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Stiffness Degradation Modeling for Composite Wind
Turbine Blades Based on Full-Scale Fatigue Testing

Haixia Koug, Kongyuan Wei, Yanhu Liu, Xuyao Zhang

Abstract: In order to provide more insights into the damage propagation composite wind turbine
blades (blade) under cyclic fatigue loading, a stiffness degradation model for blade is proposed
based on the full-scale fatigue testing of a blade. A novel non-linear fatigue damage accumulation
model is proposed using the damage assessment theories of composite laminates for the first time.
Then, a stiffness degradation model is established based on the correlation of fatigue damage and
residual stiffness of the composite laminates. Finally, a stiffness degradation model for the blade is
presented based on the full-scale fatigue testing. The scientific rationale of the proposed stiffness
model of blade is verified by using full-scale fatigue test data of blade with a total length of 52.5 m.
The results indicate that the proposed stiffness degradation model of the blade agrees well with the
fatigue testing results of this blade. This work provides a basis for evaluating the fatigue damage

and lifetime of blade under cyclic fatigue loading.

Keywords: composite wind turbine blades; fatigue damage; stiffness degradation model; full-scale
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1 Introduction

With the persistently increasing interest in rene-
wable energy worldwide, the advancement and
application in wind turbine technology is inevi-
table in the next decades. In order to increase
their power coefficient, it is imperative to design
wind turbines with longer blades. However, the

concerning issue is the increase in weight and
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blades

(blades) with the increase of its own size [1]. In

gravitational load of wind turbine
order to address this problem, the use of glass
fiber reinforced polymer (GFRP) for blade-man-
ufacturing has gained significant attention in
recent years.

Although GFRP composites have a lot of
advantages, in particular the excellent fatigue
characteristics, blades are usually subjected to
complex multiple loads (e.g. gravity, centrifugal
and aerodynamic forces, etc.) in their lifetime-
span. In such case, fatigue damage will occur for
composite blades which could result in their per-
formance degradation (e.g. stiffness and stren-
gth) [2].

time. A blade failure occurs when the damage

Such damages would accumulate over

accumulation exceeds a certain critical value [3].
The blade failure may result in catastrophic acci-
dents in a wind turbine system. Therefore, it is
very needed to develop an effective model for
investigating the fatigue damage evolution and
stiffness degradation assessment of blade under

cyclic fatigue loading.
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Composite blade is typically a hollow com-
ponent, which is generally made up of composite
laminate with distinct laying form and thickness,
and sandwich panels to manufacture the blade
skin, spar caps, shear webs, etc. It is also well
known that the fatigue damage of composite lam-
inate is more complicated than metals due to its
There-

fore, it is a great challenge to describe the dam-

inhomogeneous and anisotropic nature.

age evolution behavior of composite blade accu-
rately. Marin et al. [4] studied the fatigue dam-
ages of a small composite blade and validated the
causes of the fatigue failure by means of the sim-
plified assessment procedure of fatigue lifetime of
Lloyd (GL)
Movaghghar and Lvov [5] proposed an energy-

the  Germanischer standard.
based model for evaluating progressive damage
and predicting fatigue lifetime of blades. Monte-
sano et al. [6] developed a physics-based multi-
scale progressive damage model for predicting the
durability of blade structure. In addition, some
research studies on fatigue damage and failure
models for the composite blades in recent years
have been reviewed in [6]. Chen et al. [7] per-
formed preliminary failure investigation based on
visual inspection of a 52.3 m composite blade,
which had been loaded under static bending.
Results showed that the blade exhibited multi-
ple failure modes, such as laminate fracture,
delamination, sandwich skin-core debonding, and
shear web fracture.

The aforementioned studies focused on the
macroscopic damage mechanisms of blade struc-
tures during their service lifetime. These damage
modes can usually be observed directly such as
delamination of the spar cap, adhesive joint
debonding, shear web sandwich panel debonding,
and local bucking of blades. In addition, several
studies have also reported the micromechanics
damage evaluation of blade composite laminate
under static loading or cyclic fatigue loading
[8-10]. However, the ultimate failure of a com-
posite blade is, most likely, due to the perfor-

mance degradation under the fatigue loads

[11-14]. Therefore, full-scale fatigue testing of
blade is a mandatory requirement for certifica-
tion of the design of a new blade at Interna-
tional Electrotechnical Commission (IEC) [15].
Through this testing, stiffness degradation data
can be obtained which is valuable for estimating
fatigue damage and stiffness degradation of
blades.

Stiffness is a well-known damage indicator
for the composite laminate, and is frequently
used as a component failure criterion [16]. In
addition, the residual stiffness value of compos-
ite laminate can be measured continuously by
non-destructive methods. In other words, devel-
oping a stiffness degradation model is more prac-
tical and useful in the design of composite com-
ponent [17]. So far, a great number of studies
have been carried out for evaluating the stiffness
degradation behavior of composite laminates [18-
20]. However, the research findings on the stiff-
ness degradation of blades are sparse. Therefore,
it is necessary to develop a stiffness degradation
model to evaluate the fatigue damage of blades
under cyclic fatigue loading.

Considering that the composite blade is a
composite component consisting primarily of
three parts viz-a-viz skin, main beam, and shear
web where each sub-component is formed by the
adhesive bonding of composite laminate with dif-
ferent laying form or thickness and sandwich
panels, it entails careful analysis. Therefore,
depending on the fatigue damage evolution model
of composite laminate, a novel non-linear fatigue
damage accumulation model is proposed for the
first time. Then, a stiffness degradation model is
established based on the relationship between
fatigue damage and stiffness degradation of com-
posite laminate. This stiffness degradation model
is further substantiated using three sets of experi-
mental data obtained from literature while the
advantages of the proposed model are demon-
strated by comparing with the existing model.
The comparison clearly indicated that the pro-

posed model can simulate the stiffness degrada-
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tion of E-glass/Epoxy laminate more accurately
which is commonly used for blade fabrication.
Finally, a stiffness degradation model for the
blade is presented by combining the proposed
stiffness degradation model of the composite lam-
inate and the full-scale fatigue testing data of the
composite blade with a total length of 52.5 m.

2 Fatigue Damage of Composite

Laminate

2.1 Damage Mechanisms of Composite Laminate
Fatigue damage of the composite laminate has
been investigated in many research findings over
the last several decades [21-24]. These research
studies indicate that the fatigue damage progres-
sion of composite laminate under fatigue loading
is a complex process, and includes five main
damage mechanism modes, that is, matrix crack-
ing, fiber/matrix breaking, interfacial debonding
or delamination, fiber breakage, and fracture, as

shown in Fig. 1.

= A
\Q" Crack initiation ~ Interfacial debonding  Fracture
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Fig. 1 Fatigue damage evolution process of laminate

From Fig. 1 it can be clearly seen that the
damage process is typically described as three
stages: 1) rapid damage accumulation during the
early stage of the fatigue lifetime, 2) slow and
steady damage rate during the longest middle
stage of fatigue lifetime, and 3) another rapid
rate of damage advance in the final stage of the
fatigue lifetime [25]. In general, fatigue damage is

most conveniently expressed in terms of a dam-

age variable D(n). The damage variable D(n)
is accumulated non-linearly which will eventu-
ally cause fracture or functional failure of the
composite laminate (Fig. 1).

To describe the fore-mentioned behavior,
fatigue damage model of composite laminate is of
critical importance. In addition, it is equally of
great significance to the structural design of com-
posite components. Existing fatigue damage mod-
els of composite laminates can be divided into
three categories: 1) fatigue lifetime models (S-N
curves or Goodman-type diagrams), 2) phe-
nomenological models for residual stiffness or
strength, and 3) progressive damage models
(mechanistic modeling) [26, 27]. In view of the
accumulation of micro-damage in the fiber and
matrix, the fatigue damage of composite lami-
nate is characterized by gradual degradation in
strength or stiffness. Based on this, some resear-
chers believed that the fatigue damage in com-
posite laminates is related to the initial perfor-
mance parameters, the residual performance
parameters and the performance parameters of
the final failure. One classical stiffness-based
macroscopic quantification damage model was
proposed, which is written as [28]

_ E,—E(n)

D(n) = =-— (1

where D(n) is the damage function, n is the
number of applied loading cycles, F, is the initial
stiffness, E(n) is the residual stiffness, and E; is

the critical stiffness when fracture occurs.

2.2 Stiffness Degradation of Composite Laminate
Based on the relationship between damage vari-
ables and residual stiffness of the composite lami-
nate (Eq.(1)), the stiffness degradation model of

composite laminate can be represented as
E(n)=E, — (E, — E)D(n) (2)

Usually, stiffness degradation curve of com-
posite laminate is presented as normalized curve,
i.e. the number of fatigue loading cycle n which is
normalized with the number of failure cycle N

and the residual stiffness E(n) which is normal-
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ized with the initial stiffness F,. Therefore,
Eq. (2) can be represented as [29]

%’?:1_(1_%)17(%) 3

where E(n)/E, is the normalized residual stiff-
ness and E;/E, is the normalized critical stiff-
ness.

Based on Eq. (3) and Fig. 1, the stiffness deg-
radation curve of composite laminate can be
shown as Fig. 2, where E, is the critical stiffness
and N, is the critical life.
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Fig. 2 Stiffness degradation process of laminate

3 Stiffness Degradation Model of

Composite Laminate

3.1 Fatigue Damage Model of Composite Lami-
nate
The damage behavior of composite laminate due
to fatigue is affected by many factors in contrast
to the fatigue of metal fatigue, such as the num-
ber of fatigue loading cycle n, the load and stress
ratio R’, the loading frequency f, the applied
stress level S, the temperature 7, the humidity
H, etc. [30] Zhao et al. [31] developed a model,
which included many factors, including material,
structural and coupled field parameters, which is

expressed as
D = D(Ecv El‘v ‘/fa 0*7 f*; O maxy Ous 10y Nfa R*a T) (4>
where E, is the Young’s modulus, E; is the resid-

ual modulus, V, is the fiber volume fraction, 6" is

the fiber orientation, f" is the fiber-matrix inter-

face strength, o, is the maximum applied stress,
o, is the ultimate tensile stress, and N, is the ser-
vice lifetime.

Above models depict a large number of
parameters accounted for them, which is not con-
venient for engineering applications. Therefore, in
order to simplify the issue, the secondary factors,
such as f, T, H, R, etc. are not usually consid-
ered. Under a given scenario of initial damage,
frequency, and specimen geometric configuration,
the fatigue damage function can be defined in

terms n and S, which is expressed as [30]
D = D(n,S) (5)

According to Miner’s rule, the fatigue dam-

age function D can be written as [28]

D:ZJT\L;; = D(n,N) (6)
where n, is the load cycle number for a stress
range 4, and N, is the allowable load cycle num-
ber associated with 1.

Combined with Eq.(5) and Eq.(6), fatigue

damage function D can also be expressed as
D =D(n,S)=D(n,N) V)

where N is fatigue life under applied stress level
S.

In Eq.(7), the damage variable D must sat-
isfy two boundary conditions: 1) D= 0, when n=
0; and 2) D = 1, when n=N.

Based on that, for quantitative description
of the damage variable D, it is needed to develop
a damage accumulation model to describe the
damage propagation process of composite lami-
nate. So far, many non-linear fatigue damage
accumulation models have been presented. For
example, a versatile damage accumulation model
was proposed by [32]

D(n) = g()" + 1 -q) ()™ B

where D(n) is the normalized damage accumula-
tion function; ¢, m, and m, are model parameters.
In this model, the first term was used to

describe the characteristics of rapid damage accu-
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mulation during the first stage of damage, with
m, <1.0, while the second term was used to define
another rapid damage stage at the end of dam-
age propagation process, with m,>1.0. This
model does not completely describe the three-
stage damage process of composite laminates, as
discussed earlier.

In order to more accurately describe the
three-stage damage evolution behavior of com-
posite laminate by combining function construc-
tion and two boundary conditions of damage
model, a novel nonlinear fatigue damage accumu-
lation model for composite laminate based on
existing fatigue damage accumulation models is
presented as

n u
(1-k)(5)

D(n) = T )
1 — kcos(1 — N>

where k, v and v are model parameters which are
assumed to be positive and can be obtained using
the fatigue testing data of specimen.

In order to verify the rationality and superi-
ority of the proposed model, some of experimen-
tal data in [22] are adopted. Here, two sets of
experiment results of [90/(+45) /0/ (-45)],, lami-
nates have been used, which were obtained under
O/ 5,=0.64 and o,,, /S5=0.7, respectively, where
S, is initial stress; o,, is maximum stress. The
parameters of proposed damage accumulation
model are estimated with method of the least
squares. The model parameters are tabulated in
Tab. 1, as well as fitting results of the models
and experimental results which are shown in
Fig. 3.

Tab. 1 Parameter of the proposed damage accumulation
model for [90/(+45) /0/(-45)],, laminates

Parameter value R?
Load level
U v Proposed/Ref. [32]
0u/9=0.64 054 0.6846 150 0.9844/0.9778
0/ 9=0.70  0.44 0.4678 49 0.9995/0.9908

From the R? values in Tab. 1, it is quite evi-
dent that the proposed model shows good accu-

racy in curve fitting with the experimental data
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Fig. 3 Experimental data and models fitting the fatigue dam-
age for [90/ (+45) /0/ (-45)],, laminates: (a) o,../S5,=0.64;
(b) 0,./8=0.70

of the two different loading levels for [90/ (+45) /

0/(-45)],, laminates. Also, it is observed from

Fig. 3 that the experimental results and the pro-

posed damage models are plotted very well under

two loading levels. Therefore, the presented dam-

age model can excellently be used to describe the

progressive damage progression process of com-

posite laminate.

3.2 Stiffness Degradation Model of Composite

Laminate
Based on the above, substituting Eq. (9) into
Eq. (3) gives a new stiffness degradation model

for composite laminate which is presented as

E(”)zl, <1E‘) (l—k)(ﬁ)u

E, Ey) |1 - keos(1 — —)
0 0 cos( N)

(100

In order to validate the capability of the
proposed stiffness degradation model, several sets
of fatigue data of E-Glass/Epoxy laminate with

different laying orders used for blade were taken

— 521 —



Journal of Beijing Institute of Technology, 2023, Vol. 32, No. 4

from Ref. [33]. Here, three sets of experimental
results of E-Glass/Epoxy laminates were used: a)
[(+45) / (-45)]., b) [(4+45) /0/(-45) /90],, and c)
(0/90),. These fatigue tests were performed
under the 50% of o,,, 656% of o,, and 70% of o,
respectively and 10 Hz testing frequency. The
values of (1 — E,/E,) for specimens are shown in
Tab. 2.

Tab. 2 Parameter value of the proposed stiffness degradation

Parameter value

Specimen . ) ) R?
a) 0.3813 0.6572 4441 0.9810
b) 0.2272 0.2247 773.9 0.9692
c) 0.3945 0.1311 7712 0.9738

According to these experimental data, the
model parameters of the proposed stiffness degra-
dation for E-Glass/Epoxy laminates can be esti-
mated with a method of the least squares. These
model parameter values and R-square values are
provided in Tab. 2.

Further, a residual stiffness degradation
model for fiber reinforced polymer (FRP) com-
posite laminate was proposed by [34]. This model
considers that the stiffness degradation in stage
IIT has a large uncertainty and a small propor-
tion in the whole life cycle of composite laminate,
so the stiffness degradation in this stage can be
ignored. Therefore, the proposed model in [34] is
applicable to stage I and II, which occupy most
of the life. The rationality of this model was also
corroborated using some of the experimental data
from [33]. Therefore, for a fair and better com-
parison, the results of the two stiffness degrada-
tion models, one proposed in this paper and the
other in [34], are plotted, along with the results
of E-Glass/Epoxy laminate, as shown in Fig. 4.

As shown in Fig. 4, at the stages I and II of
the stiffness degradation of the E-Glass/Epoxy
laminates, the two stiffness degradation models
have shown good agreement with each other as
well as with the experimental data. However, it
is difficult for the model in [34] to predict the

1.0
* Test results
—Proposed model
0.8 —Ref. [34] model
0.6
=
Q
0.4}
0.2
. *
0 0.2 0.4 0.6 0.8 1.0
n/N
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1.0¢
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08¢ —Ref. [34] model
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0 0.2 0.4 0.6 0.8 1.0
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©

Fig. 4 Stiffness degradation curves and some experimental
results: (a) [(+45)/(-45)].; (b) [(+45)/0/(-45) /90];
(e) (0/90).,,

stage III of stiffness degradation of these speci-
mens. On the contrary, it is observed that the
model proposed in this study can provide reason-
ably fair prediction of the residual stiffness of
these specimens in the stage III. Thus, the pre-
sented model for the stiffness degradation of com-
posite laminate can be better applied to describe
three stages in the stiffness degradation process
of the same kind of the blade composite lami-

nate with different laying forms.
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4 Full-Scale Fatigue Testing of Com—
posite Blade

4.1 Full-Scale Fatigue Testing Method of Com-
posite Blade

Full-scale fatigue testing is employed in the certi-
fication procedure of large composite blades to
ensure a reliable and safe design of the blade. A
testing procedure of the blade has been outlined
by TEC 61400-23 standard [15]. In the full-scale
fatigue testing, composite blade suffers an equiv-
alent mechanical load under working condition
[35].

Currently, there are two methods used for
the full-scale fatigue testing of composite blade:
1) uniaxial fatigue testing, and 2) biaxial fatigue
testing. In present study, the uniaxial full-scale
fatigue testing method is used. The testing prin-
ciple of full-scale fatigue testing of composite
blade is shown in Fig. 5.

Testing rig Testing blade Strain gauge Vibration exciter

*— o —o— -9—e¢
32m
42 m
52.5m

Fig. 5 The testing method of full-scale fatigue testing of com-
posite blade

In this method, the blade is tested as a can-
tilever beam, which is fixed in the fatigue testing
facility frame at the root using the standard
mounting bolts. In general, expected service life-
time of 20 years of the composite blade is equiva-
lently transformed into the fatigue loads of two
million cycles, as suggested by the fatigue dam-
age theories [15]. Then, the full-scale fatigue test-
ing of the composite blade is conducted for corre-
sponding number of cyclic loadings under the
higher testing load than normal conditions.
Finally, fatigue performance of composite blade is
estimated according to the equivalent fatigue
damage value generated during the testing [1]. In

order to monitor the deformation of the tested

blade in the testing process, strain gauges were
attached on spar caps (pressure side and suction
side) , leading edge and trailing edge on the same

cross-section of the tested specimen, respectively.

4.2 Full-Scale Fatigue Testing of Composite
Blades

A 2.5 MW composite blade with a total length of
52.5 m was tested by cyclic loading correspond-
ing to 20-year lifetime in the edge-wise direction.
The tested blade was made of glass woven fab-
rics and vacuum infused with epoxy resin. The
composite blade had a mass of 10968 kg, and the
first edge-wise natural frequency was 1.02 Hz.
Maximum chord length was 3.8 m which located
in the 11 m along the blade length. In order to
attach the strain gauges easily, the blade was not
painted in the fatigue test. Field testing of full-
scale fatigue testing of the composite blade is
shown in Fig. 6.

Fig. 6  Full-scale fatigue testing of composite blade with a total
length of 52.5 m

In this testing, the testing load S; equals to
46.6 kN while the critical cross-section and the
load-point is 32 m and 42 m along the blade
length, respectively. The initial stiffness D, is
25.04 kN/m. The fatigue testing is performed
with a stress ratio » = -1, and frequency f =
20 Hz. Due to the large size of the blade, it is
unrealistic to continuously measure residual stiff-
ness during testing. According to the IEC 61400-
23 standard, it is necessary to calibrate the
tested blade under static loading periodically to
ensure the reliability of the testing results during
the fatigue testing. Therefore, in this fatigue test-
ing, the numbers of cycles of static load calibra-
tion are 0, 295481, 500000, 632391, 1500000 and
2000000, respectively. During the process of the
static load calibration, calibration loads are

divided into five levels of 20% increment, i.e.
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20%, 40%, 60%, 80%, and 100% of the testing
load S;, and the data is recorded at each loading

level.

4.3 Fatigue Failure Criterion of Composite Bla—-
des

In practice, strength, stiffness and reliability of
composite blade degrade over time due to many
changing conditions, e.g. wind loads, environ-
ment loads, and engineering variables under nor-
mal conditions. The stiffness degradation of com-
posite blade is one of the important factors caus-
ing the blade to work abnormally. IEC 61400-23
standard specifies that in the full-scale fatigue
testing of composite blade, the failure of the
tested blade occurs when the stiffness degrada-
tion exceeds 10% of its initial stiffness and is
irrecoverable [15]. Therefore, the stiffness of com-
posite blade is used as a characteristic quantity
to characterize its performance. The blade stiff-
ness is the ratio of the testing load and the
deflection value under the fatigue test, as defined
by IEC 61400-23 standard and is given by

E,=S,/L, (1D

where Ej; is the blade stiffness; S; is the testing
load; L; is the measurement deflection.

It should be noted that the composite blade
is typically a hollow structure with the outer
geometry formed by two shells, of which one is
on the suction side and the other is on the pres-
sure side. The global stiffness of a composite
blade is not very sensitive to the damage that
happens in the full-scale fatigue testing [36]. In
addition, due to the aerodynamic design, the lay-
ing form and thickness of composite blade are
different at each cross-section. As a result, the
stiffness of each cross-section of the composite
blade, from its root to the tip, is different. There-
fore, the blade failure is only determined by the
stiffness value of critical cross-section of the
blade during full-scale fatigue testing [37]. The
critical cross-section of this tested blade is 32 m
along the blade length (see Fig. 6).

5 Stiffness Degradation Model of
Composite Blades Based on Full-
Scale Fatigue Testing

According to the failure criterion of full-scale
fatigue testing of composite blade, it is fatigue
failure when the stiffness ratio E;/E, equals to
0.9. However, the main aim of the full-scale
fatigue testing is only to verify the design service
lifetime of 20 years of blade, rather than conduct-
ing a destructive test on the blade. Thus the
fatigue test is not prolonged until the blade fail-
ure. Therefore, the wvalue of stiffness ratio
obtained by the testing cannot be used directly
when establishing the stiffness degradation model
of the blade. To address this issue, a few amend-
ments are made as suggested by [34]. It was pro-
posed that in the damage evolution process of
composite laminate, the proportion of the third
stage in the whole fatigue lifetime cycle is rela-
tively smaller as compared to the other two
stages, and the performance degradation of com-
posite laminate is critical in stage III. Ignoring
the damage data of the stage III does not have a
significant impact on the overall damage assess-
ment and residual stiffness prediction of the com-
posite laminate. Therefore, it was assumed that
the lifetime N; at the end of the stage II can be
regarded as global fatigue lifetime N of the com-
posite laminate, and the corresponding stiffness
value E, is the critical stiffness at failure (see
Fig. 2).

Therefore, the stiffness degradation model of
composite blade based on full-scale fatigue test-

ing is proposed as

Ey(n) E.
AL/ I I
i ()

L-k)(5)

n v

1—-k 1—-—
cos( N)

(12

where E,(n) is residual stiffness of composite
blade. Eq. (12)
E./E, needs to be determined first to establish
the blade stiffness degradation model. The test-

ing time of two million cycles of fatigue loading

shows that the stiffness ratio
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corresponds to 20 years of the service lifetime of
the composite blade which can be considered as
an efficient fatigue lifetime of the tested blade. In
this full-scale fatigue testing of composite blade,
the values of stiffness ratio E,./FE, under different
loading levels are listed in Tab. 3. At the same
time, using the test data of stiffness degradation
obtained from full-scale fatigue testing of the
composite blade, the parameters of the proposed
stiffness degradation model were estimated with
the least square method. The values of the model
parameters for different loading levels are listed
in Tab. 3.

Tab. 3 Parameter value of the stiffness degradation model
under different loading levels

Parameter value .
Specimen number P N ) R?

a) 20% S, 0.0102 0.7792 3.7720 0.9717

b) 40% Sy 0.0445 0.6049 4.8140 0.9985

c) 60% S, 0.5245 0.6094 0.4060 0.9985

d) 80% Sy 0.0752 0.6459 1.4460 0.9961

e) 100% S, 0.0358 0.7784 4.2520 0.9938

According to Tab. 3, the stiffness degrada-
tion model of the composite blade with a total
length of 52.5 m under different loading levels

can be written as

0 0436 n )OA7792
E, 0436(
Eu(n) =1- N n\ 3772 (13)
o 1-0.0102cos (1 . N)
n 0.604 9
0.0453( —
E,
‘iE(”) —1- (N) e (14
0 1 —0.044 5 cos (1 — N)
n 0.604 9
0.0243( =
E,
BE(‘n) =1- (N) n \ 0-4060 QRY)
0 1 —0.5245cos (1— N)
n 0.6459
0.0498(—)
E,
Egn) =1- N N 1.446 (16)
o 1—0.0752cos (1 - N)
n 0.778 4
0.0567(—>
E,
;gn) =1- N TN 4.252 a7
o 1—0.0358 cos (1 — N)

Egs. (13) — (17) are the corresponding stiff-
ness degradation theoretical models of the blade
under different loading levels in the full-scale
fatigue testing. According to these equations, the
fitting curves of these theoretical models and
experimental results based on full-scale fatigue
testing are shown in Fig. 7.

It can be seen that the stiffness degradation
fitting curves of the composite blade (with a
total length of 52.5 m) are actually similar to the
first two stages of the common stiffness evolu-
tion process of composite laminate.

The third stage of rapid decline of the stiff-
ness does not appear in these curves. This phe-
nomenon is rational because the tested blades did
not fail completely during the fatigue testing pro-
cedure. At the same time, it is observed that the
fitting curves of stiffness degradation are in a
very close agreement with the full-scale fatigue
testing data at each loading level. Therefore, it
can be deduced that the proposed stiffness degra-
dation model for the composite laminate can be
well applied to predict the stiffness degradation
of the full-scale composite blade.

It is also evident from Fig. 7 that in the
later stage of the fatigue lifetime of the compos-
ite blade, i.e. when the lifetime ratio n/N is
about 0.73, the residual stiffness values of the
tested blade are significantly different under
other loading levels. Further, this difference
increases with the increase of lifetime ratio n/N.
In other words, dispersity of residual stiffness of
the composite blade is larger in the later period
of the fatigue testing. The reason for this phe-
nomenon is that the applied loading levels affect
the fatigue damage rate of the composite blade
resulting in varying residual stiffness values.
Another reason is that the fatigue damage at
each applied loading level will be accumulated
with the increasing number of cycles. Two impor-
tant deductions can be made here. 1) The
applied loading level has a significant influence

on the residual stiffness of the composite blade
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Fig. 7

1.00

Fitting curves and experimental results of composite
blades with a total length of 52.5 m: (a) 20% S,
(b) 40% Sy; () 60% S, ;(d) 80% Sy; (&) 100% S,

o Test results (20% Sy)
— Proposed model
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(a)

o Test results (40% S,)
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o Test results (60% Sy)
—Proposed model
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n/N
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o Test results (80% S)
—Proposed model

02 04 06 08 1.0
n/N
(d)

e Test results (100% Sy)
R —Proposed model

02 04 06 08 1.0
n/N
(e

under the same loading frequencies and the num-
ber of load cycles. 2) The dispersity of residual
stiffness of the composite blade is becoming more
and more obvious with the increase of the num-

ber of load cycles.

6 Conclusions

In view of the characteristics of large composite
blades with complex airfoil surfaces and internal
structures, it is not reasonable to use the exist-
ing theories and models to predict the stiffness
degradation directly. In current study, a stiffness
degradation model for a composite blade, with a
total length of 52.5 m, is proposed based on the
full-scale fatigue testing. Stiffness degradation
curves of the composite blade under various load-
ing levels were simulated by the proposed stiff-
ness degradation model. This model exhibits the
stiffness degradation curves of the composite
blade under the different loading levels during
full-scale fatigue testing. From this investigation,
major conclusions drawn are as follows.

1) The proposed stiffness degradation model
for the composite blade agreed well with the
fatigue testing results, and the stiffness degrada-
tion process of the composite blade follows the
conventional progressive damage raw of compos-
ite laminates. The stiffness degradation curves of
the composite blade can be divided into two
stages. The first stage is a short period initiation
stage of the fatigue testing with a rapid decrease
of blade stiffness, and the second stage is the sta-
ble stage of fatigue testing where the stiffness
degradation curve approximately follows the lin-
ear law.

2) Under the same experimental conditions,
the distribution of the residual stiffness of the
composite blade increases with the increase of the
number of loading cycles under different loading
levels. Therefore, both the fatigue loading level
and the number of cyclic loadings are the two
major factors affecting the residual stiffness of

the composite blade.
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