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ABSTRACT 12 

To more effectively extract the vast wind energy in marine areas, offshore wind turbines have been 13 

constructed with slender tower and large rotor. External vibration sources such as aerodynamic, sea 14 

wave and seismic loadings can threaten the safety of these energy infrastructures. It is important to 15 

evaluate the reliability of offshore wind turbines subjected to external vibration sources. Previous 16 

research works on the wind turbine fragility analyses only considered the fragility of the tower by 17 

assuming the wind turbine was in the parked condition with the blade mass lumped at the top of the 18 

tower. The study of the fragility of the blade which is one of the most important components of a 19 

wind turbine has not been reported. In the present study, a detailed three-dimensional (3D) finite 20 

element (FE) model of the NREL 5 MW wind turbine is developed in ABAQUS, and the tower and 21 

blades are explicitly modelled to realistically estimate the aerodynamic loads and structural 22 

behaviours of the wind turbine. The uncertainties of the structural mass, stiffness and damping are 23 

taken into account to develop the probabilistic wind-induced demand models for the tower and blades. 24 

The dynamic behaviours of the wind turbine subjected to the simultaneous aerodynamic and sea wave 25 

loadings are investigated in a probabilistic frame and the fragility curves for both the tower and blades 26 

under the parked and operating conditions are derived and discussed. 27 
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 29 

1. Introduction 30 

Wind energy as one of the renewable energies is becoming a main contributor to the new electricity 31 

generation. The growth and expansion of wind farms increased rapidly in the past decade. As reported 32 

by the Global Wind Energy Council (GWEC), the worldwide installed capacity of wind power at the 33 

end of 2018 reached 591 GW, with an increase of 9.6% compared to that at the end of 2017 [1]. 34 

Due to the fact that the power generated by the wind turbine is proportional to the rotor area and cube 35 

of wind speed, multi-megawatt wind turbines with slender tower and large rotor are widely 36 

constructed in the state-of-the-art designs. These wind turbines are very flexible and lightly damped 37 

since they are normally manufactured by the light-weight high-strength materials. They are thus 38 

susceptible to external vibration sources such as aerodynamic and sea wave loadings, which are 39 

experienced constantly during the whole lifetimes by offshore wind turbines. Moreover, many wind 40 

farms are located in the regions of high seismic activities such as western of United States, Japan and 41 

China [2], seismic loading is another possible vibration source during their lifetimes in these regions. 42 

The excessive vibrations may slow down the conversion of wind energy to electricity, reduce the 43 

fatigue life of the structural components or even lead to the structural collapse in extreme conditions. 44 

Extensive research works have been carried out to investigate the dynamic behaviours of wind 45 

turbines subjected to aerodynamic, sea wave and/or seismic loadings (e.g. [3-9]). Various control 46 

strategies have been proposed to mitigate these adverse vibrations [10-16]. Since the vibration control 47 

of wind turbines is beyond the scope of the present study, only the previous studies on the dynamic 48 

response analyses of wind turbines are briefly reviewed here. In order to simplify the analysis, the 49 

wind turbines were generally assumed in the parked condition, and the blades were modelled as a 50 

lumped mass at the top of the tower [12, 14]. In some literatures, the geometrical configurations of the 51 

blades were considered and explicitly developed in the finite element (FE) models [17, 18]. However, 52 

the influence of the rotation of blades on the structural vibration characteristics was not considered in 53 

these studies since they only considered the parked condition. It is well known that the centrifugal 54 

stiffness will be generated by the rotating blades and the natural frequencies of the blades therefore 55 
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increase as compared to the parked condition, which in turn affect the dynamic responses of wind 56 

turbines [19]. Moreover, the aerodynamic loads acting on the blades are directly related to the 57 

geometrical characteristics and rotational velocity of the blades [20]. To more accurately estimate the 58 

dynamic behaviours of wind turbines, some researchers modelled the blade as a single or two degrees-59 

of-freedom (DOF) [21, 22] system and investigated the in-plane and/or out-of-plane responses of the 60 

blade by using the home-made codes. It should be noted that many mathematics are included in the 61 

calculations, and these methods are not convenient for other researchers/engineers to use. Moreover, 62 

aerodynamic loads acting along the height of the tower and the length of the blades are unavoidably 63 

different, the structural responses thus could not be realistically obtained by using these simplified 64 

lumped mass models. Some other researchers (e.g. [23, 24]) modelled the wind turbines by using the 65 

open-source program such as FAST. The tower and blades were explicitly developed and the rotation 66 

of the blades was considered. However, as explained in the user’s guide [25], FAST can only simulate 67 

the elastic behaviours of wind turbines. During strong wind events/earthquakes, wind turbines may 68 

experience nonlinear deformations, which might not be accurately captured by FAST. 69 

Besides these deterministic analyses, some researchers adopted the probabilistic approach to assess 70 

the fragility of wind turbines under aerodynamic, sea wave and/or seismic loadings. For example, 71 

Dueñas-Osorio and Basu [26] investigated the unavailability of wind turbines as a function of wind 72 

speed. Their investigations indicated that the vibrations of the tower could lead to the malfunction of 73 

the acceleration sensitive equipment installed in the nacelle and reduce the annual wind turbine 74 

availability. Quilligan et al. [27] used the fragility curves to compare the performances of steel and 75 

concrete wind turbine towers subjected to the wind load. Their results showed that the concrete tower 76 

performed better than the steel counterpart, however, the extent of improvement was dependent on the 77 

type of concrete specified. Mardfekri and Gardoni [28] constructed the probabilistic models for 78 

deformation, shear and moment demands on the wind turbine tower to estimate its fragility under 79 

wind and sea wave loads, and it was concluded that changing the blade pitch angle could reduce the 80 

probability exceeding a predefined limit state of the tower, and sea wave load had a negligible effect 81 

on the tower fragility especially under large wind speeds. Kim et al. [29] analysed the seismic fragility 82 

of an offshore wind turbine considering the interaction between the monopile foundation and 83 
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surrounding soil, and two different scenarios of applying ground motion were compared. It was found 84 

that the seismic response was deeply affected by the way in which ground excitations were applied to 85 

the soil spring elements. The influences of near- and far-fault ground motions on the seismic fragility 86 

of the wind turbine tower were investigated by Patil et al. [30], and the tower damage was found to be 87 

more pronounced in case of near-fault loading events due to the pulse type ground motion. Asareh et 88 

al. [31] performed fragility analyses of the tower under the combined wind and earthquake loads, and 89 

it was observed that the effect of wind load on the failure probability of the tower was less significant 90 

compared to earthquake, which was also confirmed by Yuan et al. [32]. Recently, Hallowell et al. [33] 91 

proposed a complete framework for the failure risk quantification of offshore wind turbines subjected 92 

to hurricanes. The results of a case study showed that site-specific designs and geometries, intensity 93 

measures, fragilities and the ability of the structure to maintain a functional yaw control system 94 

influenced the risk of offshore wind turbines to hurricanes. 95 

To mitigate the tower vibrations and further improve the reliability of wind turbine tower, Mensah 96 

and Dueñas-Osorio [34] and Fitzgerald et al. [35] installed tuned liquid column dampers (TLCDs) and 97 

active tuned mass dampers (ATMDs) in the nacelle, respectively. Moreover, by weighting the wind-98 

induced displacement fragility curves with the likelihood of wind speed realizations at a specific site, 99 

the annual failure probabilities of the tower without and with TLCDs were calculated in [34]. Their 100 

results underlined that using passive and active controllers could greatly decrease the tower failure 101 

risk under the wind load. 102 

However, it should be noted that in the above mentioned studies the wind turbines were either 103 

assumed in the parked condition [29] and the mass of the blades was lumped at the top of the tower 104 

[28, 30] or the rotation of the blades was considered by the simplified 1- or 2-DOF system [26, 27, 34, 105 

35]. The influence of blades on the structural responses was therefore not necessarily realistically 106 

considered as discussed above. Moreover, all these researches focused on the reliability of wind 107 

turbine tower, to the best knowledge of the authors, no open literature reports the vulnerability of the 108 

blades under the external vibration sources. 109 

In this paper, the dynamic behaviours of the wind turbine subjected to the simultaneous aerodynamic 110 

and sea wave loadings are investigated in a probabilistic frame and the fragility curves for both the 111 
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tower and blades under the parked and operating conditions are derived. In particular, the tower and 112 

blades of the modern NREL 5 MW wind turbine are explicitly modelled by using the commercially 113 

available FE code ABAQUS. The influence of the rotating blades on the aerodynamic loads and 114 

dynamic behaviours of the wind turbine is investigated. The uncertainties of the structural mass, 115 

stiffness and damping of the wind turbine are considered to derive the probabilistic demand models of 116 

the wind turbine as a function of wind speed. The structure of this paper is organized as follows: the 117 

properties of the wind turbine, the FE modelling and physical uncertainties are presented in Section 2; 118 

Section 3 introduces the external vibration sources, i.e. the aerodynamic and sea wave loadings; the 119 

fragility model and numerical results are systematically presented in Section 4 and some concluding 120 

remarks are summarized in Section 5. 121 

2. Numerical model description 122 

2.1. NREL 5 MW wind turbine 123 

The NREL 5 MW wind turbine is used as an example in the present study since its detailed 124 

information has been well documented and is available to the public. The detailed properties of this 125 

wind turbine were reported in [36], and they are tabulated in Table 1. As reported in [36], the pre-126 

twisted blade consists of eight unique airfoil sections, and Fig. 1(a) shows a schematic drawing of the 127 

blade. The main geometries of each airfoil section were defined in [36], but the thickness of the blade 128 

was not explicitly given. In the present study, a uniform thickness is assumed for the twisted blade, 129 

and the mass of each blade is ensured to be the same as that in [36]. This thickness is computed as 130 

0.019 m. 131 

Table 1 132 

Properties of the NREL 5 MW [36] 133 

NREL 5 MW baseline wind turbine properties 

Blade 

Rotor diameter 126 m 
Hub height 90 m 

Cut-in, rated and cut-out wind speed 3 m/s, 11.4 m/s, 25 m/s 
Cut-in and rated rotor speed 6.9 rpm, 12.1 rpm 

Length 61.5 m 
Overall (integrated) mass 17,740 kg 
Structural damping ratio 0.5% 

Hub and Nacelle 
Hub diameter 3 m 

Hub mass 56,780 kg 
Nacelle mass 240,000kg 

Tower Height above water 87.6 m 
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Top outer diameter and wall thickness 3.87 m, 0.019 m 
Bottom outer diameter and wall thicknesses 6 m, 0.027m 

Overall (integrated) mass 347,460 kg 
Structural damping ratio 1% 

Monopile 
Total length 30 m 

Outer diameter 6 m 
Wall thickness 0.027 m 

 134 

 

 

(a) blade (b) FE model 

Fig. 1. NREL 5 MW wind turbine: (a) blade and (b) FE model 135 

2.2. FE modelling 136 

The detailed three-dimensional (3D) FE model of the NREL 5 MW wind turbine is developed in 137 

ABAQUS. Since the FE model in the present study is exactly the same as that in the authors’ previous 138 

study [4], the numerical modelling is only briefly introduced herein, interested readers can refer to [4] 139 

for more detailed information. The blades, tower and monopile are modelled by shell elements (S4 in 140 

ABAQUS). For the hub and nacelle, only the masses of them are considered and they are lumped at 141 

the top of the tower. The tower and monopile are connected through a tie constraint, and a hinge 142 

connection between the top of the tower and the root of the blades is defined to simulate the operating 143 

condition. Fig. 1(b) shows the FE model of the wind turbine, in which the three blades are labelled as 144 

#1 to #3 in an anticlockwise direction. 145 

Table 2 146 

Material properties of the wind turbine [36, 37] 147 

Material Component Density Young’s Poisson’s Yield Plastic 
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(kg/m3) modulus 
(GPa) 

ratio strength 
(MPa) 

strain 

Glass/polyester 
composites 

Blade 1850 38 0.3 700 0.02 

Steel 
Tower 8500 210 0.3 235 0.01 

Monopile 7850 210 0.3 235 0.01 

 148 

Table 2 tabulates the detailed material properties of the blades, tower and monopile. It should be 149 

noted that the vibrating monopile inserted into the seawater can impart an acceleration to the 150 

surrounding seawater, and this interaction can be considered by using the added mass model [38]. 151 

Therefore, the effective mass of the monopile consists of the physical mass and the added mass, and 152 

the latter can be calculated as follows  153 

 �� = ������ (1) 

in which, ma is the added mass, Ca is the coefficient, which is assumed as 1.0 in the present study [39], 154 

Ap is the cross-sectional area of the monopile, and ρw=1030 kg/m3 is the density of seawater. 155 

After developing the FE model of the wind turbine, the natural frequencies and mode shapes of the 156 

wind turbine were obtained by carrying out an eigenvalue analysis [4]. These results agreed well with 157 

those given in [36], which demonstrated the accuracy of the FE model. 158 

 159 

2.3. Physical uncertainties 160 

The structural behaviours of the wind turbine are sensitive not only to the variations of the external 161 

vibration sources, but also to the inherent uncertainties of the structural properties. In particular, 162 

uncertainties in the structural stiffness, masses and damping ratios of the tower and blades can 163 

significantly contribute to the variability in the dynamic responses of the wind turbine. In the present 164 

study, the variables considered in the simulations include the material (Young’s modulus, density, 165 

wall thickness) and damping parameters of the tower and blades. The probability density function 166 

(PDF) and coefficient of variation (CoV) of the material parameters are tabulated in Table 3. The 167 

parameters related to the steel are directly adopted from [27]. For the material of the blades 168 

(Glass/polyester composites), the same PDF and CoV are assumed as the steel due to the lack of data. 169 

Table 3  170 

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

Steel 

Young’s 
modulus 

GPa Lognormal 210 3 

Density kg/m3 Normal 8500 1 
Thickness mm Normal 30 2 

Glass/polyester 
composites 

Young’s 
modulus 

GPa Lognormal 38 3 

Density kg/m3 Normal 1850 1 
Thickness mm Normal 19 2 

 172 

The damping mechanism of an offshore wind turbine is composed of structural damping, 173 

aerodynamic damping and hydrodynamic damping, which account for the contributions of the 174 

structure itself, wind and surrounding sea water respectively. The structural damping ratios of the 175 

tower and blades are 1% and 0.5% as reported in [36]. Aerodynamic damping results from the relative 176 

velocity between the rotating blades and wind. As suggested by Bisoi and Haldar [40], an 177 

aerodynamic damping ratio of 3.5% in the fore-aft direction for an operating wind turbine is adopted. 178 

When the wind turbine is in the parked condition, previous studies (e.g. [41]) revealed that the 179 

aerodynamic damping is almost zero, and it is adopted in the present study. The hydrodynamic 180 

damping results from the drag between the monopile and surrounding sea water and its upper limit is 181 

about 0.23% [41]. Summing all the components together, the damping ratio of the tower is 1.23%. For 182 

the rotating blades, it is 4% in the fore-aft direction and the value is 0.5% for the parked blades. In the 183 

present study, a uniform distribution is assigned to the damping ratios of the tower and blades, and the 184 

variability is assumed as 50% with respect to their mean values [26, 35]. The damping of the wind 185 

turbine is considered by means of Rayleigh damping and the damping ratio is assumed for the first 186 

two vibration modes of the tower and blades. 187 

The Latin Hypercube sampling technique [26] is adopted to obtain the random variables and they are 188 

then assigned to the numerical models subjected to different wind speeds within the range from 3 to 189 

25 m/s (within which the wind turbine is allowed to operate). 190 

3. Aerodynamic and sea wave loadings 191 

In the present study, the wind turbine is subjected to the simultaneous aerodynamic and sea wave 192 

loadings, which are stochastically simulated according to the sophisticated simulation techniques. The 193 

detailed simulation techniques have been introduced in the authors’ another paper [4]. For 194 
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completeness of the present paper, they are briefly introduced in this section. Interested readers can 195 

refer to [4] for more detailed information. 196 

For the aerodynamic load acting on the tower, it can be decomposed into a mean and a fluctuating 197 

component. The fluctuating aerodynamic loads at different locations along the tower are different but 198 

with certain similarities, which is known as the spatial correlation effect. It can be described by a 199 

spatial coherency loss function. The power spectral density (PSD) of the fluctuating wind speed at any 200 

locations can be calculated by using the Kaimal spectrum [19],  201 

 	

�ℎ, �� = �∗�� 200��1 + 50��� �⁄  (2) 

in which, v* is the friction velocity, f is the frequency in Hz, and c is the Monin coordinate, which is 202 

given by Eq. (3)  203 

 � = �ℎ �̅�ℎ�⁄  (3) 

where h is the height of the location where aerodynamic load is calculated, �̅ is the mean wind speed 204 

and it can be calculated by Eq. (4) 205 

 �̅�ℎ� = �∗ ln�ℎ � ⁄ � !⁄  (4) 

where K is the von-Karman’s constant and z0 is the roughness length. 206 

The tower is generally divided into several segments to simplify the simulation of the aerodynamic 207 

load on the tower. Ideally the finer the segment, the more accurate the aerodynamic load would be 208 

estimated. To investigate the influence of segment number on the aerodynamic load simulation, a 209 

numerical convergence test is performed. The results show that the variations of the aerodynamic load 210 

on the tower decrease with the increasing of segment number, and the total load is consolidated when 211 

the tower is divided into nine segments. To balance the computational time and accuracy, nine 212 

segments with a length of 10 m are adopted in the present study to simulate the aerodynamic load on 213 

the tower. On the other hand, it should be noted that the adopted number of segments in the present 214 

study may not be applied to other wind turbines especially the height of the wind turbine tower is 215 

significantly different from the current one, which should be determined case by case. 216 

Fig. 2 shows the fluctuating wind speed PSDs in the top segment (85-90 m along the tower) and the 217 

corresponding model values, which are calculated by Eq. (2), when the mean wind speeds at the hub 218 
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height are 3 and 25 m/s respectively. As shown, the simulated results are in well agreement with the 219 

corresponding model values. For conciseness, not all the aerodynamic loads on the tower are shown, 220 

only the time histories in the top segment are shown in Fig. 3 when the mean wind speeds at the hub 221 

height are 3 and 25 m/s respectively. 222 

  

(a) v=3 m/s (b) v=25 m/s 

Fig. 2. Comparisons between the simulated and model PSDs of wind speed 223 

Different from the aerodynamic load on the tower, the aerodynamic loads on the blades are influenced 224 

by the wind speed, rotational velocity, pitch angle and geometrical characteristics of the blade. Blade 225 

Element Momentum (BEM) method [20] is adopted in the present study to estimate the aerodynamic 226 

loads on the blades. In this method, it is assumed that no aerodynamic interaction between different 227 

sections along the rotor, the blade therefore can be divided into several elements and the aerodynamic 228 

load acting on each element can be calculated separately.  229 

  

(a) v=3 m/s (b) v=25 m/s 

Fig. 3. Aerodynamic load time histories at the top of the tower 230 



11 

 

The relative wind velocity on each element of the blade (vrel) is given by 231 

 �"#$�%� = &'�̅�1 − )� + �*+� + ',%�1 + )-�+�
 (5) 

where r is a radial distance of the element from the centre of the hub, a and a’ are the axial and 232 

tangential induction factors respectively, Ω is the rotational velocity in rad/s and vf is the fluctuating 233 

wind speed. It should be noted that the PSD of the fluctuating wind speed is a time-variant spectrum 234 

due to the height of the blade experiences a sinusoidal variation in magnitude with the rotation of the 235 

blades. Not to further complicate the problem, an isotropic, homogenous wind turbulence at the height 236 

of the hub is assumed to represent the wind turbulence over the rotor field in the present study. 237 

According to this assumption, the fluctuating wind speed in Eq. (5) can be easily calculated by using 238 

the PSD of wind velocity at the hub height defined in Eq. (2).   239 

After the relative wind speed is determined, the local lift and drag forces on each element then can be 240 

computed as follows 241 

 .$�%� = 12 ��"#$� �%�/�%��$0 (6) 

 .1�%� = 12 ��"#$� �%�/�%��10 (7) 

In Eqs. (6) and (7), ρ is the air density, l is the chord length and Clb and Cdb are the lift and drag 242 

coefficients of the blade respectively, which are related to the flow, pitch and pre-twist angles. Fig. 4 243 

shows the flap-wise and edgewise aerodynamic loads on the blade #2 when the mean wind speeds at 244 

the hub height are 3 and 25 m/s respectively. 245 

  

(a) v=3 m/s (b) v=25 m/s 
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Fig. 4. Flap-wise and edgewise aerodynamic loads on the blade #2 246 

For the sea wave loading acting on the monopile, the JONSWAP spectrum [42] is used to simulate the 247 

sea surface elevation and it can be described by Eq. (8) 248 

 	22��� = 345��26�78�7�9:. ;− 54 =�>� ?8@ A#B�;7�*7*C�D�ED*CD @
 (8) 

in which g is the gravitational acceleration and γ is the peak enhancement factor and a value of 3.3 is 249 

used in the simulation. αP, fm and σ are three constants, which are 250 

 34 = 0.076�I5 �J �⁄ �7 .�� (9) 

 �> = 11��J I 5�⁄ �7J �⁄ 6⁄  (10) 

 K = L0.07   � ≤ �>0.09   � > �> (11) 

In Eqs. (9-11), F is the fetch length and v10 is the mean wind speed at 10 m above the sea surface, 251 

which can be determined by Eq. (4). 252 

The sea wave length is much larger than the dimension of the monopile [4], Morison equation (Eq. 253 

(12)) therefore can be adopted to calculate the sea wave load on the monopile 254 

 I� = 12 ���1�Q�|�B|�B + ���>��)B (12) 

where Fw is the transverse sea wave load per unit length of the monopile, ρw is the seawater density, dp 255 

and Ap are the outer diameter and cross-sectional area of the monopile respectively, vx and ax are the 256 

velocity and acceleration of water particles respectively, and the detailed calculation of these two 257 

parameters can be found in [4] and is not introduced herein. Cdp and Cm are the drag and inertia 258 

coefficients respectively, and they are as functions of Reynolds number, the Keulegan-Carpenter 259 

number and the roughness [39]. The uncertainties of these two parameters may also influence the 260 

fragility curve, which are however not considered in the numerical simulations, and fixed values of 261 

1.2 and 2.0 as suggested in [39] are adopted in the present study. 262 

Similar to the tower, the monopile in the seawater is equally divided into two segments. Fig. 5 shows 263 

the simulated sea wave load time histories at the mean sea level when the mean wind speeds at the 264 

hub height are 3 and 25 m/s respectively and Fig. 6 compares the PSDs of the simulated sea surface 265 

elevation and the model. Good matches are observed as shown. 266 
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(a) v=3 m/s (b) v=25 m/s 

Fig. 5. Sea wave load time histories at the mean sea level 267 

  

(a) v=3 m/s (b) v=25 m/s 

Fig. 6. Comparisons between the simulated and model PSDs of sea surface elevation 268 

As introduced above, the tower, blade and monopile are divided into several segments in the 269 

simulation of the aerodynamic and sea wave loadings. In the FE model, a reference point is developed 270 

in each segment and coupled to the cross section of the corresponding segment, the simulated 271 

aerodynamic and sea wave loadings are applied to these reference points as the external loadings. 272 

4. Fragility analysis of wind turbine 273 

4.1. Fragility function 274 

The structural fragility can be defined as the conditional probability of a structural demand to reach or 275 

exceed the structural capacity at a given excitation level. The present study constructs the fragility 276 

curves of the tower and blades by using the out-of-plane displacement responses obtained from the 277 

numerical simulations. For the fragility curve calculated based on the in-plane responses of the blades, 278 
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they are not included in the present study due to the lack of data to define the corresponding limit state 279 

levels. 280 

In seismic response analysis, fragility curves can normally be generated by using the incremental 281 

dynamic analysis (IDA) method or the probability seismic demand analysis (PSDA) method [43]. In 282 

the former approach, all motions are scaled to the selected intensity levels and IDA is performed at 283 

different hazard levels. A large amount of numerical simulations are needed in order to generate the 284 

fragility curve by using the IDA method. On the other hand, the PSDA approach uses unscaled 285 

earthquake ground motions and regression analysis to obtain the mean and standard deviation of the 286 

structural response at each intensity level by assuming a logarithmic correlation between the median 287 

engineering demand parameters and a selected intensity level. Compared to the IDA approach, the 288 

PSDA method requires much less computational effort, but can result in reasonable estimations of the 289 

fragility curve [43]. It is therefore widely used in the fragility analyses for engineering structures 290 

when they are subjected to the earthquake loadings. Recently, the PSDA method is also adopted in the 291 

wind-induced fragility analyses of wind turbines [26, 34, 35]. In the present study, the PSDA method 292 

is used and the mean wind speed at the hub height is selected as the fragility hazard parameter though 293 

the aerodynamic and sea wave loadings are considered in the analyses due to the fact that the 294 

structural responses induced by the sea wave load are much smaller than those induced by the 295 

aerodynamic load [4]. Similar to the seismic demand model developed in [44, 45], the structural 296 

demands for a wind turbine under the combined wind and sea wave excitations are estimated by using 297 

a power law functional form as 298 

 S� = �����T U% /V�S�� = /V� + V/V���� (13) 

where Dw is the median wind-induced out-of-plane displacement of the wind turbine, vw is the mean 299 

wind speed at the hub height, and m and n are coefficients obtained from regression analysis. 300 

The power law model (Eq. (13)) is used to develop the fragility curves by providing an estimation of 301 

the likelihood of displacement threshold exceedance as a function of wind speed. The conditional 302 

probability of exceeding a prescribed displacement is defined as a lognormal distribution: 303 
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 WXS� > SYZ|��[ = Φ ]/V�S�� − /V�SYZ�^_`|
`
a (14) 

In Eq. (14), DLS represents the displacement threshold that initiates changes in the performance state 304 

of the wind turbine, Φ(·) is the standard normal cumulative distribution function, ̂ _`|
` is the 305 

dispersion of the logarithmic displacement response as a function of wind speed. For simplicity, it is 306 

normally assumed that the parameter ^_`|
` is independent of vw and can be expressed by Eq. (15) 307 

[45] 308 

 

^_`|
` = b∑ d/V'Se+ − /V'S�e+f�gehJ i − 2  (15) 

where Dj is the jth realization of the wind-induced structural demand, Dwj is the median displacement 309 

of the wind turbine corresponding to the jth wind speed and can be calculated by Eq. (13), and N is 310 

the number of conducted nonlinear time history analyses. In the present study, 45 nominally identical 311 

but statistically different wind turbine models are generated based on the random variables defined in 312 

Section 2.3, and these 45 wind turbine models are paired with 45 different wind speeds to calculate 313 

the structural responses and further estimate the fragility curves. 314 

4.2. Limit state levels 315 

To assess the safety of the wind turbine subjected to the aerodynamic and sea wave loadings, limit 316 

states should be defined. Four limit states are widely adopted in the analyses of offshore wind turbines, 317 

which are the serviceability limit state (SLS), ultimate limit state (ULS), fatigue limit state (FLS) and 318 

accidental limit state (ALS) [46]. The SLS and ULS are considered in the present study to determine 319 

the damage levels of the wind turbine. The SLS is the deformation tolerances to ensure the regular 320 

and normal operation of the wind turbine and the ULS corresponds to the maximum load-carrying 321 

capacity (e.g. yielding, buckling, overturning etc.) of a structure and structural components. In the 322 

present study, a damage criterion based on the displacements at the top of the tower and the tip of the 323 

blade is adopted and four damage states are defined depending on the different demand parameters of 324 

the wind turbine. These four damage states are introduced individually as follows:  325 

Damage state one (DS1) corresponds to the SLS. The deformation tolerance is usually defined in the 326 

design basis and it is often specified in terms of the maximum allowable rotation of the pile head at 327 
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the seabed in a vertical plane. DNV [46] specifies that the maximum allowable tilt of the tower should 328 

be less than 0.5°, which incorporates the error during the construction and it normally ranges from 0.2° 329 

to 0.25°. The maximum allowable tilt of the tower due to external vibration sources is therefore about 330 

0.25°. In the present study, the height of the wind turbine is near 120 m, so the tilt of the tower can be 331 

converted to the displacement at the top of the tower, and it is 0.524 m. 332 

To determine the other three damage states of the tower, pushover analysis is carried out to investigate 333 

the nonlinear deformation characteristics of the wind turbine tower and to find the corresponding 334 

critical displacement. This procedure is achieved by gradually increasing the displacement applied in 335 

the for-aft direction at the top of the tower and considering the first buckling mode as initial 336 

imperfection [47]. It is obvious that the maximum internal forces (bending moment and shear force) 337 

appear at the bottom of the monopile. The results from the pushover analysis can describe the 338 

relationship between the internal forces at the bottom of the monopile and the displacement at the top 339 

of the tower. The normal stress is adopted as the yield criterion for the wind turbine in the present 340 

study, which can be calculated by 341 

 K = jk − i� (16) 

 k = 6QJ�32 ;1 − =Q�QJ?8@ (17) 

 � = 64 �QJ� − Q��� (18) 

in which M is the bending moment as shown in Fig. 7(a), N is the axial force, d1 and d2 are the outer 342 

and internal diameters of the monopile respectively. 343 

Fig. 7(a) shows the relationship between the bending moment/shear force at the bottom of the 344 

monopile and the displacement applied at the top of the tower. By substituting them into Eqs. (16-18), 345 

the normal stress at the bottom of the monopile can be obtained and it is presented in Fig. 7(b). As 346 

shown, nonlinear behaviour begins to occur at a displacement of 2.097 m, which indicates that the 347 

wind turbine tower starts to yield at this displacement. It also can be observed that the internal 348 

force/stress-displacement relationship shows a snap-back behaviour due to the local buckling of the 349 

tower when the displacement at the top of the tower reaches 2.922 m. Fig. 8 shows the local buckling 350 
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of the wind turbine from the pushover analysis, in which the blades are not presented to more clearly 351 

show the result. As shown, the buckling of the wind turbine appears at a point approximately 10 m 352 

above the bottom of the monopile foundation, which is consistent with previous studies (e.g. [31]). 353 

  

(a) bending moment and shear force (b) stress 

Fig. 7. Moment, shear force and stress and displacement relationship from pushover analysis 354 

 355 

Fig. 8. Buckling of the wind turbine tower (deformation is amplified three times) 356 

The above results show that buckling occurs at a much larger displacement compared to the yielding. 357 

In the present study, wind and wave loadings are considered as excitations, buckling is very unlikely 358 

to appear, and it is not adopted as a damage state. Following the suggestions of many researchers (e.g. 359 

[29, 34]), damage states DS2-DS4 are defined as 30%, 40% and 50% of the yielding displacement of 360 

the tower, which are 0.629 m, 0.839 m and 1.049 m respectively. Table 4 tabulates the four limit 361 

states of the wind turbine tower. However, it is worth noting that when the wind turbine has opening 362 

Yielding Buckling 
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and stiffening [47, 48] or it is subjected to other vibration sources such as earthquake, buckling might 363 

occur, and it should be considered as a limit state in the analyses.  364 

Table 4 365 

Damage states of the wind turbine tower 366 

Damage states Critical displacement Description 
DS1 0.524 m SLS 
DS2 0.629 m 30% of yield stress 
DS3 0.839 m 40% of yield stress 
DS4 1.049 m 50% of yield stress 

 367 

Different from the tower, it is not realistic to define the damage limit states (the critical displacement) 368 

of the blade by using the pushover method, since the blade is made of high-strength material (e.g. for 369 

the glass/polyester composites, the yield strength is 700 MPa [37]), which is very difficult to yield. On 370 

the other hand, a minimum clearance between the tip of the blade and the tower should be specified to 371 

avoid the possible collision between the rotor and the tower during the extreme conditions. A tilt 372 

angle of 5° between the rotor axis and the horizontal plane is used in the design of the wind turbine 373 

[49]. As shown in Table 1, the rotor radius is 63 m, so the maximum allowable displacement at the tip 374 

of the blade subjected to the external loads is 5.5 m. Similar to the limit states of the tower as defined 375 

above, the four limit states for the blade are defined as 20%, 30%, 40% and 50% of the maximum 376 

allowable displacement at the tip of the blade (i.e. 5.5 m), which are 1.100, 1.650, 2.200 and 2.750 m 377 

respectively. 378 

4.3. Fragility curves of the wind turbine 379 

Based on the prescribed damage states of the tower and blades, the fragility curves of the wind turbine 380 

can be calculated by using Eqs. (13) and (14). To examine the influence of operational conditions on 381 

the fragility curves of the wind turbine, two scenarios are considered. In the first scenario, the wind 382 

turbine is in the parked condition with the locations of the blades shown in Fig. 1(b). In the second 383 

scenario, the blades are rotating at a uniform velocity, which is related to the wind speed. For the 384 

NREL 5 MW wind turbine, the blades start to rotate at a cut-in velocity of 6.9 rounds per minute (0.72 385 

rad/s) when the wind speed is 3 m/s, and the maximum wind energy output will be achieved at a rated 386 

velocity of 12.1 rounds per minute (1.27 rad/s) when the wind speed is or above 11.4 m/s. The 387 
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rotational velocity is assumed as a linear variation between the cut-in and rated velocities. In the 388 

present study, the wind speeds ranging from 3 to 25 m/s with an interval of 0.5 m/s are considered (in 389 

total 45 wind speeds, i.e. N=45 in Eq.(15)), which correspond to the normal operating range of the 390 

wind turbine. The aerodynamic and sea wave loads shown in Figs. 3 and 5 are applied to the tower. 391 

For the aerodynamic loads on the blades, they depend on the rotational velocity as introduced in 392 

Section 3. Different aerodynamic loads on the blades are simulated according to the different wind 393 

speeds and rotational velocities. It should be noted that the fragility of the wind turbine is related to 394 

the maximum structural response, which is influenced by the duration of the external excitations. All 395 

the numerical results in the present study are based on a relatively long duration of 400 s as shown in 396 

Section 3. 397 

4.3.1. Parked condition 398 

It is obvious that the maximum responses of the tower and blades occur at the top of the tower and the 399 

tip of the blade when the wind turbine is subjected to the simultaneous aerodynamic and sea wave 400 

loadings. Here only the maximum responses of the tower and blades are used to develop the fragility 401 

curves. Fig. 9 shows the peak displacements at the top of the tower under different wind speeds and 402 

the probabilistic wind-induced demand model (red curve) constructed based on the regression analysis 403 

(Eq. (13)) by using these maximum displacements. The values of the parameters m, n and ̂ _`|
` are 404 

tabulated in Table 5. As shown in Fig. 9, the power law model can well describe the relationship 405 

between the displacement response at the top of the tower and the wind speed with a coefficient of 406 

determination R2 equalling to 0.9879. It also can be seen that the uncertainties in the Young’s 407 

modulus, wall thickness, density and damping ratio of the tower marginally affect the displacement 408 

responses of the tower when the wind speed is below 10.5 m/s. This is because the displacements at 409 

the top of the tower are small when the wind speeds are low. With the increment of the wind speed, 410 

the uncertainties of these parameters have more obvious effect on the responses of the tower and the 411 

dispersion of the displacement responses becomes larger. 412 
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 413 

Fig. 9. The maximum displacements at the tower top and the corresponding wind-induced demand model in the 414 

parked condition 415 

Table 5 416 

Parameters to characterize wind-induced displacement fragility curves in the parked condition 417 

Component m n ^_`|
` 
Tower 0.0011 1.9362 0.1252 

Blade #1 0.0017 2.1319 0.2479 
Blade #2 (#3) 0.0021 2.1001 0.2115 

 418 

Fig. 10 shows the maximum displacements at the tips of the blades under different wind speeds and 419 

the corresponding probabilistic wind-induced demand models. The values of the parameters for the 420 

demand models are also tabulated in Table 5. It should be noted that the displacement responses of 421 

blade #3 are the same as those of blade #2 due to the fact that the geometrical configurations and 422 

locations of blades #2 and #3 are symmetric as shown in Fig. 1, and the same excitations are applied 423 

on those two blades. As shown in Fig. 10, the coefficients of determination R2 in the probabilistic 424 

wind-induced demand models of blades #1 and #2 are 0.9466 and 0.9415 respectively, which again 425 

indicate the good fits of the model to the simulated responses of the blades. It also can be observed 426 

from Fig. 10 that the maximum displacements at the tip of blade #1 are slightly smaller than those at 427 

the tip of blade #2 since blade #1 locates at a lower position than blade #2 and the aerodynamic loads 428 

acting on blade #1 are smaller than those on blade #2 for a particular wind speed. Comparing Fig. 10 429 

with Fig. 9, it can be seen that the dispersion of the displacement responses of the blades is larger than 430 

that of the tower. This is because as tabulated in Table 3, although the PDF and CoV of the blade 431 

parameters are assumed the same as those of the tower, the mean value of the Young’s modulus of the 432 

ln (Dw)=-6.8124+1.9362*ln(vw) 

R2=0.9879 
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blade is 38 GPa, which is much smaller than that of the tower of 210 GPa. A small variation on the 433 

input values will result in more obvious structural response changes, which in turn leads to the larger 434 

dispersion of the displacement responses of the blades as compared to the tower. 435 

  

(a) blade #1 (b) blade #2 (#3) 

Fig. 10. The maximum displacements at the blade tips and the corresponding wind-induced demand models in 436 

the parked condition 437 

After the probabilistic wind-induced demand models of the tower and blades are determined, the 438 

fragility curves of the tower and blades with respect to different damage states can be calculated by 439 

using Eq. (14). Figs. 11 and 12 show the fragility curves of the tower and blades respectively when 440 

the wind turbine is in the parked condition. For brevity, only the fragilities of the wind turbine at the 441 

cut-in (3 m/s), rated (11.4 m/s) and cut-out (25 m/s) wind speeds are discussed below.  442 

As shown in Figs. 11 and 12, the likelihood of exceeding the four prescribed displacement levels is 443 

near zero for the tower and blades at the cut-in and rated wind speeds of the parked wind turbine. 444 

When the wind speed is 25 m/s, Fig. 11 shows that the damage probabilities of the tower are 70.2%, 445 

17.6%, 0.1% and 0%, respectively for the four displacement thresholds, which indicates that the tower 446 

is very unlikely to yield under this wind condition. It might be worth reiterating that buckling occurs 447 

at a much larger displacement (2.922 m as shown in Fig. 8) than that when yielding occurs (2.097 m), 448 

thus the wind turbine tower is also less likely to fail as a buckling damage, which supports the 449 

selection of limit states as presented in Section 4.2. For the blades, Fig. 12 shows that the probabilities 450 

of the limit state exceedance for blade #1 are 94.2%, 47.5%, 11.1% and 1.7% respectively and they 451 

are 99.1%, 67.1%, 17.9% and 2.4% respectively for blade #2 when the wind speed reaches 25 m/s. 452 

ln (Dw)=-6.3771+2.1319*ln(vw) 

R2=0.9466 

ln (Dw)=-6.1658+2.1001*ln(vw) 

R2=0.9415 
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The probabilities of exceeding the predefined displacement thresholds of blade #2 are higher than 453 

those of blade #1 since the displacement responses of blade #2 are larger as discussed above. The 454 

results also show that the potentials of the blade crossing the four limit states are all higher than the 455 

tower. This is actually deemed necessary and reasonable, since the blades are supported by the tower, 456 

the damage of the tower will lead to the total malfunction of the wind turbine. The tower therefore can 457 

be regarded as a more important component than the blades, and it should be designed with higher 458 

reliability. 459 

 460 

Fig. 11. Wind-induced fragility curves for the tower in the parked condition. 461 

  

(a) blade #1 (b) blade #2 (#3) 

Fig. 12. Wind-induced fragility curves for the blades in the parked condition 462 

4.3.2. Operating condition 463 

This section presents the fragility of the operating wind turbine under the simultaneous aerodynamic 464 

and sea wave loadings. Fig. 13 shows the peak displacements at the top of the tower under different 465 

wind speeds and the fitted probabilistic wind-induced demand models. Table 6 tabulates the values of 466 
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the parameters m, n and ̂ _`|
` from regression analyses. It can be seen that the dispersion of the 467 

maximum displacements at the top of the tower in the operating condition is larger than that of the 468 

parked wind turbine as shown in Fig. 9. This is because the aerodynamic loads on the rotating blades 469 

are larger than those on the parked blades, which results in more severe interaction between the top of 470 

the tower and the root of the blades. 471 

 472 

Fig. 13. The maximum displacements at the tower top and the corresponding wind-induced demand model in 473 

the operating condition 474 

Table 6 475 

Parameters to characterize wind-induced displacement fragility curves in the operating condition 476 

Component m n ^_`|
` 
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 

 477 

Fig. 14 shows the maximum displacements at the tips of the blades under different wind speeds and 478 

the corresponding probabilistic wind-induced demand models. The fitted values are also tabulated in 479 

Table 6. As shown in Fig. 14 and Table 6, different from the displacement responses of the blades in 480 

the parked condition, when the blades are rotating, the displacements at the blade tips increases at a 481 

slow rate with the increasing of the wind speed, i.e. n<1 as tabulated in Table 6. This is because the 482 

aerodynamic damping in the parked condition is about zero, however, as stated in Section 2.3, the 483 

aerodynamic damping appears due to the rotation of the blades, and this damping is related to the 484 

rotational velocity and wind speed. Large rotational velocity and wind speed result in large 485 

ln (Dw)=-2.7442+0.7350*ln(vw) 

R2=0.9074 
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aerodynamic damping, which slows down the increasing rate of the displacement responses of the 486 

blades. Moreover, the pitch control mechanism in the blades is initiated when the wind speed is above 487 

the rated speed to limit the aerodynamic loads acting on the blades and maintain wind energy output 488 

by changing pitch angles during operation, which is considered in the simulation of the aerodynamic 489 

loads in the present study. As shown in Fig. 14, the maximum displacement responses of the three 490 

blades are slightly different when the wind turbine is in the operating condition. This is because of the 491 

influence of the initial positions of the blades. 492 

  

(a) blade #1 (b) blade #2 

 

(c) blade #3 

Fig. 14. The maximum displacements at the blade tips and the corresponding wind-induced demand models in 493 

the operating condition 494 

ln (Dw)=-0.8164+0.4593*ln(vw) 

R2=0.7050 

ln (Dw)=-0.6092+0.3989*ln(vw) 

R2=0.6954 

ln (Dw)=-0.5419+0.3730*ln(vw) 

R2=0.6582 
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 495 

Fig. 15. Wind-induced fragility curves for the tower in the operating condition 496 

  

(a) blade #1 (b) blade #2 

 

(c) blade #3 

Fig. 16. Wind-induced fragility curves for the blades in the operating condition 497 

Figs. 15 and 16 show the fragility curves of the tower and blades respectively when the wind turbine 498 

is in the operating condition. As shown in Fig. 15, the likelihood of exceeding the prescribed limit 499 

states of the tower is about zero when the wind speed is 3 m/s. When the wind turbine is subjected to 500 
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the rated speed of 11.4 m/s, the damage probabilities of the tower are 4.7%, 0.4%, 0% and 0% 501 

respectively. When the wind speed increases to 25 m/s, they become 93.1%, 68.1%, 13.1% and 0.9% 502 

respectively. Compared to the parked condition, it can be seen that the probabilities of exceeding DS1-503 

DS4 are larger in the operating condition, this is because larger aerodynamic loads acting on the wind 504 

turbine lead to larger median displacement responses of the tower as shown in Fig. 13. 505 

As shown in Fig. 16, when the wind speed is 3 m/s, the probability of reaching DS1 for the three 506 

blades are 2.5%, 7.1% and 11.2% respectively and the likelihood of exceeding the other three states is 507 

near zero. When the wind turbine is operating under the rated speed of 11.4 m/s, the damage 508 

probabilities of blade #1 are 84.4%, 17.3%, 1.0% and 0% respectively for the four displacement 509 

thresholds defined above. For the blade #2, they are 93.2%, 22.7%, 1.0% and 0% respectively and the 510 

corresponding values are 92.8%, 24.1%, 1.3% and 0% for blades #3. When the wind speed is 25 m/s, 511 

the damage probabilities of blade #1 are 99.7%, 78.1%, 27.1% and 4.6% respectively. For blade #2, 512 

the corresponding values are 99.9%, 83.2%, 26.5% and 3.1% and they are 99.9%, 80.0%, 24.4% and 513 

3.0% respectively for blade #3. Similar to the tower, the probabilities of DS1-DS4 exceedance of the 514 

rotating blades are larger than those of the parked blades, which can be explained again by the larger 515 

median displacement responses (refer to Figs. 10 and 14). 516 

5. Conclusions 517 

In this paper, the dynamic behaviours of the NREL 5 MW wind turbine subjected to the simultaneous 518 

aerodynamic and sea wave loadings are investigated by taking the uncertainties of the material and 519 

damping into account. Different damage states for the tower and blades are defined based on the 520 

serviceability and ultimate limit states. The fragility curves of the tower and blades are developed. 521 

Numerical results show that: 522 

(1) The uncertainties of the material and damping ratio have more obvious influence on the dynamic 523 

responses of the blades compared to the tower. The dispersion of the displacement responses is larger 524 

in the operating condition compared to the parked condition. The maximum displacements of the 525 

tower and blades are larger in the operating condition than those in the parked condition. 526 
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(2) The yielding and buckling of the wind turbine tower is very unlikely to occur when the wind 527 

speeds are within the cut-in and cut-out range in either the operating or parked conditions. However, 528 

the probabilities of the limit state exceedance of the blades are more apparent in both conditions.  529 

(3) The aerodynamic damping and the pitch control system have a considerable influence on the 530 

wind-induced displacement responses of the wind turbine, which slow down the increasing rate of the 531 

displacement responses with the increasing of the wind speed. 532 

It should be noted that the fragility of the wind turbine in the in-plane direction is not developed in the 533 

present study due to the lack of an appropriate damage criterion of the in-plane responses for the 534 

blades as discussed in the paper, which needs to be further investigated in the future. Moreover, soil-535 

structure interaction which might influence the structural responses is not considered in the present 536 

study either, and future studies on this interesting topic are suggested. 537 

Acknowledgements 538 

The authors would like to acknowledge the support from Australian Research Council Discovery 539 

Project DP190103279 for carrying out this research. The first author gratefully acknowledges the 540 

financial support from Curtin International Postgraduate Research Scholarship (CIPRS). 541 

References 542 

[1] Global Wind Energy Council (GWEC), https://gwec.net/51-3-gw-of-global-wind-capacity-installed-in-2018/. 543 

[2] E.I. Katsanos, S. Thöns, C.Τ. Georgakis, Wind turbines and seismic hazard: a state-of-the-art review, Wind 544 

Energy 19 (11) (2016) 2113-2133. 545 

[3] M.A. Asareh, W. Schonberg, J. Volz, Effects of seismic and aerodynamic load interaction on structural 546 

dynamic response of multi-megawatt utility scale horizontal axis wind turbines, Renew. Energy 86 (2016) 49-58. 547 

[4] H. Zuo, K. Bi, H. Hao, Dynamic analyses of operating offshore wind turbines including soil-structure 548 

interaction, Eng. Struct. 157 (2018) 42-62. 549 

[5] J. Chen, Y. Song, Y. Peng, S.R. Nielsen, Z. Zhang, An efficient rotational sampling method of wind fields 550 

for wind turbine blade fatigue analysis, Renew. Energy  146 (2019) 2170-2187. 551 

[6] H. Zuo, K. Bi, H. Hao, C. Li, Influence of earthquake ground motion modelling on the dynamic responses of 552 

offshore wind turbines, Soil Dyn. Earthq. Eng. 121 (2019) 151-167. 553 

[7] S.H. Ju, F.C. Su, Y.P. Ke, M.H. Xie, Fatigue design of offshore wind turbine jacket-type structures using a 554 

parallel scheme, Renew. Energy 136 (2019) 69-78. 555 

[8] H. Wang, S. Ke, T. Wang, S. Zhu, Typhoon-induced vibration response and the working mechanism of large 556 

wind turbine considering multi-stage effects, Renew. Energy  153 (2020) 740-758. 557 

[9] J. Zhu, Z. Zhou, X. Cai, Multi-objective aerodynamic and structural integrated optimization design of wind 558 

turbines at the system level through a coupled blade-tower model, Renew. Energy  150 (2020) 523-537. 559 

[10] P.J. Murtagh, A. Ghosh, B. Basu, B.M. Broderick, Passive control of wind turbine vibrations including 560 

blade/tower interaction and rotationally sampled turbulence, Wind Energy 11(4) (2008) 305-317. 561 

[11] S. Colwell, B. Basu, Tuned liquid column dampers in offshore wind turbines for structural control, Eng. 562 

Struct. 31(2) (2009) 358-368. 563 

[12] H. Zuo, K. Bi, H. Hao, Using multiple tuned mass dampers to control offshore wind turbine vibrations 564 

under multiple hazards, Eng. Struct. 141 (2017) 303-315. 565 

[13] J. Chen, Y. Zhao, O. Cong, M. He, Vibration control using double‐response damper and site 566 

measurements on wind turbine, Struct. Control  Health Monit.  (2018) e2200. 567 



28 

 

[14] T. Buckley, P. Watson, P. Cahill, V. Jaksic, V. Pakrashi, Mitigating the structural vibrations of wind 568 

turbines using tuned liquid column damper considering soil-structure interaction, Renew. Energy 120 (2018) 569 

322-341. 570 

[15] H. Zuo, K. Bi, H. Hao, Mitigation of tower and out-of-plane blade vibrations of offshore monopile wind 571 

turbines by using multiple tuned mass dampers, Struct. Infrastruct. Eng. 15 (2019) 269-284. 572 

[16] H. Zuo, K. Bi, H. Hao, A state-of-the-art review on the vibration mitigation of wind turbines, Renew. Sust. 573 

Energy Rev. 121 (2020) 109710. 574 

[17] I. Prowell, M. Veletzos, A. Elgamal, J. Restrepo, Experimental and numerical seismic response of a 65 kw 575 

wind turbine, J. Earthq. Eng. 13 (2009) 1172-1190. 576 

[18] R.A. Kjørlaug, A.M. Kaynia, Vertical earthquake response of megawatt-sized wind turbine with soil-577 

structure interaction effects, Earthq. Eng. Struct. Dyn. 44 (2015) 2341-2358. 578 

[19] P.J. Murtagh, B. Basu, B.M. Broderick, Along-wind response of a wind turbine tower with blade coupling 579 

subjected to rotationally sampled wind loading, Eng. Struct. 27 (2005) 1209-1219. 580 

[20] M. Hansen, Aerodynamics of wind turbines 2nd edition, Earthscan, London, 2008. 581 

[21] M. Harte, B. Basu, S.R.K. Nielsen, Dynamic analysis of wind turbines including soil-structure interaction, 582 

Eng. Struct. 45 (2012) 509-518. 583 

[22] B. Fitzgerald, B. Basu, S.R.K. Nielsen, Active tuned mass dampers for control of in-plane vibrations of 584 

wind turbine blades, Struct. Control Health Monit. 20 (2013) 1377-1396. 585 

[23] M.A. Lackner, M.A. Rotea, Passive structural control of offshore wind turbines, Wind Energy 14 (2011) 586 

373-388. 587 

[24] G.M. Stewart, M.A. Lackner, The impact of passive tuned mass dampers and wind-wave misalignment on 588 

offshore wind turbine loads, Eng. Struct. 73 (2014) 54-61. 589 

[25] J.M. Jonkman, M.L. Buhl Jr, FAST user's guide-updated, Colorado, USA, National Renewable Energy 590 

Laboratory (NREL), 2005. 591 

[26] L. Dueñas-Osorio, B. Basu, Unavailability of wind turbines due to wind-induced accelerations, Eng. Struct. 592 

30 (2008) 885-893. 593 

[27] A. Quilligan, A. O’Connor, V. Pakrashi, Fragility analysis of steel and concrete wind turbine towers, Eng. 594 

Struct. 36 (2012) 270-282. 595 

[28] M. Mardfekri, P. Gardoni, Probabilistic demand models and fragility estimates for offshore wind turbine 596 

support structures, Eng. Struct. 52 (2013) 478-487. 597 

[29] D.H. Kim, S.G. Lee, I.K. Lee, Seismic fragility analysis of 5 MW offshore wind turbine, Renew. Energy 65 598 

(2014) 250-256. 599 

[30] A. Patil, S. Jung, O. S. Kwon, Structural performance of a parked wind turbine tower subjected to strong 600 

ground motions, Eng. Struct. 120 (2016) 92-102. 601 

[31] M.A. Asareh, W. Schonberg, J. Volz, Fragility analysis of a 5-MW NREL wind turbine considering aero-602 

elastic and seismic interaction using finite element method, Finite Elem. Anal. Des. 120 (2016) 57-67. 603 

[32] C. Yuan, J. Chen, J. Li, Q. Xu, Fragility analysis of large-scale wind turbines under the combination of 604 

seismic and aerodynamic loads, Renew. Energy 113 (2017) 1122-1134. 605 

[33] S.T. Hallowell, A.T. Myers, S.R. Arwade, W. Pang, P. Rawal, E.M. Hines, J.F. Hajjar, C. Qiao, V. 606 

Valamanesh, K. Wei, Hurricane risk assessment of offshore wind turbines, Renew. Energy 125 (2018) 234-249. 607 

[34] A.F. Mensah, L. Dueñas-Osorio, Improved reliability of wind turbine towers with tuned liquid column 608 

dampers (TLCDs), Struct. Saf. 47 (2014) 78-86. 609 

[35] B. Fitzgerald, S. Sarkar, A. Staino, Improved reliability of wind turbine towers with active tuned mass 610 

dampers (ATMDs), J. Sound Vib. 419 (2018) 103-122. 611 

[36] J. Jonkman, S. Butterfield, W. Musial, G. Scott, Definition of a 5-MW reference wind turbine for offshore 612 

system development Technical Report No. NREL/TP-500-38060, Colorado, USA, National Renewable Energy 613 

Laboratory (NREL), 2009. 614 

[37] T. Burton, N. Jenkins, D. Sharpe, E. Bossanyi, Wind energy handbook 2nd edition, John Wiley & Sons, 615 

2011. 616 

[38] K. Bi, H. Hao, Using pipe-in-pipe systems for subsea pipeline vibration control, Eng. Struct. 109 (2016) 617 

75-84. 618 

[39] DNV, DNV-RP-C205: Environmental conditions and environmental loads, Norway: Det Norske Veritas  619 

(2010). 620 

[40] S. Bisoi, S. Haldar, Dynamic analysis of offshore wind turbine in clay considering soil-monopile-tower 621 

interaction, Soil Dyn. Earthq. Eng. 63 (2014) 19-35. 622 

[41] L. Arany, S. Bhattacharya, J.H. Macdonald, S.J. Hogan, Closed form solution of eigen frequency of 623 

monopile supported offshore wind turbines in deeper waters incorporating stiffness of substructure and SSI, Soil 624 

Dyn. Earthq. Eng. 83 (2016) 18-32. 625 



29 

 

[42] K. Hasselmann, T. Barnett, E. Bouws, H. Carlson, D. Cartwright, K. Enke, J. Ewing, H. Gienapp, D. 626 

Hasselmann, P. Kruseman, Measurements of wind-wave growth and swell decay during the Joint North Sea 627 

Wave Project (JONSWAP), Deutches Hydrographisches Institut, 1973. 628 

[43] J. Zhang, Y. Huo, Evaluating effectiveness and optimum design of isolation devices for highway bridges 629 

using the fragility function method, Eng. Struct. 31 (2009) 1648-1660.  630 

[44] C. Li, H. Hao, H. Li, K. Bi, Seismic fragility analysis of reinforced concrete bridges with chloride induced 631 

corrosion subjected to spatially varying ground motions, Int. J. Struct. Stab. Dyn. 16 (2016) 1550010. 632 

[45] C. Li, H. Li, H. Hao, K. Bi, B. Chen, Seismic fragility analyses of sea-crossing cable-stayed bridges 633 

subjected to multi-support ground motions on offshore sites, Eng. Struct. 165 (2018) 441-456. 634 

[46] DNV, DNV-OS-J101: Design of offshore wind turbine structures, Copenhagen, Denmark, 2014.  635 

[47] C.A. Dimopoulos, C.J. Gantes, Experimental investigation of buckling of wind turbine tower cylindrical 636 

shells with opening and stiffening under bending, Thin-Walled Struct. 54 (2012) 140-155. 637 

[48] L. Guo, S. Yang, H. Jiao, Behavior of thin-walled circular hollow section tubes subjected to bending, Thin-638 

Walled Struct. 73 (2013) 281-289. 639 

[49] DNV, Risø National Laboratory, Guidelines for design of wind turbines 2nd edition, Denmark, 2002. 640 



Highlights: 

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

(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. 



Declaration of interests 

 

☒ The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this paper. 

 

☐The authors declare the following financial interests/personal relationships which may be considered 

as potential competing interests:  

 

 
 
 

 

 


