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ABSTRACT

To more effectively extract the vast wind energymarine areas, offshore wind turbines have been
constructed with slender tower and large rotoreEl vibration sources such as aerodynamic, sea
wave and seismic loadings can threaten the safettyege energy infrastructures. It is important to
evaluate the reliability of offshore wind turbinesbjected to external vibration sources. Previous
research works on the wind turbine fragility analy®nly considered the fragility of the tower by
assuming the wind turbine was in the parked comditvith the blade mass lumped at the top of the
tower. The study of the fragility of the blade wiits one of the most important components of a
wind turbine has not been reported. In the presardy, a detailed three-dimensional (3D) finite
element (FE) model of the NREL 5 MW wind turbinedisveloped in ABAQUS, and the tower and
blades are explicitly modelled to realistically iestte the aerodynamic loads and structural
behaviours of the wind turbine. The uncertaintieshe structural mass, stiffness and damping are
taken into account to develop the probabilisticasimduced demand models for the tower and blades.
The dynamic behaviours of the wind turbine subgt¢tethe simultaneous aerodynamic and sea wave
loadings are investigated in a probabilistic fraane the fragility curves for both the tower anddels

under the parked and operating conditions are elér@nd discussed.
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1. Introduction

Wind energy as one of the renewable energies ismhi@g a main contributor to the new electricity
generation. The growth and expansion of wind famoeeased rapidly in the past decade. As reported
by the Global Wind Energy Council (GWEC), the waride installed capacity of wind power at the
end of 2018 reached 591 GW, with an increase éb®:6mpared to that at the end of 2017 [1].

Due to the fact that the power generated by the wirbine is proportional to the rotor area andecub
of wind speed, multi-megawatt wind turbines witreraler tower and large rotor are widely
constructed in the state-of-the-art designs. Thesd turbines are very flexible and lightly damped
since they are normally manufactured by the ligbtghit high-strength materials. They are thus
susceptible to external vibration sources suchemsdgnamic and sea wave loadings, which are
experienced constantly during the whole lifetimgsoffshore wind turbines. Moreover, many wind
farms are located in the regions of high seismiwvidies such as western of United States, Japan an
China [2], seismic loading is another possible afimn source during their lifetimes in these region
The excessive vibrations may slow down the conearsif wind energy to electricity, reduce the
fatigue life of the structural components or evesndl to the structural collapse in extreme condstion
Extensive research works have been carried ounhvestigate the dynamic behaviours of wind
turbines subjected to aerodynamic, sea wave arsgismic loadings (e.g. [3-9]). Various control
strategies have been proposed to mitigate thessselvibrations [10-16]. Since the vibration cohtro
of wind turbines is beyond the scope of the presamdy, only the previous studies on the dynamic
response analyses of wind turbines are brieflyesggd here. In order to simplify the analysis, the
wind turbines were generally assumed in the padaudition, and the blades were modelled as a
lumped mass at the top of the tower [12, 14]. imsditeratures, the geometrical configurationshef t
blades were considered and explicitly developetiérfinite element (FE) models [17, 18]. However,
the influence of the rotation of blades on thedtral vibration characteristics was not considered
these studies since they only considered the pas&adition. It is well known that the centrifugal
stiffness will be generated by the rotating bladed the natural frequencies of the blades therefore
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increase as compared to the parked condition, winidlirn affect the dynamic responses of wind
turbines [19]. Moreover, the aerodynamic loadsngcton the blades are directly related to the
geometrical characteristics and rotational velooityhe blades [20]. To more accurately estimage th
dynamic behaviours of wind turbines, some reseasamedelled the blade as a single or two degrees-
of-freedom (DOF) [21, 22] system and investigatesl in-plane and/or out-of-plane responses of the
blade by using the home-made codes. It should tedrtbat many mathematics are included in the
calculations, and these methods are not convefoemther researchers/engineers to use. Moreover,
aerodynamic loads acting along the height of theetaand the length of the blades are unavoidably
different, the structural responses thus could beotealistically obtained by using these simplified
lumped mass models. Some other researchers (8,24) modelled the wind turbines by using the
open-source program such as FAST. The tower amntkblvere explicitly developed and the rotation
of the blades was considered. However, as explam#ége user's guide [25], FAST can only simulate
the elastic behaviours of wind turbines. Duringsty wind events/earthquakes, wind turbines may
experience nonlinear deformations, which mightbetccurately captured by FAST.

Besides these deterministic analyses, some resgaraldopted the probabilistic approach to assess
the fragility of wind turbines under aerodynamieaswvave and/or seismic loadings. For example,
Duefias-Osorio and Basu [26] investigated the ufehilify of wind turbines as a function of wind
speed. Their investigations indicated that theatibns of the tower could lead to the malfunctidén o
the acceleration sensitive equipment installedhia nacelle and reduce the annual wind turbine
availability. Quilligan et al. [27] used the fragyl curves to compare the performances of steel and
concrete wind turbine towers subjected to the vidradi. Their results showed that the concrete tower
performed better than the steel counterpart, howyéve extent of improvement was dependent on the
type of concrete specified. Mardfekri and Gardad28][ constructed the probabilistic models for
deformation, shear and moment demands on the wirmine tower to estimate its fragility under
wind and sea wave loads, and it was concludedctietging the blade pitch angle could reduce the
probability exceeding a predefined limit state lué tower, and sea wave load had a negligible effect
on the tower fragility especially under large wepkeds. Kim et al. [29] analysed the seismic fitgil

of an offshore wind turbine considering the intéiac between the monopile foundation and
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surrounding soil, and two different scenarios gflging ground motion were compared. It was found
that the seismic response was deeply affectededowdly in which ground excitations were applied to
the soil spring elements. The influences of nead-far-fault ground motions on the seismic fragilit
of the wind turbine tower were investigated by Rettal. [30], and the tower damage was found to be
more pronounced in case of near-fault loading esvdoe to the pulse type ground motion. Asareh et
al. [31] performed fragility analyses of the towsrder the combined wind and earthquake loads, and
it was observed that the effect of wind load onfthleire probability of the tower was less sigraifint
compared to earthquake, which was also confirmeduan et al. [32]. Recently, Hallowell et al. [33]
proposed a complete framework for the failure gskntification of offshore wind turbines subjected
to hurricanes. The results of a case study showetdsite-specific designs and geometries, intensity
measures, fragilities and the ability of the stuoetto maintain a functional yaw control system
influenced the risk of offshore wind turbines tarizanes.

To mitigate the tower vibrations and further impgathe reliability of wind turbine tower, Mensah
and Duefias-Osorio [34] and Fitzgerald et al. [8Sfalled tuned liquid column dampers (TLCDs) and
active tuned mass dampers (ATMDSs) in the nacedigpectively. Moreover, by weighting the wind-
induced displacement fragility curves with the likeod of wind speed realizations at a specifie,sit
the annual failure probabilities of the tower witth@nd with TLCDs were calculated in [34]. Their
results underlined that using passive and activeralters could greatly decrease the tower failure
risk under the wind load.

However, it should be noted that in the above moaeti] studies the wind turbines were either
assumed in the parked condition [29] and the masiseoblades was lumped at the top of the tower
[28, 30] or the rotation of the blades was congddyy the simplified 1- or 2-DOF system [26, 27, 34
35]. The influence of blades on the structural oesgs was therefore not necessarily realistically
considered as discussed above. Moreover, all tresmarches focused on the reliability of wind
turbine tower, to the best knowledge of the autheosopen literature reports the vulnerability o t
blades under the external vibration sources.

In this paper, the dynamic behaviours of the wimthine subjected to the simultaneous aerodynamic
and sea wave loadings are investigated in a pridtabirame and the fragility curves for both the
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tower and blades under the parked and operatinditcmms are derived. In particular, the tower and
blades of the modern NREL 5 MW wind turbine areliexty modelled by using the commercially
available FE code ABAQUS. The influence of the tiota blades on the aerodynamic loads and
dynamic behaviours of the wind turbine is invedtigla The uncertainties of the structural mass,
stiffness and damping of the wind turbine are ader&d to derive the probabilistic demand models of
the wind turbine as a function of wind speed. Tinecsure of this paper is organized as follows: the
properties of the wind turbine, the FE modellingl @hysical uncertainties are presented in Section 2
Section 3 introduces the external vibration soyrtesthe aerodynamic and sea wave loadings; the
fragility model and numerical results are systeoadiy presented in Section 4 and some concluding
remarks are summarized in Section 5.

2. Numerical model description

2.1. NREL 5 MW wind turbine

The NREL 5 MW wind turbine is used as an examplethia present study since its detailed
information has been well documented and is aviailed the public. The detailed properties of this
wind turbine were reported in [36], and they areutated in Table 1. As reported in [36], the pre-
twisted blade consists of eight unique airfoil &, and Fig. 1(a) shows a schematic drawing ®f th
blade. The main geometries of each airfoil sectvene defined in [36], but the thickness of the blad
was not explicitly given. In the present study,réfarm thickness is assumed for the twisted blade,
and the mass of each blade is ensured to be the asuthat in [36]. This thickness is computed as
0.019 m.

Tablel

Properties of the NREL 5 MW [36]

NREL 5 MW baseline wind turbine properties

Rotor diameter 126 m
Hub height 90 m
Cut-in, rated and cut-out wind speed 3mis, 11¢ 88 m/s
Blade Cut-in and rated rotor speed 6.9 rpm, 12.1 rpm
Length 61.5m
Overall (integrated) mass 17,740 kg
Structural damping ratio 0.5%
Hub diameter 3m
Hub and Nacelle Hub mass 56,780 kg
Nacelle mass 240,000kg
Tower Height above water 87.6 m

5



134

135

136

137

138

139

140

141

142

143

144

145

146

147

Top outer diameter and wall thickness 3.87 m, 01919

Bottom outer diameter and wall thicknesses 6 M
Overall (integrated) mass 347,460 kg
Structural damping ratio 1%
Total length 30m
Monopile Outer diameter 6m
Wall thickness 0.027 m

blade #3

i blade #1
tower

monopile

(a) blade (b) FE model
Fig. 1. NREL 5 MW wind turbine: (a) blade and (i Fodel

2.2. FE modelling
The detailed three-dimensional (3D) FE model of NMREL 5 MW wind turbine is developed in
ABAQUS. Since the FE model in the present studyxesctly the same as that in the authors’ previous
study [4], the numerical modelling is only brieflytroduced herein, interested readers can refgt]to
for more detailed information. The blades, towed aonopile are modelled by shell elements (S4 in
ABAQUS). For the hub and nacelle, only the masg$aham are considered and they are lumped at
the top of the tower. The tower and monopile areneated through a tie constraint, and a hinge
connection between the top of the tower and theabthe blades is defined to simulate the opegatin
condition. Fig. 1(b) shows the FE model of the wintbine, in which the three blades are labelled as
#1 to #3 in an anticlockwise direction.
Table?2

Material properties of the wind turbine [36, 37]

Material Component Density Young's Poisson’s Yield Plastic




(kg/m’) modulus ratio strength strain

(GPa) (MPa)
Glass/polyester Blade 1850 38 03 700 0.02
COfnpOSlteS
Steel Tower 8500 210 03 235 0.01
Monopile 7850 210 0.3 235 0.01

148
149  Table 2 tabulates the detailed material propeuiethe blades, tower and monopile. It should be
150 noted that the vibrating monopile inserted into #eawater can impart an acceleration to the
151  surrounding seawater, and this interaction candrmsidered by using the added mass model [38].
152  Therefore, the effective mass of the monopile ciaxf the physical mass and the added mass, and
153  the latter can be calculated as follows

Mg = CaAppw 1)
154  in which,my is the added masS§, is the coefficient, which is assumed as 1.0 inpitesent study [39],
155 A, is the cross-sectional area of the monopile,rd 030 kg/mis the density of seawater.
156  After developing the FE model of the wind turbitiee natural frequencies and mode shapes of the
157  wind turbine were obtained by carrying out an eigdue analysis [4]. These results agreed well with
158 those given in [36], which demonstrated the acguodid¢he FE model.
159
160  2.3. Physical uncertainties
161  The structural behaviours of the wind turbine a¥as#tive not only to the variations of the external
162  vibration sources, but also to the inherent uncerés of the structural properties. In particular,
163  uncertainties in the structural stiffness, massa$ @amping ratios of the tower and blades can
164  significantly contribute to the variability in thlynamic responses of the wind turbine. In the prese
165  study, the variables considered in the simulatioetude the material (Young's modulus, density,
166  wall thickness) and damping parameters of the tcavel blades. The probability density function
167 (PDF) and coefficient of variation (CoV) of the maal parameters are tabulated in Table 3. The
168 parameters related to the steel are directly adoftem [27]. For the material of the blades
169  (Glass/polyester composites), the same PDF andaEe¥ssumed as the steel due to the lack of data.
170 Table 3

171 Model input variables
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Material Variable Unit PDF Mean) CoV (%)

Young's

GPa Lognormal 210 3
Steel modu!us
Density kg/nd Normal 8500 1
Thickness mm Normal 30 2
Young's
Glass/polyester modulus GPa Lognormal 38 3
composites Density kg/nd Normal 1850 1
Thickness mm Normal 19 2

The damping mechanism of an offshore wind turbise composed of structural damping,
aerodynamic damping and hydrodynamic damping, whacbount for the contributions of the
structure itself, wind and surrounding sea wataspeetively. The structural damping ratios of the
tower and blades are 1% and 0.5% as reported JnA86odynamic damping results from the relative
velocity between the rotating blades and wind. Agjgested by Bisoi and Haldar [40], an
aerodynamic damping ratio of 3.5% in the fore-aféction for an operating wind turbine is adopted.
When the wind turbine is in the parked conditioreyious studies (e.g. [41]) revealed that the
aerodynamic damping is almost zero, and it is abph the present study. The hydrodynamic
damping results from the drag between the mone@pite surrounding sea water and its upper limit is
about 0.23% [41]. Summing all the components tagretihie damping ratio of the tower is 1.23%. For
the rotating blades, it is 4% in the fore-aft direc and the value is 0.5% for the parked bladeshé
present study, a uniform distribution is assigreethe damping ratios of the tower and blades, had t
variability is assumed as 50% with respect to tha#an values [26, 35]. The damping of the wind
turbine is considered by means of Rayleigh dampimg) the damping ratio is assumed for the first
two vibration modes of the tower and blades.

The Latin Hypercube sampling technique [26] is addgo obtain the random variables and they are
then assigned to the numerical models subjectelifferent wind speeds within the range from 3 to
25 m/s (within which the wind turbine is alloweddperate).

3. Aerodynamic and sea wave loadings

In the present study, the wind turbine is subjedtethe simultaneous aerodynamic and sea wave
loadings, which are stochastically simulated adogytb the sophisticated simulation techniques. The

detailed simulation techniques have been introdugedhe authors’ another paper [4]. For
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completeness of the present paper, they are biigfigduced in this section. Interested readers can
refer to [4] for more detailed information.

For the aerodynamic load acting on the tower, it ba decomposed into a mean and a fluctuating
component. The fluctuating aerodynamic loads dewdint locations along the tower are different but

with certain similarities, which is known as theasal correlation effect. It can be described by a

spatial coherency loss function. The power sped&abity (PSD) of the fluctuating wind speed at any

locations can be calculated by using the Kaimattspm [19],

v2 200c¢

f (1+500)5/3 @

va(h' f) =

in which, v« is the friction velocityf is the frequency in Hz, ardis the Monin coordinate, which is
given by Eq. (3)
¢ = fh/v(h) 3

whereh is the height of the location where aerodynaméd|s calculated; is the mean wind speed
and it can be calculated by Eqg. (4)

v(h) = v.In(h/z0)/K (4)
whereK is the von-Karman'’s constant ands the roughness length.
The tower is generally divided into several segmeatsimplify the simulation of the aerodynamic
load on the tower. Ideally the finer the segmeme, tnore accurate the aerodynamic load would be
estimated. To investigate the influence of segnmemhber on the aerodynamic load simulation, a
numerical convergence test is performed. The reshibw that the variations of the aerodynamic load
on the tower decrease with the increasing of segmember, and the total load is consolidated when
the tower is divided into nine segments. To balatiee computational time and accuracy, nine
segments with a length of 10 m are adopted in thegnt study to simulate the aerodynamic load on
the tower. On the other hand, it should be notedl tthe adopted number of segments in the present
study may not be applied to other wind turbineseemly the height of the wind turbine tower is
significantly different from the current one, whishould be determined case by case.
Fig. 2 shows the fluctuating wind speed PSDs inttipesegment (85-90 m along the tower) and the

corresponding model values, which are calculate&dpy(2), when the mean wind speeds at the hub
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height are 3 and 25 m/s respectively. As showngstimellated results are in well agreement with the

corresponding model values. For conciseness, htieaberodynamic loads on the tower are shown,

only the time histories in the top segment are showFig. 3 when the mean wind speeds at the hub

height are 3 and 25 m/s respectively.

10

S, (mz/s)

600
simulated simulated
— model 500 —— model
400
"E 300
LQ%

200
0 : ‘ : 0

0.1 0.2 03 0.4 0.5 0.0 0.1 0.2 0.3 0.4 05

S (Hz) J(Hz)
(8)v=3 m/s (b) v=25 m/s

Fig. 2. Comparisons between the simulated and nf®8Bis of wind speed

Different from the aerodynamic load on the towke aerodynamic loads on the blades are influenced

by the wind speed, rotational velocity, pitch anglel geometrical characteristics of the blade. 8lad

Element Momentum (BEM) method [20] is adopted ie piesent study to estimate the aerodynamic

loads on the blades. In this method, it is assuthatlno aerodynamic interaction between different

sections along the rotor, the blade therefore eadilided into several elements and the aerodynamic

load acting on each element can be calculated &ehar

0.30

25

020 r

Aerodynamic load (kN)
[
7

Aerodynamic load (kN)
=

0.25 20

0.10 5
0.05 + 0
000 1 1 1 L 1 L 1 _5
0 50 100 150 200 250 300 350 400 0
Time (s)
(@) v=3 m/s

50 100 150 200 250 300 350 400

Time (s)

(b) v=25 m/s

Fig. 3. Aerodynamic load time histories at the édphe tower

10



231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

The relative wind velocity on each element of thalb () is given by

Vyer (1) = J(ﬁ(l —a)+ vf)z + (.Qr(l + a’))2 (5)
wherer is a radial distance of the element from the eeofrthe huba anda are the axial and
tangential induction factors respectivedy,is the rotational velocity in rad/s arglis the fluctuating
wind speed. It should be noted that the PSD ofltlituating wind speed is a time-variant spectrum
due to the height of the blade experiences a sigailseariation in magnitude with the rotation o&th
blades. Not to further complicate the problem,satropic, homogenous wind turbulence at the height
of the hub is assumed to represent the wind tunigeleover the rotor field in the present study.
According to this assumption, the fluctuating wspked in Eqg. (5) can be easily calculated by using
the PSD of wind velocity at the hub height defieéq. (2).

After the relative wind speed is determined, ttealdift and drag forces on each element then @n b

computed as follows
1 2
p(r) = Epvrel(r)l(r)clb (6)

1
pa(r) = Epvrzel(r)l(r)cdb (7)
In Egs. (6) and (7)p is the air densityl is the chord length an@, andCy, are the lift and drag
coefficients of the blade respectively, which agkated to the flow, pitch and pre-twist angles.. Big

shows the flap-wise and edgewise aerodynamic loadse blade #2 when the mean wind speeds at

the hub height are 3 and 25 m/s respectively.

20 100
flap-wise
edgewise 30

flap-wise
edgewise

IS ¢
60

40

20 1, ‘ iR
b i

Aerodynamic load (kN)
\ = \
Aecrodynamic load (kN)

A S o

-40 :
0 50 100 150 200 250 300 350 400 0 50

Time (s)

100 150 200 250 300 350 400
Time (s)

(@) v=3 m/s (b) v=25 m/s
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Fig. 4. Flap-wise and edgewise aerodynamic loadt®blade #2

For the sea wave loading acting on the monopike JONSWAP spectrum [42] is used to simulate the

sea surface elevation and it can be described b{Bq

_(f—fm)z]

4
Sun(f) = apg?(2m)™*f exp [_Z(fﬂ) ]V”‘” 20213 (8)

f

in which g is the gravitational acceleration and the peak enhancement factor and a value a63.3

used in the simulatiom, f,, andeo are three constants, which are

ap = 0.076(Fg/v3y) 022 ©)

fin = 11(v1oF/g?) ™3 /n (10)
(007 f < fn

7= {0.09 F>fn (1)

In Egs. (9-11)F is the fetch lengtland vy, is the mean wind speed at 10 m above the seacsurfa
which can be determined by Eq. (4).
The sea wave length is much larger than the dimansi the monopile [4], Morison equation (Eq.

(12)) therefore can be adopted to calculate theveea load on the monopile

1
E, = Epwcdpdplvxlvx + prmApax (12)

whereF,, is the transverse sea wave load per unit lengtheofmonopilep,, is the seawater density,
andA, are the outer diameter and cross-sectional aré@eaionopile respectively, anda, are the
velocity and acceleration of water particles reipely, and the detailed calculation of these two
parameters can be found in [4] and is not introdulcerein.Cq, and C,, are the drag and inertia
coefficients respectively, and they are as fundtiofi Reynolds number, the Keulegan-Carpenter
number and the roughness [39]. The uncertaintiethede two parameters may also influence the
fragility curve, which are however not consideradhie numerical simulations, and fixed values of
1.2 and 2.0 as suggested in [39] are adopted iprégent study.

Similar to the tower, the monopile in the seawaarqually divided into two segments. Fig. 5 shows
the simulated sea wave load time histories at thamsea level when the mean wind speeds at the
hub height are 3 and 25 m/s respectively and Figpbrépares the PSDs of the simulated sea surface

elevation and the model. Good matches are obsaisyedown.
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Fig. 5. Sea wave load time histories at the meare!|
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Fig. 6. Comparisons between the simulated and nf®8Bls of sea surface elevation

As introduced above, the tower, blade and monogike divided into several segments in the

simulation of the aerodynamic and sea wave loadinghe FE model, a reference point is developed

in each segment and coupled to the cross sectiotheofcorresponding segment, the simulated

aerodynamic and sea wave loadings are appliecs® tteference points as the external loadings.

4. Fragility analysis of wind turbine

4.1. Fragility function

The structural fragility can be defined as the ¢omaial probability of a structural demand to reach

exceed the structural capacity at a given excitaéwel. The present study constructs the fragility

curves of the tower and blades by using the oyttarfie displacement responses obtained from the

numerical simulations. For the fragility curve adéted based on the in-plane responses of thed)lade
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they are not included in the present study dubdddck of data to define the corresponding lindtes
levels.
In seismic response analysis, fragility curves nammally be generated by using the incremental
dynamic analysis (IDA) method or the probabilitysegic demand analysis (PSDA) method [43]. In
the former approach, all motions are scaled tos#lected intensity levels and IDA is performed at
different hazard levels. A large amount of humdrgmulations are needed in order to generate the
fragility curve by using the IDA method. On the ethhand, the PSDA approach uses unscaled
earthquake ground motions and regression analysibtain the mean and standard deviation of the
structural response at each intensity level byrassy a logarithmic correlation between the median
engineering demand parameters and a selected itytémsel. Compared to the IDA approach, the
PSDA method requires much less computational effimitt can result in reasonable estimations of the
fragility curve [43]. It is therefore widely used the fragility analyses for engineering structures
when they are subjected to the earthquake loadiResently, the PSDA method is also adopted in the
wind-induced fragility analyses of wind turbine$[234, 35]. In the present study, the PSDA method
is used and the mean wind speed at the hub heigelected as the fragility hazard parameter though
the aerodynamic and sea wave loadings are condider¢he analyses due to the fact that the
structural responses induced by the sea wave loadnach smaller than those induced by the
aerodynamic load [4]. Similar to the seismic demamadel developed in [44, 45], the structural
demands for a wind turbine under the combined \simdl sea wave excitations are estimated by using
a power law functional form as

D, = m(v,)" or In(D,,) = Inm + nin(v,,) (13)
whereD,, is the median wind-induced out-of-plane displaceinoé the wind turbiney,, is the mean
wind speed at the hub height, andndn are coefficients obtained from regression analysis
The power law model (Eg. (13)) is used to develapftagility curves by providing an estimation of
the likelihood of displacement threshold exceedamse function of wind speed. The conditional

probability of exceeding a prescribed displacendefined as a lognormal distribution:
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(14)

P[Dy > Dyslvy] = @ <ln(DW) — ln(DLS))

Bp,, v,
In Eq. (14),D.s represents the displacement threshold that iestiahanges in the performance state
of the wind turbine,®(-) is the standard normal cumulative distributimmction, 8, |, is the

dispersion of the logarithmic displacement respassa function of wind speed. For simplicity, it is
normally assumed that the parameigr,, is independent of,, and can be expressed by Eq. (15)

[45]

o ] Jolin(0) - o) as)

whereD;is thejth realization of the wind-induced structural dehel,; is the median displacement
of the wind turbine corresponding to thke wind speed and can be calculated by Eq. (13) N\ais

the number of conducted nonlinear time history ysed. In the present study, 45 nominally identical
but statistically different wind turbine models ayenerated based on the random variables defined in
Section 2.3, and these 45 wind turbine models anmeg with 45 different wind speeds to calculate
the structural responses and further estimaterdgdify curves.

4.2. Limit state levels

To assess the safety of the wind turbine subjeitidtie aerodynamic and sea wave loadings, limit
states should be defined. Four limit states arelyiddopted in the analyses of offshore wind tugbjn
which are the serviceability limit state (SLS),imfate limit state (ULS), fatigue limit state (FL&)d
accidental limit state (ALS) [46]. The SLS and Uafe considered in the present study to determine
the damage levels of the wind turbine. The SLS$és deformation tolerances to ensure the regular
and normal operation of the wind turbine and theSWorresponds to the maximum load-carrying
capacity (e.g. yielding, buckling, overturning gtof a structure and structural components. In the
present study, a damage criterion based on thé&adepents at the top of the tower and the tip ef th
blade is adopted and four damage states are dafamehding on the different demand parameters of
the wind turbine. These four damage states aredanted individually as follows:

Damage state one (B)Scorresponds to the SLS. The deformation tolerasmessually defined in the

design basis and it is often specified in termshef maximum allowable rotation of the pile head at
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the seabed in a vertical plane. DNV [46] speciffed the maximum allowable tilt of the tower should
be less than 0.5°, which incorporates the erroinguhe construction and it normally ranges froi2r0.
to 0.25°. The maximum allowable tilt of the toweredto external vibration sources is therefore about
0.25°. In the present study, the height of the wimBline is near 120 m, so the tilt of the towen ba
converted to the displacement at the top of theetpand it is 0.524 m.

To determine the other three damage states obthert pushover analysis is carried out to investiga
the nonlinear deformation characteristics of thedmurbine tower and to find the corresponding
critical displacement. This procedure is achievedjtadually increasing the displacement applied in
the for-aft direction at the top of the tower anghsidering the first buckling mode as initial
imperfection [47]. It is obvious that the maximumernal forces (bending moment and shear force)
appear at the bottom of the monopile. The resuttenfthe pushover analysis can describe the
relationship between the internal forces at thédnotof the monopile and the displacement at the top
of the tower. The normal stress is adopted as itkld griterion for the wind turbine in the present

study, which can be calculated by

M N
7N 16
TwTa (16)
nd3 d\*

M, (%2 17

W=~ (@) an
T

A=, (df —d3) (18)

in which M is the bending moment as shown in Fig. 7&ais the axial forceg; andd, are the outer
and internal diameters of the monopile respectively

Fig. 7(a) shows the relationship between the benditoment/shear force at the bottom of the
monopile and the displacement applied at the tapetower. By substituting them into Eqgs. (16-18),
the normal stress at the bottom of the monopilelmiobtained and it is presented in Fig. 7(b). As
shown, nonlinear behaviour begins to occur at platement of 2.097 m, which indicates that the
wind turbine tower starts to yield at this displaemt. It also can be observed that the internal
force/stress-displacement relationship shows a-baak behaviour due to the local buckling of the

tower when the displacement at the top of the tawaches 2.922 m. Fig. 8 shows the local buckling

16



351

352

353

354

355
356

357

358

359

360

361

362

of the wind turbine from the pushover analysiswirich the blades are not presented to more clearly
show the result. As shown, the buckling of the wintbine appears at a point approximately 10 m

above the bottom of the monopile foundation, whgcbonsistent with previous studies (e.g. [31]).

250 200 250 |
- e ;
Moment Yielding | ') Buckling
200 | orce 200 |
{150 |
e - | |
£ z = [ |
50 = 150
% 150 = E : :
= 1100 =, o
= o Z | |
2 100 2 £ 100 I I
2 = «» | |
= i | |
150 | |
50 50 | |
[ |
[ |
0 . . . 0 0 i Nl L .
0 1 2 3 4 5 0 1 2 3 4 5
Displaccment (m) Displacement (m)
(a) bending moment and shear force (b) stress

Fig. 7. Moment, shear force and stress and displanerelationship from pushover analysis

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+2.978e+08
+2.732e+08
+2.486e+08
+2.240e+08
+1.995e+08
+1.749e+08
+1.503e+08
+1.258e+08
+1.012e+08
+7.661e+07
+5.204e+07
+2.747e+07
+2.901e+06

Fig. 8. Buckling of the wind turbine tower (defortioa is amplified three times)

The above results show that buckling occurs at ehnharger displacement compared to the yielding.
In the present study, wind and wave loadings arsidered as excitations, buckling is very unlikely
to appear, and it is not adopted as a damage Btaltewing the suggestions of many researchers (e.g
[29, 34]), damage states PBS, are defined as 30%, 40% and 50% of the yieldisgldcement of
the tower, which are 0.629 m, 0.839 m and 1.04%spectively. Table 4 tabulates the four limit

states of the wind turbine tower. However, it isrtianoting that when the wind turbine has opening
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and stiffening [47, 48] or it is subjected to othération sources such as earthquake, bucklindimig
occur, and it should be considered as a limit statiee analyses.
Table4

Damage states of the wind turbine tower

Damage states Critical displacement Description
DS, 0.524 m SLS
DS, 0.629 m 30% of yield stress
DS; 0.839 m 40% of yield stress
DS, 1.049 m 50% of yield stress

Different from the tower, it is not realistic toftlee the damage limit states (the critical disptaeat)

of the blade by using the pushover method, sinedthde is made of high-strength material (e.qg. for
the glass/polyester composites, the yield streisgfi®0 MPa [37]), which is very difficult to yiel®©n

the other hand, a minimum clearance between thaf tipe blade and the tower should be specified to
avoid the possible collision between the rotor #mel tower during the extreme conditions. A tilt
angle of 5° between the rotor axis and the horaogpiane is used in the design of the wind turbine
[49]. As shown in Table 1, the rotor radius is 63smthe maximum allowable displacement at the tip
of the blade subjected to the external loads igrb.Similar to the limit states of the tower asicied
above, the four limit states for the blade arerdefias 20%, 30%, 40% and 50% of the maximum
allowable displacement at the tip of the blade 6.8 m), which are 1.100, 1.650, 2.200 and 2.750 m
respectively.

4.3. Fragility curves of thewind turbine

Based on the prescribed damage states of the twleblades, the fragility curves of the wind tugbin
can be calculated by using Egs. (13) and (14).Xeongne the influence of operational conditions on
the fragility curves of the wind turbine, two scepa are considered. In the first scenario, thedwin
turbine is in the parked condition with the locasoof the blades shown in Fig. 1(b). In the second
scenario, the blades are rotating at a uniformoigiowhich is related to the wind speed. For the
NREL 5 MW wind turbine, the blades start to rotate cut-in velocity of 6.9 rounds per minute (0.72
rad/s) when the wind speed is 3 m/s, and the maxrimind energy output will be achieved at a rated

velocity of 12.1 rounds per minute (1.27 rad/s) whbe wind speed is or above 11.4 m/s. The
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rotational velocity is assumed as a linear vanmati@tween the cut-in and rated velocities. In the
present study, the wind speeds ranging from 3 tmZ5with an interval of 0.5 m/s are considered (in
total 45 wind speeds, i.81=45 in Eq.(15)), which correspond to the normalrapeg range of the
wind turbine. The aerodynamic and sea wave loadesshin Figs. 3 and 5 are applied to the tower.
For the aerodynamic loads on the blades, they depenthe rotational velocity as introduced in
Section 3. Different aerodynamic loads on the ldaale simulated according to the different wind
speeds and rotational velocities. It should be dditat the fragility of the wind turbine is relatesl

the maximum structural response, which is influeniog the duration of the external excitations. All
the numerical results in the present study aretbase relatively long duration of 400 s as shown i
Section 3.

4.3.1. Parked condition

It is obvious that the maximum responses of thestaamd blades occur at the top of the tower and the
tip of the blade when the wind turbine is subjediedhe simultaneous aerodynamic and sea wave
loadings. Here only the maximum responses of thet@nd blades are used to develop the fragility
curves. Fig. 9 shows the peak displacements abthef the tower under different wind speeds and
the probabilistic wind-induced demand model (red/eliconstructed based on the regression analysis
(Eq. (13)) by using these maximum displacemente. Vidiues of the parameters n andg, |, are
tabulated in Table 5. As shown in Fig. 9, the poleev model can well describe the relationship
between the displacement response at the top dbther and the wind speed with a coefficient of
determinationR? equalling to 0.9879. It also can be seen that uheertainties in the Young's
modulus, wall thickness, density and damping rafithe tower marginally affect the displacement
responses of the tower when the wind speed is b&b® m/s. This is because the displacements at
the top of the tower are small when the wind spegddow. With the increment of the wind speed,
the uncertainties of these parameters have monewbeffect on the responses of the tower and the

dispersion of the displacement responses becomgs .la
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Fig. 9. The maximum displacements at the towertgthe corresponding wind-induced demand modilen
parked condition
Table5

Parameters to characterize wind-induced displacefreggility curves in the parked condition

Component m n Bpy, vy
Tower 0.0011 1.9362 0.1252
Blade #1 0.0017 2.1319 0.2479
Blade #2 (#3) 0.0021 2.1001 0.2115

Fig. 10 shows the maximum displacements at thedtfiihe blades under different wind speeds and
the corresponding probabilistic wind-induced demamatlels. The values of the parameters for the
demand models are also tabulated in Table 5. tldhoe noted that the displacement responses of
blade #3 are the same as those of blade #2 duestéatt that the geometrical configurations and
locations of blades #2 and #3 are symmetric as showig. 1, and the same excitations are applied
on those two blades. As shown in Fig. 10, the dcieffts of determinatiof® in the probabilistic
wind-induced demand models of blades #1 and #2.&466 and 0.9415 respectively, which again
indicate the good fits of the model to the simudatesponses of the blades. It also can be observed
from Fig. 10 that the maximum displacements attihef blade #1 are slightly smaller than those at
the tip of blade #2 since blade #1 locates at @itqwesition than blade #2 and the aerodynamic loads
acting on blade #1 are smaller than those on Bfader a particular wind speed. Comparing Fig. 10
with Fig. 9, it can be seen that the dispersiothefdisplacement responses of the blades is |&rger
that of the tower. This is because as tabulatefalle 3, although the PDF and CoV of the blade

parameters are assumed the same as those of #e toeymean value of the Young’s modulus of the
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blade is 38 GPa, which is much smaller than thaheftower of 210 GPa. A small variation on the
input values will result in more obvious structur@sponse changes, which in turn leads to therdarge

dispersion of the displacement responses of thdeblas compared to the tower.
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151 In (Dy)=-6.3771+2.1319%n,) L5t In (Dy)=-6.1658+2.1001%nf,)
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Wind speed (m/s) Wind speed (mv/s)
(a) blade #1 (b) blade #2 (#3)

Fig. 10. The maximum displacements at the bladeaip the corresponding wind-induced demand madels
the parked condition

After the probabilistic wind-induced demand modefsthe tower and blades are determined, the
fragility curves of the tower and blades with redp®e different damage states can be calculated by
using Eq. (14). Figs. 11 and 12 show the fragitityves of the tower and blades respectively when
the wind turbine is in the parked condition. Foewbty, only the fragilities of the wind turbine tite
cut-in (3 m/s), rated (11.4 m/s) and cut-out (25)mvind speeds are discussed below.
As shown in Figs. 11 and 12, the likelihood of eediag the four prescribed displacement levels is
near zero for the tower and blades at the cut-oh rated wind speeds of the parked wind turbine.
When the wind speed is 25 m/s, Fig. 11 shows tileadamage probabilities of the tower are 70.2%,
17.6%, 0.1% and 0%, respectively for the four dispment thresholds, which indicates that the tower
is very unlikely to yield under this wind conditiolh might be worth reiterating that buckling ocsur
at a much larger displacement (2.922 m as showging) than that when yielding occurs (2.097 m),
thus the wind turbine tower is also less likelyfél as a buckling damage, which supports the
selection of limit states as presented in Secti@nHor the blades, Fig. 12 shows that the protigisil
of the limit state exceedance for blade #1 are%44£7.5%, 11.1% and 1.7% respectively and they

are 99.1%, 67.1%, 17.9% and 2.4% respectively faded#2 when the wind speed reaches 25 m/s.
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The probabilities of exceeding the predefined dispinent thresholds of blade #2 are higher than
those of blade #1 since the displacement respafsbkade #2 are larger as discussed above. The
results also show that the potentials of the bladssing the four limit states are all higher thiag
tower. This is actually deemed necessary and raeasmrsince the blades are supported by the tower,
the damage of the tower will lead to the total mmattion of the wind turbine. The tower therefore ca

be regarded as a more important component thabl#lges, and it should be designed with higher

reliability.
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Fig. 11. Wind-induced fragility curves for the towe the parked condition.
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Fig. 12. Wind-induced fragility curves for the bésdin the parked condition
4.3.2. Operating condition
This section presents the fragility of the opemativind turbine under the simultaneous aerodynamic
and sea wave loadings. Fig. 13 shows the peakadespients at the top of the tower under different

wind speeds and the fitted probabilistic wind-inedidemand models. Table 6 tabulates the values of
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the parametersn, n andgp |, from regression analyses. It can be seen thatligpersion of the
maximum displacements at the top of the tower endperating condition is larger than that of the
parked wind turbine as shown in Fig. 9. This isaduse the aerodynamic loads on the rotating blades
are larger than those on the parked blades, whlits in more severe interaction between the top o

the tower and the root of the blades.
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Fig. 13. The maximum displacements at the towelatopthe corresponding wind-induced demand model in
the operating condition

Table6

Parameters to characterize wind-induced displacefraggility curves in the operating condition

Component m n Bo,, v
Tower 0.0643 0.7350 0.1810
Blade #1 0.4420 0.4593 0.2075
Blade #2 0.5438 0.3989 0.1809
Blade #3 0.5816 0.3730 0.1874

Fig. 14 shows the maximum displacements at thedighe blades under different wind speeds and
the corresponding probabilistic wind-induced demamatiels. The fitted values are also tabulated in
Table 6. As shown in Fig. 14 and Table 6, differeaoin the displacement responses of the blades in
the parked condition, when the blades are rotatimgdisplacements at the blade tips increases at a
slow rate with the increasing of the wind speegl,ri<1 as tabulated in Table 6. This is because the
aerodynamic damping in the parked condition is alzewo, however, as stated in Section 2.3, the
aerodynamic damping appears due to the rotatiaineoblades, and this damping is related to the

rotational velocity and wind speed. Large rotatlonalocity and wind speed result in large
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aerodynamic damping, which slows down the increpsate of the displacement responses of the
blades. Moreover, the pitch control mechanism enlitades is initiated when the wind speed is above
the rated speed to limit the aerodynamic loadsigatin the blades and maintain wind energy output
by changing pitch angles during operation, whichdasidered in the simulation of the aerodynamic
loads in the present study. As shown in Fig. 14, rttaximum displacement responses of the three
blades are slightly different when the wind turbisén the operating condition. This is becausthef

influence of the initial positions of the blades.
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Fig. 14. The maximum displacements at the bladeaip the corresponding wind-induced demand madels

the operating condition
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497 Fig. 16. Wind-induced fragility curves for the b&zdin the operating condition

498  Figs. 15 and 16 show the fragility curves of thed¢pand blades respectively when the wind turbine
499 is in the operating condition. As shown in Fig. 1t&e likelihood of exceeding the prescribed limit

500 states of the tower is about zero when the wineédie 3 m/s. When the wind turbine is subjected to
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the rated speed of 11.4 m/s, the damage probebildf the tower are 4.7%, 0.4%, 0% and 0%
respectively. When the wind speed increases to/85threy become 93.1%, 68.1%, 13.1% and 0.9%
respectively. Compared to the parked conditiooait be seen that the probabilities of exceeding DS
DS, are larger in the operating condition, this iséhese larger aerodynamic loads acting on the wind
turbine lead to larger median displacement resookthe tower as shown in Fig. 13.

As shown in Fig. 16, when the wind speed is 3 s, probability of reaching DSor the three
blades are 2.5%, 7.1% and 11.2% respectively antikitlihood of exceeding the other three states is
near zero. When the wind turbine is operating unther rated speed of 11.4 m/s, the damage
probabilities of blade #1 are 84.4%, 17.3%, 1.09d BP0 respectively for the four displacement
thresholds defined above. For the blade #2, thepar2%, 22.7%, 1.0% and 0% respectively and the
corresponding values are 92.8%, 24.1%, 1.3% anfo@%lades #3. When the wind speed is 25 m/s,
the damage probabilities of blade #1 are 99.7%4,9%827.1% and 4.6% respectively. For blade #2,
the corresponding values are 99.9%, 83.2%, 26.593d and they are 99.9%, 80.0%, 24.4% and
3.0% respectively for blade #3. Similar to the towithe probabilities of DSDS, exceedance of the
rotating blades are larger than those of the pabkades, which can be explained again by the larger
median displacement responses (refer to Figs. d04n

5. Conclusions

In this paper, the dynamic behaviours of the NREUW wind turbine subjected to the simultaneous
aerodynamic and sea wave loadings are investidatadking the uncertainties of the material and
damping into account. Different damage states lier tower and blades are defined based on the
serviceability and ultimate limit states. The fidagicurves of the tower and blades are developed.
Numerical results show that:

(1) The uncertainties of the material and dampatgrhave more obvious influence on the dynamic
responses of the blades compared to the towerdiEpersion of the displacement responses is larger
in the operating condition compared to the parkeddiion. The maximum displacements of the

tower and blades are larger in the operating cimmdihan those in the parked condition.
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(2) The yielding and buckling of the wind turbinemer is very unlikely to occur when the wind
speeds are within the cut-in and cut-out rangetheethe operating or parked conditions. However,
the probabilities of the limit state exceedancthefblades are more apparent in both conditions.

(3) The aerodynamic damping and the pitch contystesn have a considerable influence on the
wind-induced displacement responses of the wintiniar which slow down the increasing rate of the
displacement responses with the increasing of ithd speed.

It should be noted that the fragility of the winadiliine in the in-plane direction is not developedhie
present study due to the lack of an appropriateadencriterion of the in-plane responses for the
blades as discussed in the paper, which needsfurther investigated in the future. Moreover, soil
structure interaction which might influence theustural responses is not considered in the present
study either, and future studies on this intergstiipic are suggested.
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Highlights:

(1) Detailed three-dimensional FE model of wind turbine is devel oped;

(2) Influences of uncertainties in material and damping on structural responses are studied;
(3) Fragilities of both the tower and blades are investigated;

(4) Fragility of wind turbine under different operational conditions is examined.
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