2017.10.103
https://doi.org/10.1016/j.renene.2017.10.103
https://doi.org/10.1016/j.renene.2017.10.103


Y. Zuo et al. / Renewable Energy 119 (2018) 754e766 755
accumulation approach [17]. From the inspection of damage in
composite blades, it has been revealed that matrix micro-cracking
is likely caused by critical cyclic loading [11,18]. In regards to
model development focused on wind turbine composites, a
physically-based failure model was developed to investigate the
mechanism of matrix micro-cracking in composite blades under
cyclic loading [19], however, the blades were simplified as beam
structures. A physics-based multi-scale progressive damage model
was also developed to assess the matrix cracking evolution of the
blades under quasi-static and cyclic loading, in which full-scale
geometries of rotor blades were considered [20].

With regards to adhesive joint debonding, full-scale composite
blade tests revealed that debonding was the main cause of rotor
blade structural collapse [21,22]. The initiation of debonding was
reported to be caused by voids in the adhesive layer due to the
reduction of joint strength [23]. A finite element study showed that
the debonding initiated and propagated progressively in the edge
of the adhesive bond line according to the high shear stress in
adhesive layers [24]. In addition, fatigue loads were found to have
an import influence on the debonding evolution of the composite
blade root joint [25]. In addition, the ensuing delamination can lead
to the buckling of laminated composite materials even if at a lower
level of compressive load [26,27], and the delamination and buck-
ling coupled phenomenon of large composite blades was regarded
to govern the ultimate collapse of large composite blade [21,28]. In
a failure test, the delamination of a spar cap was likely responsible
for the catastrophic failure of a rotor blade at the transition region
due to local compressive forces [10].

The final failure of wind turbine blades is observed to involve a
combination of damage modes [10,19]. In composite laminates, ply
cracks can induce inter-laminar delamination cracking, which is
one of the main sources of failure [29]. A high density of ply cracks
is also reported to lead to localized delamination and skin/spar cap
adhesive debonding in turbine blades [30]. A study of the interac-
tion of these damage modes is vital to accurately capture the
nonlinear behavior of composite wind blades under both quasi-
static and fatigue loading. However, the previous studies on this
topic have only modeled one damage mode of rotor blades
[19,20,25,26], which limits their applicability for practical wind
turbine design and durability assessment. Furthermore, the geo-
metric models of these studies mainly represented only one
component of rotor blades such as the root, and not the full
structure including the root, spar and shell; clearly, an important
limitation of reported results in optimizing rotor blade designs for
better life-time performance. Therefore, a full-structural model
considering sub-critical and critical damage modes is required to
assess the durability and increase the accuracy of service life pre-
diction of large scale blade structures.

The aim of this study is to assess the progressive damage of large
composite rotor blade, considering the co-effects of matrix micro-
cracking damage and joint adhesive debonding under both quasi-
static and cyclic loads. Herein, the full structure of a composite
blade was modeled and the details of the shell-root and shell-spar
adhesive joints were included. The constitutive equations for the
damaged laminates, based on a synergistic damage mechanics
[15,16,20,31], were implemented as a user-defined material sub-
routine (UMAT) in the commercial finite element code ANSYS for
the assessment of matrix micro-cracking damage. A cohesive zone
model (CZM) [32e34] using contact elements was employed to
predict the initiation and growth of debonding. Based on Weibull
distribution of wind speeds [6], the effects of potential wind speed
pressures on the progressive damage of the blade were evaluated
by quasi-static and fatigue simulations. Results presented included
the initiation and propagation of both matrix micro-cracking
damage and adhesive debonding, moreover, the interaction of the
damage and debonding was also discussed by cyclic loading cases.
2. Damage mechanics model

2.1. The progressive damage model

In order to evaluate the effect of matrix micro-cracking of rotor
blades, an approach based on micromechanics and continuum
damage mechanics to predict the crack density and stiffness
degradation of the blades has been reported in our previous work
[20]. In this approach, the stress tensor, sij, was characterized by the
strain tensor, εkl, as [15,35]:

sij ¼ Cijkl
�
DðaÞ
ij ðrÞ

�
εkl (1)

where r represents the crack density for cracks in a given ply
orientation, the defined as damagemode a. A second-order damage
tensor is used to represent the damage, as [13,36]:

DðaÞ
ij ðrÞ ¼ kat2a

sat
ninj (2)

where ka is the constraint parameter, ta is the cracked-ply thick-
ness, sa is the average crack spacing, t is the total laminate thick-
ness, and ni (i ¼ 1, 2, 3) are the crack surface normal unit vector
components. For any general symmetric laminate under in-plane
multiaxial loading, the stiffness tensor for a given crack density r

is defined as:
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where C0
ijkl and Ca

ijkl are, respectively, the undamaged stiffness

tensor of the laminate and stiffness changes caused by damage

modes a. The terms aðaÞi and Da are, respectively, the orthotropic
damage constants and effective damage parameters for all damage
modes present during loading of the laminate. The constraint pa-

rameters, ka, and damage constants, aðaÞi , for any general symmetric
laminate were computed using the micro damage mechanics pro-
cedure that utilizes finite element computations of average crack
surface displacements in representative volume elements for each
damage mode, as discussed in Ref. [16].

To simulate the structural degradation of the blades, an energy-
based approach was employed to predict ply crack density r for a
general multidirectional laminate under multi-axial loading, as
reported in our previous work [15]. Considering both crack opening
(Mode I) and crack sliding (Mode II), new cracks are assumed to
form when:

�
wI

GIc

�
þ
�
wII

GIIc

�2
� 1 (4)

where wI and wII represent the work required to close the new
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cracks in Mode I and Mode II, respectively; and GIc and GIIc are,
respectively, the critical energy release rate in Mode I and Mode II.

For the case of fatigue loading, the resistance of material from
cracking reduces as the number of cycles increase. This was
described using the following empirical model to define the rates of
change of GIc and GIIc as a function of cycles [20]:

dGIc

dn
¼ cGIc;on

c�1;
dGIIc

dn
¼ cGIIc;on

c�1 (5)

where GIc;o and GIIc;o denote the critical energy release rates for the
virgin material in Mode I andMode II, respectively, as defined in Eq.
(4); and c and n are the ply-level constant and number of fatigue
loading cycles.
2.2. The cohesive zone model

The cohesive zone model (CZM) is a powerful tool for the
simulation of fracture in adhesive assemblies [37], which is able to
adequately predict the initiation and propagation of debonding in
adhesive structures. In this study, the bilinear CZM based on the
model proposed by G. Alfano and M.A. Crisfield [38] is utilized to
study the debonding in adhesive joints of the large composite blade
under quasi-static and cyclic loads. The bilinear CZM adopts a
softening tractioneseparation relation to predict debonding initi-
ation and propagation. The damage initiation criterion of this
model, involving the interaction of traction components, is defined
as:

�
sn

snmax

�2

þ
�

ss

ssmax

�2

¼ 1 (6)

here, sn and ss are, respectively, the normal and tangential stress of
the traction T; snmax and ssmax are respectively the normal and
tangential stress of the maximum traction Tmax. Therefore, the
completion of debonding is defined by a power law based on the
energy criterion:

�
Gn

Gn
c

�2

þ
�
Gs

Gs
c

�2

¼ 1 (7)

where Gn and Gs are, respectively, the normal and tangential frac-
ture energies at given loading; and Gn

c and Gs
c are the critical normal

and tangential critical fracture energies, respectively. The debond-
ing is described by the damage parameter dm, which is defined as:

dm ¼
�
Dm � 1
Dm

�
c (8)

where the damage parameter dm ¼ 0 represents well bonded
interface, 0 < dm < 1 means the initiation of debonding, and dm ¼ 1
denotes the completion of debonding; and Dm and c are defined as:
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and
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!
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dtf

dtf � dti
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(10)

with dni and dnf denoting the contact gaps at the maximum normal
contact stress and at the completion of debonding, respectively;
and dti and dtf are tangential slip distances at the maximum
tangential contact stress and at the completion of debonding,
respectively.

For the bilinear CZM, damage initiation occurs when the cohe-
sive strength is reached (T ¼ Tmax, d ¼ di). After the damage initi-
ation, the debonding is assumed to be cumulative, and unloading
and subsequent reloading will occur in a linear elastic manner at a
more gradual slope. Finally, debonding is completed (T ¼ 0, d ¼ df )
as the separation increases.
3. Finite element structural modeling

3.1. Rotor blade details

In this study, a full-structure composite blade for a 1.5 MW
horizontal axis wind turbine with 70 m rotor diameter was
modeled by the open source tool NuMAD [39]. This consists of
upper shell, lower shell, double spar, and the root joint (see Fig. 1).
The blade was modeled with a length, tip chord and reference root
chord of 33.25 m, 0.875 m, and 2.8 m, respectively [20]. The spar
and shell were bonded together by adhesive layers to prevent the
structure buckling of the blade. The root joint, which was simplified
as a cylinder with the diameter and length of 1.89 m and 0.7 m,
respectively, was also bonded with the shell by adhesive layers as
shown in Fig. 2. Since the blade was modeled using shell elements,
the upper shell and lower shell connecting edges were treated as
permanently glued interfaces.

To simplify aerodynamic loading calculations, the same airfoil
section (NREL S818 [40]) was used along the blade length, which
transitioned near the root to a circular section with the diameter of
1.89 m (see Fig. 1). The blade transitioned from the circular section
to the NREL S818 airfoil over the span of 7.0 m, and the twist and
pitch angles of the blade tip were taken as 5� and 10�, respectively
[41]. Since the chord line of the tip airfoil section is parallel to the
pitch angle, the tip airfoil section has no twist.
3.1.1. Blade loading
During standard operational conditions, aerodynamic, gravi-

tational and centrifugal forces are the dominant sources of
loading on the blade. As shown in Fig. 1, aerodynamic lift force,
FL, and aerodynamic drag force, FD, depend on wind speed, vw,
local blade speed, vb, local attack angle, aw, and airfoil section. In
this study, the aerodynamic lift and drag forces on discrete seg-
ments along the blade length were evaluated by the widely used
blade element momentum (BEM) theory [42,43], and were
described as:

FL ¼
1
2
rv2resCLA (11)

FD ¼ 1
2
rv2resCDA (12)

here, CL and CD are the lift and drag coefficients extracted from the
NREL S818 airfoil data, respectively; r¼ 1.225 kg/m3 is the sea level
air density; and A is the planform area of the segment obtained by:

A ¼ 1
2
h
�
cupper þ clower

�
(13)

where h is the segment segment length height; cupper and clower are
the lengths of the inboard chord and outboard chord of the
segment, respectively. vres is the relative resultant speed, whichwas
calculated by:



Fig. 1. Structural details and loading conditions of the FE blade model for a 1.5 MW horizontal axis wind turbine with 70 m rotor diameter modeled using NuMAD.

Fig. 2. Deformation of the blade in quasi-static simulations: (a) blade displacement along the blade length at five typical wind speeds; (b) tip deflections of the blade at wind speeds
from 0 m/s to 25 m/s; (c) the overall structural deflection of the blade corresponding to the debonding initiation at Vw ¼ 19 m/s.
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vres ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2wð1� aÞ2 þ v2bð1þ a0Þ2

q
(14)

where a and a0 are the axial and tangential induction factors,
respectively; and local blade speed vb was calculated by:

vb ¼ wr (15)

and

u ¼ vwTTSR
R

(16)

where u, r, and R are the rotation angular speed of the blade, the
distance of the blade segment from the rotation center, and the
radius of the wind turbine, respectively. TTSR is the tip speed ratio,
which was assumed to have a constant value of 7 [20]. It should be
noted that the aerodynamic forces are affected by the blade
deformation when in service. Since the focus of this study is on the
damage prediction modeling of the blade, the aerodynamic loads
were assumed independent of the blade deformation and the
aeroelastic effects were ignored. The centrifugal force, FC, was
defined by:

FC ¼ mru
2r (17)

here, mr is the mass of the blade segment. The gravitational force,
FG, was defined by:



Table 2
Material properties for aluminum used in
the root joint.

E (GPa) v

73 0.36

Table 3
Material properties for shell-root and shell-spar adhesive layers [44].

Properties Adhesive

Normal strength, snmax (MPa) 12.00
Tangential strength, ssmax (MPa) 26.00
Normal fracture energy, Gn (kJ/m2) 1.85
Tangential fracture energy, Gs (kJ/m2) 3.64
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FG ¼ mrg (18)

here, g is the gravitational constant. In order to increase the
effective loading to cause flap-wise bending, the gravitational force
FG was assumed to act along the rotating direction of the blade (see
Fig. 1).

3.1.2. Blade materials
The skin and spar of wind turbine blades are typically manu-

factured with many distinct laminated materials and sandwich
panels. In order to simplify the blade model, it was assumed that
the shell and spar were manufactured from the same multidirec-
tional [0/90/-45/þ45]s GFRP laminate with the thickness and
density of 4 mm and 1800 kg/m3 [20], respectively. An aluminum
root joint with the thickness of 40 mm and density of 2700 kg/m3

was glued to the composite laminates internally. A typical adhesive
material was applied to the adhesive layers between the shell-spar
joint and shell-root joint. The material properties of the blade
structure and adhesive layers are listed in Tables 1e3.

3.2. Structural scale

The blade geometry generated by NuMADwas integratedwithin
the simulation environment of ANSYS APDL. The meshing of the
shell, spar and root was performed using higher-order 8-node
SHELL281 elements in ANSYS APDL. The mesh size was chosen as
0.1 m basing on a consideration of the balance between accuracy
and computational efficiency.

3.2.1. Damage modeling
In order to assess matrix micro-cracking and adhesive

debonding in the rotor blade, the multi-scale progressive damage
model and CZM depicted in Section 2.1 and Section 2.2 were
applied to the FE model in both quasi-static and fatigue simula-
tions. The laminate constitutive equations for the progressive
damage model were implemented into ANSYS through a Fortran
based USERMAT [45] to predict ply crack density and associated
stiffness degradation for the laminate. Further details of the
USERMAT has been illustrated in Ref. [20]. Perfect adhesion was
assumed on the interfaces between the shell-spar adhesive layer
and the shell-root joint. Debonding initiation and propagation in
the adhesive layers were modeled by cohesive traction separation
law. The adhesive layers were represented by contact elements 8-
node CONTACT174 and 3D TARGE170, and delamination between
the contact elements was referred to as debonding. The compo-
nents of both contact gap and tangential slip distance have been
used to define interfacial separation, which are computed through
the type of contact element and the location of contact detection
point.

3.2.2. Boundary conditions
Fixed boundary conditions were applied to the end of the shell

and root joint to simplify the connections between the blade root
and hub. Aerodynamic forces defined by Eq. (11) and Eq. (12) were
applied at the blade segment aerodynamic centers through addi-
tional nodes, which were projected onto X-axes and Y-axes of the
Table 1
Material properties for [0/90/-45/þ45]s GFRP laminate used as the blade material of
the shell and spar [20].

E0x (GPa) E0y (GPa) G0
xy (GPa) v0xy G0

xz (GPa) G0
yz (GPa)

23.72 23.72 9.07 0.3079 4.1 4.1
FE model through FXi and FYi (i ¼ 1, 2 … 8) shown in Fig. 1. Each of
these nodes were selected as the master node for the rigid region
on the corresponding blade segment skin panels, allowing for
loading distribution on each segment. Furthermore, the centrifugal
force FC and gravitational force FG were applied as acceleration
body loads to the entire structure through the corresponding blade
rotational speed u and gravitational constant g ¼ 9.81 m/s2,
respectively.

4. Results and discussion

The developed user-defined material subroutine was used to
assess the concurrent effects of matrix micro-cracking and the
debonding of the blade on its load-bearing capability under both
quasi-static and cyclic loads. As the changing aerodynamic and
gravitational forces are the main sources to produce cyclic loads on
the blade, it is necessary to understand the wind speed distribution
during the entire life service of the blade. However, the wind speed
distribution is never steady and dependents on various factors such
as local weather system, local land terrain, and the height of wind
turbines. For above reasons, the Weibull distribution has been
commonly used in the literature to describe wind speed frequency
[6]. Furthermore, from an engineering design perspective, it is
necessary to investigate the structural performance under the
worst-case and near worst-case scenario. Therefore, two load cases
were considered in this study to assess the damage of the blade
under quasi-static and cyclic loads. First, the blade was assumed to
be in a parked position with the brake released when a sudden
wind with speed of VW was imposed, where VW varied from 0 m/s
to 25 m/s based on a typical Weibull distribution. This represents a
critical operating condition with potential external situations dur-
ing service life, where quasi-static simulations were performed.
Specially, the 25m/s represents the extreme external situation such
as strong gale winds during a storm. Second, considering that the
debonding of the blade occurs at extreme loading condition [10,21],
the blade was assumed to work in a moderate breeze when a near
gale wind was imposed. The cyclic loading caused by the constantly
changing of wind from a normal speed 7.5 m/s to an extreme speed
of 15 m/s was applied to the blade in the fatigue simulations [6,20].

4.1. Quasi-static simulation

4.1.1. Overall structural deformation
To have a safe blade-tower-clearance, it is necessary to predict

overall structural deformation of the blade. As shown in Fig. 2(a),
the deformation of the blade was small at low wind speeds such as
a moderate breeze; however, large deformation occurred when
wind speeds increased to higher than 11 m/s. The tip deflection
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increased nonlinearly with the increasing of wind speeds shown in
Fig. 2(b). Here, the 25 m/s wind speed, representing the extreme
external situation in fact, can cause the rotor blade structural
collapse involved a combination of damage and failure modes.
However, since the structural buckling and delamination were not
considered in the developed model, the tip deflection at this
loading case couldn't be predicted accurately. Specially, the overall
structural deflection of the blade corresponding to the initiation of
blade debonding (see Section 4.1.3) is shown in Fig. 2(c). The blade
tip deflection reached 29.0% of the blade length, which was close to
the value of 22.5% reported by a failure test for a 40 m long blade
[21].
4.1.2. Matrix micro-cracking of the blade
The axial stress of the tension-side skin panel along the blade

length, when the debonding initiated at wind speed of 19 m/s (see
Section 4.1.3), is depicted in Fig. 3. The maximum axial stresses of
the shell and spar were 634 MPa and 519 MPa, respectively, both of
which occurred at the span-wise position of 6.1 m. The high stress
regions of the shell and spar were located between spar webs as
was expected. Note that the axial stress of the shell had a higher
value at the geometrical transition region, where the root circular
section transitioned to an airfoil shape at the maximum chord
position. The analogous axial stress distribution along the blade
was also observed by J. Montesano et al. [20] and C.L. Bottasso et al.
[46]. The contours of the corresponding crack density for 90� plies
were shown in Fig. 5(b) and Fig. 5(e). The peak crack densities of the
shell and the spar reached 0.863 mm�1 and 0.866 mm�1 corre-
sponding to the maximum axial stresses between the spar webs.
Moreover, the peak þ45� and �45� ply crack regions were located
at the transition region of the blade (see Fig. 3). The damage dis-
tributions indicated that the transition region was the most critical
region for matrix micro-cracking damage. This was observed by X.
Chen et al. [10] through a failure test of a 52.3 m glass/epoxy
composite blade, where it was reported that in this region a
Fig. 3. Axial stress distribution of the tension-side skin panel along the blade lengt
combined form of blade failure was observed.
Fig. 4(a) and Fig. 4(b) showed the peak crack densities for

90�, þ45� and �45� plies of the shell and spar at wind speeds from
0 m/s to 25 m/s. For the tension-side panel of both the shell and
spar, the micro-crack damage initiated at wind speeds of 11 m/s,
which occurred much earlier than initiation of debonding as was
expected. The values of peak micro-crack density subsequently
increased rapidly to a clear plateau due to the increase of wind
speed. The plateau was also found in the damage simulation for a
33.25m length blade [20] andwas observed as the significant of the
delamination initiation for laminates [47]. However, after the crack
initiation, the crack damage area grew slowly with the increasing of
wind speed from 11 m/s to 14 m/s, and only 0.4% of the shell area
and spar area were damaged at wind speed of 14 m/s shown in
Fig. 4(c). When wind speed increased to higher than 14 m/s, the
damage area increased rapidly, which reached values with 22.2%
and 22.8% of the shell area and spar area, respectively, at wind
speed of 25 m/s. This revealed that the crack damage initiation was
dominated by the local concentration stress, while the crack
damage propagation was dominated by the increase of the high
stress region. The 90� ply crack density distribution is shown in
Fig. 5. The crack damage initiated at the span-wise position 6.1 m,
then, the ply crack propagated along the blade length due to the
increasing of wind speed. The high crack density region, finally, was
observed at span-wise position from 2m to 15m between thewebs
on the tension-side shell panel and spar cap at 25 m/s, where the
peak density reached a high value of 1 mm�1. Note that the
debonding initiation of the shell-spar joint also occurred in this
segment, and this region was experimentally reported as the most
critical part for the ultimate collapse of the rotor blade [22].
4.1.3. Debonding of the blade
The debonding of the blade is considered as one of the major

factors of the final collapse. The initiation and propagation of ad-
hesive debonding under quasi-static load are shown in Fig. 6, which
h and ply crack density contours of þ45� plies and �45� plies at Vw ¼ 19 m/s.



Fig. 4. Blade crack density evolution for 90� , þ45� and �45� plies from 0 m/s to 25 m/s: (a) crack densities of tension-side shell panel at maximum stress location; (b) crack
densities of tension-side spar cap at maximum stress location; (c) damage area to global area ratios of the shell and spar based on 90� ply crack damage.
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is described by the damage parameter defined in Section 2.2. In the
quasi-static simulation, debonding did not occur at low wind
speeds, however, the shell-spar adhesive debonding initiated on
the pressure side of the shell whenwind speed increased to 19 m/s.
Fig. 5. The initiation and propagation of 90� ply crack damage on the shell and spar corre
This suggests that the strong winds such as gale and storm are
likely to cause adhesive debonding of the blade. This damage mode
was also experimentally observed to occur under extreme load,
which was close to the ultimate collapse load [10,21]. The
sponding to Vw ¼ 11 m/s, Vw ¼ 19 m/s, and Vw ¼ 25 m/s in quasi-static simulations.



Fig. 6. Blade debonding contours of adhesive layers for adhesive 1 described by the damage parameter: (a) blade debonding initiation at Vw ¼ 19 m/s; (b) blade debonding
completion at Vw ¼ 22 m/s; (c) blade debonding distribution at Vw ¼ 25 m/s.
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debonding initiation location was at the edge of the shell-spar
adhesive joint with span-wise position 8.9 m, which was in the
most critical span-wise segment reported in the full-scale test of a
34 m wind turbine blade [22]. After initiation, the adhesive
debonding gradually propagated and completed at the same loca-
tion (8.9 m) with the increasing of wind speed. As wind speed
increased from 22 m/s to 25 m/s, the debonding zone expanded to
the region between span-wise position from 7.7 m to 9.3 m. In
addition, the shell-root adhesive joint also began to debond at the
corner of the root at 25 m/s, which is the transition region of the
spar and root.

To identify the initial debonding mechanism of the blade, the
distributions of inter-laminar stresses in adhesive layers prior to
debonding initiation of adhesive 1 were also investigated (see
Fig. 7). As shown in Fig. 7(a), the mean normal stress in shell-spar
adhesive layers was typically low due to compression of the spar,
which was also reported by Y.M. Ji et al. [24]. However, the local
normal stress was extremely high at the span-wise position 8.9 m,
where the debonding initiated, and reached the cohesive peel
strength. For shear stress, the maximum value occurred at the
span-wise position 5.4 m instead of the debonding initiation
location shown in Fig. 7(b). There is a strong possibility that the
debonding initiation of shell-spar adhesive layer is dominated by
the high local peel stress concentration, which is probably caused
by the large localized non-linear bending. This result was reported
in the full-scale test of a 40mwind turbine blade [21]. For the shell-
root adhesive layer, the maximum magnitude of the normal stress
was only at 25.7% of the adhesive peel strength, while the shear
stress was high and reached 72.3% of the adhesive shear strength
shown in Fig. 7(c) and (d). The high shear stress regions were
observed at the corners of the transition region of the spar and root,
especially, the higher values occurred at the edge of the shell-root
adhesive layer. This suggested that the extreme shear stress was
likely the major cause for debonding initiation of shell-root adhe-
sive layer.

4.2. Fatigue simulation

4.2.1. Progressive damage
Matrix micro-cracking damage contours for the fatigue simu-

lation of the blade is shown in Fig. 8. After the first loading cycle, the
matrix micro-cracking damage initiated in 90� plies of the tension-
side skin panel for both the shell and spar with peak ply crack
densities of 0.01625 mm�1 and 0.08125 mm�1, respectively. As the
loading cycle increased, the damage progressed along the length of
the blade. Noted that similar to the static simulations the damage
regions are also located between the webs, which are at the most
critical span-wise region. After 6702 loading cycles, the local 90�

ply crack densities of the shell and spar reached to a high level with
values of 0.9325 mm�1 and 0.9125 mm�1, respectively. As the
progressive damage reduced the overall blade stiffness, the tip
deflection increased and reached a plateau during the early stages
of cycling, finally, a jump of the tip deflection occurred due to the
debonding initiation by 6697 loading cycles (see Fig. 9). It should be
noted that the damage doesn't imply the final catastrophic blade
failure, however, the local damage with high ply crack density will
eventually lead to local shell-spar adhesive debonding, which was
also reported by B.F. Sorensen et al. [30].

4.2.2. Estimation of the remaining useful life
Performance evaluation is a key element in the development

andmaintenance of rotor blade. The remaining useful life (RUL) and



Fig. 7. Inter-laminar stresses of adhesive layers corresponding to the blade debonding initiation at Vw ¼ 19 m/s.
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maintenance of rotor blade and wind turbine systems have been
modeled by many studies [48e50]. The developed multi-scale
model provided a new method considering the matrix micro-
damage and adhesive debonding to predict the RUL of the blade
Fig. 8. The initiation and propagation contours of 90� ply crack den
under cyclic loading conditions (see Fig. 10). The expected end of
life (EOL) was defined as the cycles at which the debonding
completion of the blade occurred, and the remaining useful life
(RUL) of the blade was obtained as RUL ¼ EOL-n, where n is the
sities for the shell and spar cycled between 7.5 m/s and 15 m/s.



Fig. 9. Evolution of blade tip flap-wise normalized displacement under cyclic loading.
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current cycle. Under the loading conditions of this study, the EOL
was found to be 6702 cycles owing to the complete debonding of
the shell-spar adhesive joint as depicted in Fig. 11. Since it has been
well established that fatigue damage process is load-path depen-
dent, this model can also be used to predict the progressive damage
and the EOL of rotor blade under different fatigue loading cases
including the realistic loading spectra. Moreover, results reveal that
the matrix micro-cracking damage occurred during the early stage
of RUL and became saturated for long lifetime (see Fig. 10). Then, at
the end of the RUL the matrix micro-cracking increased rapidly to a
critical value of the crack density. These results can be useful for
developing appropriate maintenance plan for the blade.
Fig. 10. Remaining useful life prediction of the blade and th
4.2.3. Effects of progressive damage on debonding
The debonding contours of adhesive joints described by the

damage parameter under cyclic loading are shown in
Fig. 11(a)e(c). By 6697 loading cycles the debonding initiation
occurred at the edge of shell-spar adhesive joint with span-wise
position 7 m corresponding to the location of the maximum 90�

ply crack density. This revealed that the local debonding may be
caused by the high density of ply crack damage. After initiation,
debonding completed by 6702 loading cycles, and thereafter the
debonding zone propagated rapidly with the increasing of
loading cycles at the edge of shell-spar adhesive layer along the
blade length direction. In order to understand the influences of
e maximum crack density for 90� under cyclic loading.



Fig. 11. Blade debonding contours described by the damage parameter and inter-laminar stresses contours of the adhesive layer under cyclic loading: (a) debonding initiation after
6697 cycles; (b) debonding completion after 6702 cycles; (c) debonding propagation after 6713 cycles; (d) normal and shear stresses of the adhesive layer at the debonding
initiation location.
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ply cracks on the debonding, the inter-laminar stresses of the
adhesive layer at the debonding initiation location under cyclic
loadings are shown in Fig. 11(d). The normal stress and shear
stress increased progressively during the early stages of cycling
due to the propagation of ply crack damage. After 6000 loading
cycles, both of the normal stress and shear stress increased
rapidly, and the debonding initiation criterion defined in Section
2.2 was reached by 6697 loading cycles when the corresponding
90� ply crack density reached the saturation of high density ply
cracks. This high level of local ply crack density has been re-
ported as the plateau of crack density in quasi-static studies,
which has been experimentally observed to signify the onset of
delamination for both multidirectional laminates and wind blade
composite laminates [30,47]. Furthermore, the shear stress and
normal stress reached, respectively, 82.8% of the adhesive shear
strength and 55.8% of the adhesive peel strength at the
debonding initiation location, which suggested that the shear
stress was dominant for the debonding caused by progressive ply
crack damage under cyclic loading.
4.3. Discussion

The developed multi-scale model is capable of predicting
the progress damage and RUL of rotor blade accounting for
the interaction of subcritical progressive ply cracking and
structural joint adhesive debonding under quasi-static and
cyclic loading conditions, which is useful for the design and
maintenance of the rotor blade. The predictions suggest that
saturation of ply cracks in critical regions of the blade cause
structural joint adhesive debonding to initiate, which is consis-
tent with the literature. The computationally calibrated damage-
based model component minimizes the need to conduct addi-
tional costly experimental test, which is seen as an advantage.
Nonetheless, some additional considerations are necessary to
further improve the accuracy of the predictions. For instance,
other key damage modes in wind turbine blades such as inter-ply
delamination onset and global structural buckling of the blade
components are not currently considered. Under service loads,
compressive stresses may lead to delamination and structural
buckling, and therefore must be considered. Moreover, it was
assumed that the wind speeds, and thus the aerodynamic and
centrifugal loading, were varying through constant peak values
during the fatigue simulations. Realistic loading spectra based on
reported wind speed data can also be applied to the model in
order to optimize the blade design for a specific local land
terrain.
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5. Conclusions

In this study, a fully physical model accounting formatrixmicro-
cracking and adhesive debonding concurrently was developed to
predict the progressive damage and RUL of wind turbine rotor
blade under quasi-static and fatigue loading. The matrix micro-
cracking damage was assessed by a multi-scale progressive dam-
age model based on the synergistic damage mechanics, and the
structural debonding was predicted by a CZM. The complete
structure of the blade was considered including the shell-spar ad-
hesive joint and shell-root adhesive joint. Overall, the developed
model will be a useful tool in blade design and maintenance. The
following conclusions can be reached from the present study:

(1) The simulation results clearly demonstrated the ability of the
model to predict the co-effects of the combined damage
modes in the blade structure under both quasi-static and
fatigue loading, which is vital for increasing the accuracy of
service life prediction and optimizing the design of the blade
structure. Based on the model, the RUL of the blade can be
predicted under different fatigue loading situations.

(2) For the quasi-static study, the blade tip deflection increased
nonlinearly with increasing wind speeds, reaching 29.0% of
the blade length at 19 m/s agreeing with the literature. The
matrix micro-cracking occurred due to the local concentra-
tion stress and was mainly caused by high wind speeds (e.g.,
over 14 m/s), moreover, the adhesive debonding ultimately
initiated at the shell-spar joint due to high local normal
stress.

(3) For the fatigue study, sub-critical damage grew along the
length of the blade due to the progressing of cyclic loading,
and caused the increasing of normal stress and shear stress in
adhesive layer. Moreover, the local damage with high ply
crack density finally led to local shell-spar adhesive
debonding.

(4) The geometrical transition region of the blade was observed
to be the critical ply crack damage region under quasi-static
and fatigue loading, which was found to be in agreement
with the previous studies.
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