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Study on the aerodynamic damping for the seismic 1 

analysis of wind turbines in operation  2 

Abstract 3 

The continuous cost reduction of wind turbines has consolidated the competitiveness of wind energy. With the increasing 4 
installation of wind turbines in seismic-prone regions, it is likely that earthquakes will strike farms in operation. A 5 
practical approach to predict the dynamic behavior of a wind turbine under simultaneous seismic and operational wind 6 
loads is investigated in this work. The combined action can be determined by analyzing the wind and the seismic-7 
induced responses separately. However, an accurate definition of the aerodynamic damping is required for this purpose 8 
and there are few experimental studies on the additional damping source. A 1/100-scaled wind turbine model was 9 
designed and the aerodynamic damping of the model was identified. Subsequently, the ground motion was applied in 10 
the model by means of a shake table and the combined wind/earthquake response that was measured experimentally 11 
was compared with the response predicted by several combination rules. A numerical study using the FAST analysis 12 
package for wind turbines was also conducted to complement the experiments with fully-coupled simulations that 13 
include aeroelastic effects. This work provides a necessary experimental reference for structural engineers to use 14 
adequate aerodynamic damping and load combination methods for the seismic analysis of wind turbines in operation. 15 

Keywords 16 

Wind turbine model; Experimental study; Aerodynamic damping; Wind-seismic interaction. 17 

1. Introduction 18 

Wind energy has gained soaring momentum worldwide and it became one of the most competitive sources of 19 
renewable energy. Overall, the year of 2018 has witnessed a global wind power installation of 51.3 GW, bringing the 20 
total capacity as 591 GW [1]. According to the latest report of the International Renewable Energy Agency (IRENA) 21 
[2], the global weighted average cost of electricity from onshore wind has declined by 34% since 2010, to around 0.056 22 
USD/kWh, which has demonstrated itself as one of the most promising sources of energy to replace the traditional fossil 23 
fuel. 24 

One of the crucial aspects in wind turbine design is to provide reliable supporting structures, which generally 25 
involves the determination of the effects of aerodynamic, inertial and operational loads, as well as the soil-structure 26 
interaction [3, 4]. Moreover, with the increasing number of wind turbines installed in seismic-prone regions, for example, 27 
in the Pacific Rim and in the Mediterranean Sea areas [5], the seismic actions are potentially dominant in the dynamic 28 
responses of these structures [6, 7]. In recent years a number of authors have studied the seismic behavior of wind 29 
turbines [5, 8 – 11]. The aerodynamic loads were not considered in these works because it was assumed that an 30 
emergency shutdown would be triggered if the acceleration of the nacelle reaches the safety threshold [12]. However, 31 
it is likely that strong ground motions would strike operating wind turbines before the blades are fully feathered and 32 
stop rotating, adding potentially unfavorable loads that may govern the tower design [13]. In light of this, the seismic 33 
analysis of wind turbines under operational conditions has attracted increasing interest, the emphasis of which is on the 34 
interaction between the aerodynamic and the earthquake actions [14 – 17]. Earthquake-induced oscillations of the 35 
turbine affect the aerodynamic loads and vice versa [18]. Hence, full aeroelastic analysis including the inherent 36 
interaction is recommended [4]. Software packages that are specific for wind turbines such as FAST [19] and GH Bladed 37 
[20] can be used to predict the seismic performance combined with the aerodynamic loading. These numerical tools can 38 
be accurate but they require a significant computational effort because of the need for repetitive simulations to be 39 
performed for all the selected earthquake records and the different wind environment scenarios [18, 21]. On account of 40 
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this, some international standards and design guidelines propose simplified uncoupled analyses in which the 41 
aerodynamic and the seismic responses are calculated separately and then combined [13, 22, 23]. 42 

The interaction between the vibrating blades and the wind field can be considered in a quasi-steady approach by 43 
means of the adequate definition of the aerodynamic damping in the seismic analysis [24]. The modification of the 44 
relative wind velocity at the blades induced by the blade vibration during the earthquake changes the local angle of 45 
attack and thus it affects the aerodynamic force. Before the blades enter a stall condition, the increment of the 46 
aerodynamic force is always opposite to the direction of the tower motion, which provides an effect equivalent to a 47 
viscous damper that mitigates the vibration of the tower [25]. The determination of this additional damping effect is 48 
necessary to obtain accurate design loads as well as to help proposing vibration control schemes [26]. Dai et al. [27] 49 
conducted a field measurement of a 1.5-MW horizontal-axis wind turbine (HAWT). When the blades started rotating 50 
for rated-power generation, an increase in the damping ratio of the fundamental vibration mode of the tower (from 1.8% 51 
to 3.2%) was observed, which is due to the aerodynamic damping effect. Dong et al. [28] launched a long-term prototype 52 
observation of a 2.5-MW offshore HAWT. The overall damping ratio measured in this work ranges from 1.07% to 9.98% 53 
under different operational conditions. The overall damping includes the inherent dissipation from the structure and the 54 
soil, as well as the aerodynamic and the hydrodynamic (when applicable) damping effects [29]. The aerodynamic 55 
damping can be much higher than the other sources of dissipation, especially for large-scale wind turbines. Liu et al. 56 
[25] carried out a load analysis on a 5-MW offshore HAWT, and reported a great reduction of the average vibration 57 
amplitudes of the tower (from 1.94 m to 0.22 m) when the aerodynamic damping effect is included. Therefore, the 58 
inappropriate consideration of aerodynamic damping may change the response prediction significantly, leading to either 59 
unreliable or to over-conservative designs. 60 

Increasing efforts have been made to quantify the aerodynamic damping effect in numerical analyses of the seismic 61 
response. Witcher [30] examined combined wind and earthquake loading in a 2-MW HAWT using the GH Bladed 62 
software. He noticed that the peak tower response obtained in the fully-coupled time-domain analysis could be 63 
approximated by the response-spectrum approach with 5% damping ratio. This is convenient because the damping ratio 64 
reference in the seismic design spectra for buildings in ASCE/SEI 7-10 [31] is set to 5%. ASCE/AWEA [13] 65 
recommends that the overall damping ratio should be set to 1% for parked conditions and to 5% for operational 66 
conditions (i.e. 1% structural damping ratio plus 4% aerodynamic damping ratio). Valamanesh and Myers [32] 67 
complemented the damping values provided by ASCE/AWEA [13] from numerical simulations conducted using FAST 68 
for the dynamic analysis of a 1.5-MW HAWT. They recommended 5% damping ratio for operational conditions in the 69 
fore-aft direction, while 1% is used for parked conditions in both directions and for operational conditions in the side-70 
side direction. Avossa et al. [24] investigated a decoupled model for the vulnerability assessment of a 5-MW HAWT 71 
subjected to wind and seismic actions, within which the aerodynamic damping was predicted from the proposal of 72 
Valamanesh and Myers [32], namely 0.1% for the parked condition, 3.7% in the fore-aft direction and 1% in the side-73 
side direction for the operational condition. However, the experimental studies on this topic are rather scarce. The 74 
exception is the shake table test on an actual 65-kW HAWT conducted at the University of California, San Diego [33]. 75 
This work concluded that the aerodynamic damping has an appreciable effect in the fore-aft response, while it may be 76 
negligible in the side-side direction.  77 

Several theoretical models of the aerodynamic damping are summarized in Table 1, from which it can be concluded 78 
that the aerodynamic damping mainly depends on the rotor speed, the derivative of the lift coefficient with respect to 79 
the angle of attack (CL') and the blade geometry. Garrad [34] derived a simplified analytical expression of the 80 
aerodynamic damping on a blade element of unit length, which was subsequently rewritten by Kühn [35] to obtain the 81 
aerodynamic damping for the entire rotor. Salzmann and Van der Tempel [36] modified Kühn’s model by including a 82 
correction factor to allow it to be applied on modern variable-speed wind turbines. These studies assumed small inflow 83 
angles and high tip speed ratios for the operating wind turbine, and therefore they ignored the contributions from the 84 
wind speed and from the aerodynamic drag, which may underestimate the aerodynamic damping at high wind speeds. 85 
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In addition, they are only able to estimate the fore-aft aerodynamic damping. Valamanesh and Myers [32] extended on 86 
these studies by including the wind speed and the drag terms, as well as by providing a method to estimate the 87 
aerodynamic damping in the side-side direction. However, important assumptions such as considering steady, uniform 88 
wind conditions are made, and consequently the applicability of the method needs to be validated experimentally. 89 

Table 1. Summary of techniques to estimate the aerodynamic damping coefficient (the nomenclature can be found in the Appendix). 90 

Researchers Assumptions Techniques 

Garrad [34] 

 rigid rotor 
 constant rotor speed 
 small inflow angle 
 high tip speed ratio 
 attached flow 

2fore aft L
rcc Cρ

−
Ω ′=  (for a blade element of unit length) 

Kühn [35] 

 rigid rotor 
 constant rotor speed 
 small inflow angle 
 high tip speed ratio 
 attached flow 

 closed-form linearization: ( ) d
2 hub

Rb
fore aft L rR

Nc C c r r rρ
−

Ω ′= ∫  

 numerical linearization 
 non-linear time-domain simulation 

Salzmann and 
Van der Tempel 

[36] 

 rigid rotor 
 variable rotor speed 
 small inflow angle 
 high tip speed ratio 
 attached flow 

 closed-form solution: ( ) ( ) d
2 hub

Rb W
fore aft L rR

N Vc C bc r r rρ
−

Ω ′= ∫  

 simulation method: d
dfore aft

W

Tc
V− =  

Valamanesh 
and Myers [34] 

 rigid rotor 
 three-bladed rotor 
 steady, uniform wind 
 wind perpendicular to 

the rotor plane 

(1 )( cos sin )+ (1 ')[( ' )cos ( ' )sin ] ( )d
2hub

R

fore aft b W L D L D D LR
c N V a C C r a C C C C c r rρρ ϕ ϕ ϕ ϕ−

 = − + Ω + + + − 
 ∫  

(1 ')( sin cos ) (1 )[( ' )sin ( ')cos ] ( )d
2 2hub

Rb
side side L D W L D L DR

Nc r a C C V a C C C C c rρρ ϕ ϕ ϕ ϕ−
 = Ω + − − − + + − 
 ∫  

With the aerodynamic damping, the seismic demand can be determined either in response-spectrum analysis or in 91 
time-domain analysis [21]. In practice, the peak responses (e.g. the peak tower base moment or the peak shear force) 92 
due to the operational wind actions and due to the ground motions can be calculated separately and then combined 93 
considering that the corresponding peak responses may not occur at the same time. ASCE/AWEA [13] recommends to 94 
calculate the earthquake and the aerodynamic demands independently and then multiply the sum of the two demands 95 
by a reduction factor of 0.75. The recommendation also argues that the combination factor of 1 (which means adding 96 
directly the two demands) that is proposed in IEC 61400-1 [22] and GL [23] may overestimate the dynamic response. 97 
Asareh et al. [16] and Santangelo et al. [21] studied a 5-MW HAWT individually, and showed that the combination of 98 
seismic and aerodynamic loads with load factor of 0.75 can provide results that are sufficiently close to the fully-coupled 99 
simulations. Prowell [14] combined separate seismic and wind analyses for 65-kW, 900-kW, 1.5-MW, and 5-MW wind 100 
turbines. The results were compared with the fully-coupled FAST simulations. It was observed that combining the two 101 
separate responses with the square root of the sum of the squares (SRSS) gives better results than simply adding the 102 
response maxima directly, especially for large-scale wind turbines. Yang et al. [37] investigated the dynamic behavior 103 
of a 5-MW HAWT under various earthquake intensities and concluded that the load combinations presented by 104 
ASCE/AWEA [13] and by Prowell [14] tend to provide more accurate results than the direct combination method.  105 

To sum up, two main tasks are involved in the simplified seismic analysis of wind turbines in operation. One is to 106 
choose an appropriate aerodynamic damping for the assessment of separate earthquake responses, and the other is to 107 
adopt a reliable method to combine the separate earthquake and wind responses. These two subjects have been mainly 108 
investigated numerically in previous research works. However, considering the highly unstable flow conditions that the 109 
wind turbines experience in real situations, the applicability of the proposed damping ratios and combination rules 110 
requires further experimental verification, on which few published works are available. In light of the difficulties of 111 
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building a full-scale model test of a wind turbine because of space limitations and complex control systems installed in 112 
the nacelle, the present paper designed a simplified 1/100-scaled wind turbine model. The aerodynamic damping 113 
coefficients identified experimentally were compared to those calculated by different methods proposed in the literature 114 
to recommend a practical approach that determines the level of aerodynamic damping effect. Afterwards, different 115 
combination rules were investigated experimentally on the wind turbine model by means of shake table tests to obtain 116 
a better prediction of the wind-seismic responses. Numerical simulation in FAST was also conducted to explore the load 117 
combination rules under different ratios of the wind/seismic response and the validity of the fan-generated wind field in 118 
the experiments, as well as the effect of higher order tower modes and the side-side ground shaking in the response 119 
(which was not applied in the experiments). 120 

2. Wind turbine model design and experimental setup 121 

The laboratory model is scaled based on the Nordex S70/1.5 MW wind turbine with a rotor diameter of 70 m and a 122 
hub height of 64.65 m. The scheme of the similarity criteria is shown in Table 2, in which the scaling factors of length, 123 
Young’s modulus and acceleration are set to control the geometrical scale, material and shake table testing, respectively. 124 
It is known that the aerodynamic performance of the rotor depends largely on the behavior of the wind flow around the 125 
blade section and, in turn, on the Reynolds number (Re). Compared with the full-scale 1.5-MW wind turbine rotor which 126 
yields a Re of around 3.9×106 when operating at a rotor speed of 20 rpm under a wind speed of 13 m/s, the Re of the 127 
geometrically-scaled rotor can be reduced to 5500. This corresponds to a very low Re regime that potentially presents 128 
significant laminar flow separation and the reduction of the aerodynamic performance of the airfoil at the model scale 129 
[38].  130 

Table 2. Scheme of the scaling factors (λ) for the wind turbine model testing  131 

As it is summarized in Table 3, the Re scaling issue has been discussed in detail over the past few years for the 132 
wind turbine model design in a wide range of geometric scaling factors from 1/440 to 1/35. The mismatch of the 133 
Re and, therefore, of the aerodynamic behavior of the model turbine could be generally compensated with three 134 
methods: 1) increasing the model wind speed to increase the Re directly; 2) redesigning the blade by using specific 135 
low-Re airfoils; 3) using turbulators (like dots or strips on the leading edge of the blade surface) to facilitate the 136 
transition from laminar to turbulent flow around the blade at low Re, delaying the separation and hence improving 137 
the aerodynamic efficiency of the model [39]. Compared with the first approach, which may not capture the 138 
aerodynamic damping effects correctly and the third one which could result in an erratic rotor behavior, the second 139 
method is the most common one in previous studies [40]. This is the approach adopted in this work, in which the 140 
goal is not to extrapolate the behavior of the scaled model to that of a particular full-scale wind turbine, but to provide 141 
experimental support to the estimation of the aerodynamic damping of wind turbines subject to ground motions by 142 
means of the operational data and structural vibrations that were recorded in this research from a turbine model under 143 
relatively controlled operating conditions. For this reason, the similitude ratios in the design of the blades and in the 144 
wind and the rotational speeds were not considered, redesigning the blades to obtain relevant aerodynamic damping 145 
effects in the scaled model of the turbine during the experiments. One of the typical low-Re airfoils, the Eppler 387 146 
(E387), was chosen because it has been thoroughly studied and there is a wealth of experimental data available that 147 
covers a wide range of Re from 10,000 to 500,000 [41 – 44]. McArthur [44] reported reliable experimental results of 148 

Parameter Units Scale  Scale Value  

Length L λL 0.01 

Young’s modulus  M L−1T−2 λE 0.3495 

Acceleration LT-2 λa 2 

Time T λL 0.5λa -0.5 0.0707 
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the E387 airfoil characteristics at low Reynolds numbers (from 10,000 to 60,000). His results are therefore applied 149 
in the aerodynamic damping study in this paper. 150 

Table 3. Summary of scaling design for wind turbines in previous research works. 151 

The mathematical model for the blade design is based on the Blade Element Momentum (BEM) theory. The design 152 
is initialized by setting the airfoil characteristics at the corresponding value of Re and introducing the parameters of the 153 
wind turbine under consideration from Table 4. The rotational axis of the blade (i.e. the aerodynamic center of the airfoil) 154 
is fixed at 1/4 chord. A nonlinear constrained optimization follows to improve the efficiency by maximizing the local 155 
power coefficient (Cp) at each annular blade element. The Prandtl’s tip/root loss factor is also introduced in the design 156 
algorithm to correct the assumption of infinite number of blades in the BEM theory [4]. The design methodology 157 
presented in Ref. [3, 54, 55] are comprehensively considered and the process is illustrated in Fig. 1. 158 

Table 4. Specifications of the wind turbine model. 159 

Parameter Value Parameter Value 

Number of blades  3 Rotor radius R (mm) 240 

Rated power (W) 16 Hub radius Rhub (mm) 40 

Rated wind speed (m/s) 7 Tower height (mm) 630 

Rated rotor speed (rpm) 1000 Mass of blades (kg) 0.300 

Initial tip speed ratio 3.4 Tower mass (kg) 0.206 

Initial power coefficient 0.41 Total tower-top mass (kg) 1.169 

Literature Prototype Scale Model Re 
(×104) 

Increase wind 
speed  

Redesign 
bade Use turbulators 

Hassanzadeh et al. [45] NREL 1.5 MW 1/35 10 – 35  √ √ 

Ryi et al. [46] 750 kW 1/36 ≈ 23   √ 

Battasso et al. [47] Vestas 3 MW 1/45 5 – 6  √ √ 

Martin [40] NREL 5 MW 1/50 ≈ 3.57 √   √ 

Li et al. [48] NREL 5 MW 1/50 ≈ 3.25 √    

Duan et al. [49]  NREL 5 MW 1/50 4.44 – 8.88  √  

Berger et al. [50] NREL 5 MW 1/70 5 – 14  √  

Bayati et al. [51] DTU 10 MW  1/75 3 – 25  √  

Nano et al. [52] DTU 10 MW  1/200 3 – 5  √  

Coudou et al. [53] Vestas 2 MW 1/440 ≈ 3.5  √  
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 160 

Fig. 1. Blade design procedure (the nomenclature can be found in the Appendix). 161 

After modifying the chord length and the twist angle distribution, the blades were manufactured from aluminum 162 
alloy by means of digital carving. The supporting system of the three-bladed rotor contains a ball bearing, an aluminum 163 
tube and a bottom base (Fig. 2). Bolted connections were used between the tube and the base, between the tube and the 164 
top mass, and between the blades and the rotor hub to facilitate the assembly and disassembly of the model. A manually 165 
adjusted pitch device was also set at the root of the blades. This allows the rotor to operate under a wider range of wind 166 
speeds without stall. It is noted that no engine was mounted on the wind turbine and the so-called operation conditions 167 
were driven simply by wind produced by a fan, as shown in Fig. 2. The fan can produce airflow with capacity up to 168 
9300 m3/h and wind speed up to 9.14 m/s. The 10-minute averages and reference along-wind turbulence intensity (Tu) 169 
of the generated wind speeds at the tower hub are presented in Table 5. It should be noted that the turbulence intensity 170 
is described as ‘reference’ because the temporal resolution of the anemometer is 1 Hz, which is insufficient to capture 171 
the turbulence behavior of the flow accurately. 172 

Table 5. 10-minute averages and reference turbulence intensities (Tu) of the generated wind speed in the experiments. 173 

The base of the model was mounted on a shake table, which has the dimensions of 460 mm by 460 mm, a stroke of 174 
±75 mm and an acceleration capacity of 2.5 g under a 7.5 kg load [56]. The shake table was not activated in this initial 175 
‘wind-only’ experiment. The experimental set-up is described in Fig. 2. The accelerometers have a frequency range of 176 
0.2 Hz – 2.5 kHz and a voltage sensitivity of 50.015 mV/m·s-2. They were set along the fore-aft and the side-side 177 
direction at the tower top. The digital anemometer has an effective range of 0 – 45 m/s and a sensitivity of ± (2.5%+0.1), 178 
which was used to measure the wind speed at the hub in real time. The rotor speed was also recorded during the 179 
experiment by means of a laser tachometer with an effective spectrum of 10 – 999 rpm and a sensitivity of ± (0.04%+2).  180 

Wind speed (m/s) 2.552 3.460 4.310 4.821 5.312 5.934 7.012 

Reference Tu (%) 23.2 13.0 10.4 8.77 7.88 6.86 5.07 
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 181 
Fig. 2. Experimental setup.  182 

3. Experimental validation of the methods to estimate the aerodynamic damping  183 

In order to measure the structural frequencies and damping of the wind turbine model, the first tests were conducted 184 
without wind or earthquake actions applied. Pull-release tests in which an initial displacement of 5 mm was applied at 185 
the tower top in the fore-aft direction were performed with the blades remaining stationary. Free decay vibrations were 186 
recorded to estimate the dynamic properties of the model. The tests were repeated seven times and the arithmetic mean 187 
of the results yielded the following: fundamental fore-aft frequency 7.357 Hz and damping ratio 1.524%; fundamental 188 
side-side frequency 8.348 Hz and damping ratio 1.073%. The coefficient of variation (CoV) between tests was less than 189 
4%. In the parameter extraction procedure, attention was paid on the orthogonal modal coupling. Taking as an example 190 
the results of one test included in Fig. 3, it is observed that the vibration in the side-side direction can be induced by the 191 
applied movement in the fore-aft direction, and the transfer of energy between two directions lasts until the model stops 192 
vibrating. Apart from this, the vibrations in two directions seem to be amplitude-modulated by a harmonic function 193 
(with a period of 0.97 s), which is known as beat phenomenon [57]. It is caused by the relatively close fundamental 194 
frequency in the two orthogonal directions of the slender cylindrical tower being tested. To obtain exponential decays 195 
in the local peaks of the responses, band-pass filters with 0.1 – 8 Hz and 8 – 15 Hz were applied to the original 196 
measurements of the fore-aft and the side-side acceleration time-histories, respectively. The 8-order Elliptic filter was 197 
utilized with a stop band ripple that is below -100 dB to avoid filtering out vibration signals that are of interest in this 198 
study. The filtered vibrations are shown in Fig. 3, where the beat phenomenon is no longer observed. Subsequently, the 199 
damping ratio can be calculated by exponential curve fitting to the envelope of the filtered signal as  200 

 2
0( ) nf tx t A e π ζ−=  (1) 201 

where A0 is the acceleration amplitude, fn is the fundamental frequency and ζ is the damping ratio. 202 
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 203 

Fig. 3. Structural damping ratio estimates, where the initial displacement is imposed in the fore-aft direction (only).  204 
Sample frequency: 512 Hz. X direction is fore-aft; Y direction is side-side. 205 

To evaluate the aerodynamic damping of the wind turbine model in operation, the blades were allowed to rotate 206 
simply by the wind action. Based on the rotor dynamic theory, an unbalanced rotor mass (mr) with an eccentricity ε from 207 
the mass center induces harmonic excitations in the side-side direction defined as [58] 208 

 2( ) [ ( )] sin[ ( ) ]rf t m t t tε θ= Ω Ω +  (2) 209 

where Ω is the rotational frequency of the blades (Ω = 2π×N/60), and θ is the phase angle. Therefore, the recorded 210 
response signals have mixed contributions from the rotor and from the tower frequencies. Taking the wind speed of 7 211 
m/s as an example. Fig. 4 presents the time-varying frequency content of the excitation, by converting each rotor speed 212 
reading to a rotational frequency (1 rpm = 1/60 Hz). For safety reasons, the fan was powered off once the rotor speed 213 
exceeded 900 rpm, which is responsible for the drop of the rotational frequency after approximately 20 s from the start 214 
of the test in Fig. 4. The tower-top acceleration in the side-side direction and the Hilbert energy spectrum derived from 215 
the recorded acceleration are shown in Fig. 5. By comparing Fig. 4 and the Hilbert spectrum in Fig. 5, it can be observed 216 
that the latter reproduces the harmonic action of the rotor (Ωmax =14.25 Hz) as well as the fundamental side-side mode 217 
of the tower (fn=8.375 Hz). Fig. 5 also shows that resonance occurs when Ω approaches the fundamental frequency of 218 
the tower at the start and at the end of the test. Between these two stages (15 – 30 s) the rotational frequency is 219 
sufficiently separated from the natural frequency of the tower to show a clear frequency content. Therefore, in this 220 
period it is possible to extract the fundamental vibration mode of the structure under the influence of the wind-structure 221 
interaction by filtering out the excitation frequency components. To this end, a 0.1 – 8 Hz band-pass filter was applied 222 
to the tower top acceleration records in the fore-aft direction and an 8 – 10 Hz filter in the side-side direction. The auto-223 
correlation function was then computed through the inverse Fourier transform of the power spectral density of the 224 
filtered signal [59]. The exponential curve fitting Eq. (1) was subsequently applied to the auto-correlation function to 225 
extract the total damping (ctot), from which the component due to the aerodynamic damping (caero) can be estimated by 226 
subtracting the structural damping (cst), as shown in Fig. 6. The total damping coefficient is defined as 227 

 2totc mωζ=  (3) 228 

where m denotes modal mass of the fundamental vibration mode (calculated as 1.2248 kg in the fore-aft direction and 229 
1.2209 kg in the side-side direction in the proposed structure). 230 
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    Fig. 4. Rotational frequency of the blades.  
Fig. 5. Accelerogram and time-frequency analysis of one of 

the side-side acceleration measurements. Wind speed: 7m/s. 

 231 
Fig. 6. Estimation of the aerodynamic damping coefficients. X refers to the fore-aft direction; Y refers to the side-side direction. 232 

Wind speed: 7m/s. Rotor speed: 855 rpm. Sample frequency: 512 Hz.  233 

Given the operational conditions, the blade geometry and the aerodynamic characteristics of the turbine model, the 234 
aerodynamic damping can be estimated following the methodology shown in Fig. 7. The methodology is based on the 235 
BEM theory with the Prandtl’s tip/root loss factor described in Section 2 and with the Glauert correction. The latter 236 
applies to situations when the axial induction factor (a) exceeds the valid range for the BEM theory (a < 0.4 in this 237 
paper) [4]. Table A.1 shows a certain case of wind/rotor speed (VW = 7 m/s and N = 855 rpm) following the method of 238 
Valamanesh and Myers [32] and the method of Kühn [35] which were already introduced in Table 1. A total of 6 cases 239 
with different wind/rotor speeds were analyzed in this work. Fig. 8 presents the comparison between the aerodynamic 240 
damping coefficients measured experimentally and those calculated using different methods. The size of the markers in 241 
this plot is related to the magnitude of the aerodynamic damping coefficient. The effect of the increase in the pitch angle 242 
(manually adjusted) is also included in this study at the wind speeds of 2.5 m/s and 7 m/s. Its influence on the rotor 243 
speed and on the aerodynamic damping is indicated by the white arrow in Fig. 8 (from pitch angle 0° to 15°). 244 
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 245 
Fig. 7. Methodology to calculate the aerodynamic damping coefficients. 246 

 247 

Fig. 8. Comparison between the aerodynamic damping coefficients measured experimentally and the calculated ones. 248 
Nomenclature: ‘Test’ refers to the experimental measurement; ‘Method 1’ is the method of Valamanesh and Myers [32];  249 

‘Method 2’ is the method of Kühn [35]. 250 
The results in Fig. 8 indicate that:  251 

1) The fore-aft aerodynamic damping coefficient increases with the wind speed. This can be explained by the large 252 
contribution of the rotor speed to the fore-aft aerodynamic damping. The higher the wind speed, the faster the rotor 253 
spins, and thus the larger the fore-aft aerodynamic damping, which is consistent with previous works (see Table 1). 254 
In addition, increasing the pitch angle (from 0° to 15°) can effectively slow the rotor speed and thereby decrease the 255 
fore-aft aerodynamic damping.  256 

2) It can be observed that the aerodynamic damping in the side-side direction is much smaller than that in the fore-aft 257 
direction, which can be explained with the wind load diagram on the blade shown in Fig. 9. The vector sum of the 258 
lift (L) and the drag (D) at a particular blade section, Rf, can be decomposed into the normal and the tangential forces 259 
FN and FT, respectively. To assess the resultant dynamic behavior of the tower, the forces in the local blade (rotating) 260 
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coordinates (x’-y’-z’) need to be transformed into the global (fixed) coordinates at the tower top (x-y-z) as 261 

 , cos( ( ))x N y TF F F F tγ= =  (4) 262 

where γ denotes the azimuth of the blade with respect to the axis z. The alteration of FN or FT induced by the tower-263 
top motion can be regarded as the aerodynamic damping force. The aerodynamic damping forces at the three blades 264 
are aligned all the time in the fore-aft direction. However, in the side-side direction, they are influenced by the 265 
rotation of the blades and the aerodynamic damping forces tend to cancel each other, with the consequent reduction 266 
of the resultant damping force at the tower top. 267 

 268 
Fig. 9. Local velocities and loads on a blade section.  269 

3) The method proposed by Valamanesh and Myers [32] (Method 1 in Fig. 8) yields estimates of the aerodynamic 270 
damping that are closer to the experimental observation than those obtained from the method suggested by Kühn 271 
[35] (Method 2). Referring back to Table 1, Kühn’s model is actually a particular form of Valamanesh and Myers’s 272 
model valid for small inflow angles (it assumes cos 1ϕ ≈ ), attached flows around the blade sections (CL >> CD) and 273 

high tip speed ratios (Ωr >> VW). The wind turbine model in this paper does not adhere to the aforementioned 274 
assumptions and for this reason Kühn’s method is not applicable. For example, the inflow angle (φ) is not negligible 275 
according to the results presented in Table A.1. The Valamanesh and Myers’s model seems to be more applicable in 276 
this work and it can capture the relationship between the wind speed and the aerodynamic damping effect. 277 

The disagreement between the aerodynamic damping coefficients measured experimentally and those obtained from 278 
the calculation proposed by Valamanesh and Myers [32] can be attributed to:  279 
1) Measurement uncertainties of the wind speed and the rotor speed. This influence is relatively small since it can be 280 

suppressed by the application of measurement facilities with relatively high resolution and by repeated tests.  281 
2) Errors in the estimation of the structural damping and the total damping. Two different approaches were adopted to 282 

improve the effectiveness of the damping estimates in this work. The first one was to increase the sampling time of 283 
the vibration signals for the test and the second to increase the number of tests. The quantity selected to calculate 284 
the structural damping is ωζ because it results directly from the curve fitting of the envelope of the time-domain 285 
responses. The tests were repeated seven times in the estimation of ωζ and the results gave a very stable estimate of 286 
this quantity, with a CoV between tests that is below 1%. For the estimation of the total damping with wind speeds 287 
of 2.5 m/s and 3.5 m/s, the sampling time for the experiment was set to 600 s and the Welch’s averaged periodogram 288 
method was adopted to estimate the power spectral density with fine frequency resolution (0.03125 Hz) and low 289 
noise level to obtain accurate damping estimates. It should be mentioned that the test was not repeated for the cases 290 
with wind speeds of 2.5 m/s and 3.5 m/s. For the estimation of the total damping with wind speeds of 6 m/s and 7 291 
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m/s the spectral analysis was also used to estimate the damping, however, as it is shown in Fig. 5, the occurrence of 292 
resonance limited the sampling time. In order to evaluate the reliability of the estimation with shorter sampling time 293 
with resonant wind speeds, the tests were repeated five times for the case with 7-m/s wind speed (with 855-rpm 294 
rotor speed and 0º pitch angle), which gave a CoV in the damping estimate of less than 2%. The error propagation 295 
analysis for this specific case is presented in Table A.2 in the Appendix. It was found that the uncertainty (standard 296 
error) of the total damping is 2 – 3 times larger than that of the structural damping, which is mainly due to the 297 
uncertainty introduced from the spectral estimation process. It was also observed that the aerodynamic damping 298 
calculated with the method of Valamanesh and Myers [32] overlaps with that estimated through the experiments. 299 
This further supports the observation that this method tends to give good estimates of the aerodynamic damping.  300 

3) Inconsistencies in the Tu of the wind field generated by the wind tunnel in the literature [44] and by the fan in this 301 
study. The aerodynamic performance of the airfoil is sensitive to the free-stream turbulence and the omission of Tu 302 
effect is regarded as a major source of error. Tu is measured as about 5% at wind speed of 7 m/s in this study, which 303 
is much higher than that measured experimentally by McArthur [44], where Tu < 0.03%. No information is given in 304 
previous research works about the influence of Tu for the E387 airfoil, but the influence can be inferred from other 305 
low-Re airfoils. For the NACA 0012 airfoil, a 51%-increment in the maximum of CL was reported as Tu was 306 
increased from 0.6% to 6.0% at Re = 5,300, whereas only 12%-increment was observed at Re = 20,000 [60]. It can 307 
be found that the effect of Tu is limited and weakened when Re reaches the order of 104 [61]. Therefore, it is 308 
considered admissible to apply McArthur’s results [44] in the aerodynamic damping calculation in this work. 309 

4. Experimental study on the interaction of the wind-seismic response 310 

In this section, the combined response of the turbine under wind and seismic actions is studied. The wind flow was 311 
produced by the fan with an average wind speed of 2.5 m/s and the average rotor speed of the turbine model was 312 
measured as 250 rpm. The shake table only allowed to apply the earthquakes in the fore-aft direction, parallel to the 313 
wind flow. The accelerations at the top of the tower were recorded by the orthogonal set of accelerometers described 314 
previously, and the input accelerations at the base of the tower were recorded by three accelerometers installed on the 315 
table. A combination of natural and synthetic earthquakes was considered in this study. The artificial ground motion 316 
(labeled as EQ1) was generated based on the design spectrum proposed by the Chinese seismic code [62] with a 317 
characteristic period of the soil of 0.4 s (similar to Soil Class C in ASCE/SEI 7-10 [31]). Three recorded ground motions 318 
were selected from the PEER Database [63]. These are the earthquakes of El Centro (Year: 1940, Station: Array # 9, 319 
labeled as EQ2), Taft (Year: 1952, Station: Lincoln School, labeled as EQ3) and Kobe (Year: 1995, Station: Takarazuka, 320 
labeled as EQ4). These four ground motions were all time-scaled (with a scale ratio of 0.0707) to reproduce the seismic 321 
response characteristics of a 1.5-MW onshore wind turbine. In addition, each of the earthquakes was amplitude-scaled 322 
to 0.4g and 0.8g peak ground acceleration (PGA). For EQ1 PGA intensities of 0.2g and 0.6g were also applied. The 323 
elastic response spectra were calculated for the ground motions considering 1.5-% damping, which is in line with the 324 
value observed in Section 3. The four scaled spectra are presented in Fig. 10 along with the design spectrum. Each 325 
ground motion was repeated three times, with and without wind. In the tests with wind, the earthquake motion was 326 
applied after a certain amount of time (about 50 s) to dissipate the transient behavior induced by the wind. A total of 30 327 
tests were performed to measure the seismic response (without wind), with 30 additional tests conducted to obtain the 328 
combined response including wind and earthquake excitations. 329 
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 330 

Fig. 10. Spectral acceleration for the applied ground motions obtained with 1.5% damping (PGA = 0.4g).  331 
The vertical line represents the fundamental period of the model in the fore-aft direction (T1 = 1/7.357 = 0.1359s). 332 

The analysis of the response for EQ2 (PGA = 0.4g) in the time and frequency domains is illustrated in Fig. 11. The 333 
response recorded by the accelerometer set in the fore-aft direction contains the contribution of the side-side vibration 334 
mode, which is the result of the orthogonal modal coupling discussed in Fig. 3. It is worth mentioning that the natural 335 
frequencies of the two modes in Fig. 11 are slightly different from those estimated in the free-vibration test in Fig. 3 336 
(7.375 Hz vs. 7.344 Hz in the fore-aft direction and 8.5 Hz vs. 8.375 Hz in the side-side direction) because of the 337 
different frequency resolutions selected in the signal post-processing. It is found that in the presence of seismic motions, 338 
when the wind is applied at the blades the tower-top response in the fore-aft direction is slightly smaller compared to 339 
that of the earthquake-only scenario. The interaction between the aerodynamic and the earthquake actions is responsible 340 
for the reduction of the response. Although the wind flow and the ground motions were not directly oriented in the side-341 
side direction, the response in this direction was also reduced by the wind. This could be attributed to the twist introduced 342 
along the blades as a result of their optimization process (see Fig. 1), which introduces side-side wind components. 343 

 344 

(a) fore-aft direction 345 

 346 

(b) side-side direction 347 
Fig. 11. Tower top acceleration responses under earthquake excitations with/without wind loads in time and in frequency domains. 348 

EQ2 with PGA = 0.4g was applied in the fore-aft direction. Sample frequency: 256 Hz. 349 
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The peak accelerations associated with the fore-aft mode in the frequency-domain for the earthquake-only, the wind-350 
only and the coupled wind-seismic cases are 1292.2 mm/s2, 86.0 mm/s2 and 1243.7 mm/s2, respectively. This yields an 351 
11% difference (obtained as (1292.2 + 86.0 – 1243.7)/1243.7) between the simple sum of the wind-only and the 352 
earthquake-only responses, compared with the actual response with wind and earthquake actions applied at the same 353 
time. This is attributed to the fact that the change of the flow velocity on the blades due to the ground motion will not 354 
affect the aerodynamic loads instantaneously but with a certain delay [4]. In other words, the peak response under 355 
separate wind and seismic loads do not necessarily occur at the same time. Therefore, adding directly the wind and the 356 
earthquake-induced maxima is a conservative estimate.  357 

A practical approach to combine the wind and the earthquake loads was investigated. To this end, the experimental 358 
results were analyzed and compared with those obtained from different methods recommended in design guidelines and 359 
in previous research works. To facilitate the discussion, a wind-seismic combination coefficient is proposed as 360 

 
( ,

(
= )

( ) )
R E W

R E R W
η

+
 (5) 361 

where R(∙) represents the responses obtained when the earthquake and the wind are applied simultaneously (E,W), when 362 
only the earthquake is applied (E) or when only the wind is applied (W). These responses are expressed as the peak 363 
values in the time-domain (referred as ‘T-p’), the root mean square (rms) of the responses in the time-domain (‘T-rms’), 364 
and the peak responses associated with the fore-aft mode in the frequency-domain (‘F-p’). The response T-p focuses on 365 
the transient behavior of the turbine; T-rms on the stability of the response; and F-p on the vibrations controlled by the 366 
fundamental fore-aft mode. In all the cases the response measure is the acceleration at the tower top in the fore-aft 367 
direction in m/s2. The resulting combination coefficients are presented in Fig. 12. An apparent outlier was excluded for 368 
PGA = 0.6g in EQ1 because of a test failure. Although there exists some record-to-record variability of η for different 369 
response indicators, they share the same trends and almost all of them fall between 0.75 and 1. It should be mentioned 370 
that the coefficient η = 1 is recommended by IEC 61400-1 [22] and GL [23], and it represents a direct additive 371 
combination, whereas the coefficient η = 0.75 is recommended for large-scale wind turbines by ASCE/AWEA [13] as a 372 
load reduction factor. The experiments suggest that η = 1 is an over-conservative combination rule. In light of the scale 373 
of the model in this study, the aerodynamic loads are limited and the earthquake responses make the largest contribution. 374 
This explains that the resulting combination coefficients in this work are above 0.75. No clear correlation was observed 375 
between the combination factors and the PGA, although η seems to increase slightly for stronger earthquakes because 376 
of the larger contribution of the seismic action. It’s worth mentioning that no damage was observed in the tower due to 377 
the seismic actions, even with the largest PGA. 378 

 379 
Fig. 12. Combination coefficients with different assessment indicators. 380 

The response refers to the acceleration at the tower top in the fore-aft direction. 381 

Additionally, the SRSS combination proposed by Prowell [14] was examined and compared with the combination 382 
factor η = 0.75. The error is defined as 383 
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where Rref represents the experimental response corresponding to simultaneous action of wind and earthquakes, which 385 
is taken as a reference, and Rcombined is the result calculated from the combination of separate wind and earthquake 386 
responses with different methods defined as  387 
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where the F-p response indicator is selected for the values of R(E) and R(W) to avoid the scatter introduced by peaks of 389 
the acceleration in the time-domain. Fig. 13 shows these results and it indicates that the SRSS method usually gives 390 
results that are larger than the experiments, and η = 0.75 typically leads to lower responses. This is attributed to the 391 
relatively large difference between the earthquake and the wind responses, with the former tending to dominate the 392 
SRSS results. Moreover, the ground motions for which η = 0.75 increases the error are associated with the improved 393 
accuracy of the SRSS method. The SRSS combination (peak error 14%) tends to provide better estimates compared to 394 
η = 0.75 (peak error -24%). This finding, however, should be further explored in larger-scale wind turbines in which the 395 
aerodynamic loads are expected to contribute more to the combined wind-seismic response.  396 

 397 
Fig. 13. Deviation of the SRSS and η = 0.75 combination methods with respect to the experimental results. 398 

5. FAST simulation results 399 

Considering the stochastic nature of the wind and earthquake actions as well as the limited aerodynamic effects that 400 
can be developed in the experimental testing of the 1/100-scaled turbine model, the study in Section 4 is complemented 401 
here with series of simulations under different combinations of the wind speed and the PGA. The numerical platform 402 
FAST [19] was employed for the dynamic response simulation of the wind turbine by means of a fully-coupled 403 
aeroelastic analysis under simultaneous wind and earthquake actions. The FAST simulation follows the analysis 404 
flowchart presented in Fig. 14.  405 

 406 
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Fig. 14. Flowchart of FAST [19]. 407 

FAST allows to describe the dynamic properties of the tower and the blades by introducing the first two vibration 408 
modes of the tower in the fore-aft and side-side directions, along with first flapwise and edgewise modes of each blade, 409 
as illustrated in Fig. 15. The natural frequencies of the numerical model were adjusted based on the results obtained 410 
experimentally in the testing presented in Section 3. A wind field covering the entire area of the rotor disc as well as the 411 
tower was generated with the mean wind speed and the turbulence intensity according to Table 5. The aerodynamic 412 
coefficients of the E387 (Re = 20,000) for the full range of angles of attack (from -180° to 180°) are presented in Fig. 413 
16, which were introduced in the FAST model. To calculate the aerodynamic actions on the blade, the BEM theory with 414 
the Prandtl’s tip/root loss factor and the Glauert correction mentioned previously was adopted. FAST also captures the 415 
dynamic stall effects, and therefore, it is more accurate than the BEM theory employed in the methods proposed by 416 
Valamanesh and Myers [32] and by Kühn [35] that were discussed in Section 3. The accelerations recorded at the shake 417 
table were imposed at the tower base in the dynamic analysis, along with the rotor speeds that were measured 418 
experimentally. With all the information, a time-domain simulation incorporating the interaction between the 419 
aerodynamics and the structural dynamics of the turbine model was conducted to obtain the response.  420 

   421 
    Fig. 15. Normalized mode shape of the tower and the blades. Fig. 16. Aerodynamic coefficients for the full range of 

angles of attack. Re=20,000. 

5.1 Discussion about the wind field in the experiments and in the numerical analysis 422 

In order to validate the wind field generated by the fan in the experiments, a series of simulations were conducted 423 
in FAST using only wind actions obtained from a code-defined (IEC 61400-1 [22]) boundary layer profile accounting 424 
for time- and spatial correlations of the wind speeds at different points of the structure, and scaling it up to 6 different 425 
intensities (with/without the adjustment of pitch angle) which are consistent with the cases in Fig. 8. Fig. 17 presents 426 
the comparison between the wind responses in the fore-aft direction calculated from FAST and the recorded ones in the 427 
experiments. Three response indicators are defined following Eq. (5). It was found that the responses obtained from the 428 
simulation give results that are close to the experimental ones except for the ‘T-p’ response with the 6-m/s wind speed. 429 
These results confirm the validity of the wind field generated in the experiments for the purposes of this work. 430 

 431 
Fig. 17. Comparison between the wind responses in the fore-aft direction calculated from FAST and the recorded ones in the 432 
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experiments. ‘(p)’ in the horizontal axis represents the adjustment of the pitch angle of blades from 0º to 15º.  433 

5.2 Wind and earthquake effects 434 

Apart from earthquakes of El Centro (EQ2), Taft (EQ3) and Kobe (EQ4), seven additional recorded ground motions 435 
were selected from the PEER Database. Each ground motion was time-scaled with a scale ratio of 0.0707. The 436 
description of the ground motions’ ensemble is listed in Table 6 and their spectral accelerations are presented in Fig. 18. 437 
The PGA of the 10 natural ground motions and the artificial one (EQ1) was scaled to 0.1g, 0.2g, 0.4g, 0.6g, 0.8g and 438 
1.0g without changing their frequency content. Each ground motion was applied to the turbine model in FAST in the 439 
fore-aft direction with four different wind speeds (2.5 m/s, 3.5 m/s, 6 m/s and 7 m/s), and each wind inflow was repeated 440 
five times with different random phases in the wind time-histories to consider the stochastic nature of the wind, which 441 
resulted in 11 × 6 × 4 × 5 = 1320 simulations. The earthquake motion was applied in the analysis after 50 s to dissipate 442 
the transient response. The simulations were also conducted for ground motions under different PGAs without wind, 443 
which gives 11 × 6 = 66 additional runs.  444 

Table 6. Selected recorded ground motions for simulations  445 

Number RSN Year Event Station Magnitude  

1 6 1940  Imperial Valley-02  El Centro Array #9 6.95 EQ2 

2 7 1941  Northwest Calif-02  Ferndale City Hall 6.6   

3 12 1952  Kern County  LA - Hollywood Stor FF 7.36   

4 15 1952  Kern County  Taft Lincoln School 7.36 EQ3 

5 17 1952  Southern Calif  San Luis Obispo 6   

6 26 1961  Hollister-01  Hollister City Hall 5.6   

7 40 1968  Borrego Mtn  San Onofre - So Cal Edison 6.63   

8 68 1971  San Fernando  LA - Hollywood Stor FF 6.61   

9 77 1971  San Fernando  Pacoima Dam  6.61   

10 1119 1995  Kobe_ Japan  Takarazuka 6.9 EQ4 

 446 
Fig. 18. Spectral acceleration for the applied ground motions obtained with 1.5% damping (PGA = 0.4g). 447 

The vertical line represents the fundamental period of the model in the fore-aft direction (T1 = 1/7.357 = 0.1359s). 448 

The numerical responses under simultaneous wind and earthquake actions also compare well with the experimental 449 
ones, as it is illustrated in Fig. 19. The discrepancies of the response in the time-domain (up to 13.81% difference in T-450 
p and 11.86% in T-rms) can be explained in the frequency-domain, where the side-side mode component contributes in 451 
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the fore-aft response of the tower due to orthogonal modal coupling. This phenomenon is much stronger in the 452 
experimental results and it results in the reduction of the amplitude of the fundamental fore-aft mode vibration. The 453 
contribution of the second fore-aft mode of the tower can be evaluated by analyzing the acceleration recorded at the 454 
middle point of the tower. As shown in Fig. 20, the second fore-aft mode (163 Hz) seems to be submerged in the noise, 455 
and it has no appreciable influence on the tower response. Therefore, it is reasonable to consider the turbine model as a 456 
two-directional SDOF system (the fore-aft/side-side direction) in the aerodynamic damping calculation in Section 3. 457 

  458 
Fig. 19. Comparison of tower top acceleration in the fore-aft direction obtained in the FAST simulation and in the experiment. The 459 
earthquake EQ2 (PGA = 0.8g) and a 2.5 m/s wind speed are simultaneously applied in the fore-aft direction. Rotor speed: 250 rpm. 460 

 461 
Fig. 20. Comparison of the accelerations recorded at the tower top and at the middle of the tower, both in the fore-aft direction. 462 

After all the simulation cases, 1320 wind-seismic combination coefficients (η) were obtained for each response 463 
indicator, which are illustrated in Fig. 21. Based on the statistical analysis of these simulations, it is found that: 464 
1) The value of η tends to decrease with the wind speed. This makes sense since higher wind speeds correspond to 465 

larger aerodynamic damping effect and therefore, contributing to a more significant wind/earthquake coupling effect. 466 
2) The value of η increases with the PGA, but above 0.6g it is almost insensitive to this intensity measure. This can be 467 

explained by the fact that the contribution of the earthquake excitation is dominant for larger values of the PGA.  468 
3) The dispersion of the estimate of η for the indicator ‘T-p’ is generally smaller than that for the indicators ‘T-rms’ and 469 

‘F-p’. Therefore, it is recommended to use ‘T-p’ when assessing the dynamic behavior of wind turbine structures by 470 
means of the simplified decoupled wind/earthquake method. 471 

The simulations are also compared with the experimental results in Fig. 22 for the cases of the artificial ground motion 472 
(EQ1). It can be found that the value of η that is obtained from the simulation is close to the experimental one, except 473 
for the case with PGA of 0.4g. 474 
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475 

 476 
Fig. 21. Combination coefficients with different assessment indicators.  477 

The response refers to the acceleration at the tower top in the fore-aft direction. Each column contains a group of 55 points which 478 
represent 55 simulation results of the model under a specific wind speed and PGA. The solid line represents the variation of the 479 
median value of each points group of results with the PGA. The filled area represents the variation of the range between the 16th 480 

and 84th percentile of each points group with the PGA.  481 

 482 

Fig. 22. Combination coefficients obtained from the experiment and the FAST simulation. 483 
 Ground motion: EQ1. Wind speed: 2.5 m/s. 484 

It has also been observed that the magnitude of the wind-induced response compared with that caused by the ground 485 
motion affects the effectiveness of the load combination method directly. The relatively large number of simulations 486 
allows to further explore the adequacy of different load combination methods. Fig. 23 presents the deviation of the 487 
SRSS and the η = 0.75 combination methods with respect to the fully-coupled results obtained from the experiment and 488 
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from the FAST simulation under different wind/seismic response ratios. The response indicator ‘T-rms’ is selected to 489 
calculate the ratio for its ability to describe the effective value of the signal. The results indicate that:  490 
1) The SRSS method tends to overestimate the fully-coupled response, and the η = 0.75 method to underestimate the 491 

result, which is consistent with the findings of Fig. 13. 492 
2) The error of the SRSS method decreases with the wind/seismic response ratio and the error of the η = 0.75 method 493 

tends to be around -10% (i.e. it gives smaller values than the fully coupled analysis).  494 
3) For extremely small wind/seismic response ratios, below 0.05, the seismic excitation dominates the total response 495 

and, in this case, there is no need to consider the coupling effect of the two actions, as shown in Fig. 23. However, 496 
when the wind/seismic response ratio is above 0.3 the dispersion of the error with both approaches is too large to 497 
provide reliable results. This figure indicates that for moderate wind/seismic response ratios (in the order of 0.05 – 498 
0.3) the SRSS method can give estimates of the fully coupled wind-seismic response that are reasonably on the safe 499 
side, whereas the η = 0.75-method clearly underestimates the response.  500 

 501 
Fig. 23. Deviation of the SRSS and η = 0.75 combination methods with respect to fully-coupled results obtained from the 502 

experiment and from the FAST simulation. The response indicator ‘T-rms’ is used here.  503 

The experimental work discussed in Section 4 only applied fore-aft ground shakings to the turbine model. Further 504 
investigation was undertaken with FAST to compare between the responses with shaking in the fore-aft and the side-505 
side directions. The earthquake was applied independently in the two directions, and a 2.5 m/s wind speed was applied 506 
simultaneously with the earthquake in the fore-aft direction. Fig. 24 shows the results and it indicates that the peak 507 
amplitude in the fore-aft direction when the wind is considered is reduced by 6% in comparison with the case with only 508 
earthquake in the fore-aft direction, whereas no appreciable reduction can be observed when the earthquake is applied 509 
in the side-side direction. This difference demonstrates that the wind and the earthquake-induced responses interact in 510 
the fore-aft direction but not in the side-side direction. The result is in agreement with the experimental findings in Fig. 511 
11 and with the experimental work of Prowell et al. [33].  512 

 513 
Fig. 24. Tower top response obtained in FAST with EQ2 (PGA = 0.8g) shaking applied independently in the fore-aft and in the 514 

side-side directions. The earthquake is applied simultaneously with a 2.5 m/s wind speed in the fore-aft direction. 515 
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Conclusions 516 

In this research, a 1/100-scaled model of a wind turbine tower with optimized blades has been tested under 517 
simultaneous operational wind and earthquake actions. The goal was to investigate a practical approach to estimate the 518 
responses of wind turbine towers by analyzing both actions separately. A detailed blade design was conducted to ensure 519 
the aerodynamic performance under the condition of low Reynolds number. The evaluation of the aerodynamic damping 520 
in the tower response was first carried out by comparing the structural response in free vibration and under wind actions 521 
without ground motions. Afterwards, the interaction between seismic and wind loads on the wind turbine response was 522 
investigated experimentally by means of a shake table testing, and also numerically by means of dynamic FAST 523 
simulations. The main conclusions are the following: 524 
1) The interaction between the structural dynamic response and the aerodynamics of the wind turbine can be considered 525 

in a quasi-steady manner by means of the aerodynamic damping. The aerodynamic damping estimates obtained 526 
from the method proposed by Valamanesh and Myers [32] were compared with those identified from the recorded 527 
accelerations of the wind turbine model in the experiments under different operational cases. The results demonstrate 528 
that this method yields good estimates of the aerodynamic damping, which gives a necessary experimental support 529 
to the method. This is significant because a reliable aerodynamic damping model is necessary to analyze the loads 530 
accurately during the design stage. 531 

2) Compared to the earthquake-only scenario, the interaction between the wind and the seismic-induced loads could 532 
lead to a reduction of the overall response. To take this interaction into account without conducting time-consuming 533 
fully-coupled aeroelastic analysis, the individual wind and seismic responses can be treated separately by including 534 
an appropriate aerodynamic damping in the latter and by combining the two isolated responses in an adequate way. 535 
Three different rules of combination were investigated. The η = 1 combination (i.e. the simple sum of the two 536 
separate responses) tends to render over-conservative results, whereas the η = 0.75 combination underestimates the 537 
responses. The SRSS combination is recommended in this research in light of the better prediction of the fully-538 
coupled wind-seismic responses obtained experimentally.  539 

3) The FAST simulation was performed to explore the influence of different ratios of the wind/earthquake induced 540 
responses on the assessment of the dynamic behavior of wind turbine structures by means of the simplified method 541 
that considers both actions separately. The numerical simulation in FAST was in good agreement with the 542 
experimental results. The coupling effect between the wind and the earthquake responses tends to increase with the 543 
wind speed and to decrease with the PGA. For moderate wind/seismic response ratios (in the order of 0.05 – 0.3), 544 
the SRSS combination method is again recommended because it gives estimates of the fully-coupled wind-seismic 545 
response that are reasonably on the safe side. In addition, it is found that the higher vibration modes of the tower 546 
have a negligible contribution to the tower responses, and therefore the turbine model in this work can be considered 547 
as a two-directional SDOF system for the aerodynamic damping calculation. The numerical simulation in FAST 548 
also indicates that the aerodynamic interaction between wind and earthquake actions only occurs in the fore-aft 549 
direction, parallel to the incoming wind.  550 

The carefully designed model and validated incoming wind flow ensure the effectiveness of the experimental results 551 
to support the estimation of the aerodynamic damping of wind turbines subject to ground motions. The results of this 552 
work contribute to the understanding of the interaction between wind and earthquake actions in wind turbines in 553 
operation, and it provides engineers with an experimental reference to include appropriate aerodynamic damping in the 554 
analysis, as well as suitable load combination methods to obtain the design demand using simplified calculations. In 555 
addition, this work describes the blade design and other aspects of the physical model of a wind turbine for small-scale 556 
testing, observing a good agreement between the experimental and the numerical results. This contributes a helpful 557 
experience for the design of larger-scale experiments in the future. However, the conclusions in this work are based on 558 
the study of a simplified wind turbine model in which the influence of the electro-mechanical control system (e.g. 559 
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torque-pitch control for the regulation of the output power) is not considered. Future experimental works on models 560 
with the inclusion of the control system could further explore the complex interaction effects among the earthquake, the 561 
wind and the control-induced motions. 562 
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Appendix  710 

Table A.1 Application of two different methods for the estimation of the aerodynamic damping 711 

 712 
Table A.2. Error propagation for the measurement and calculation of aerodynamic damping in the fore-aft direction  713 

Error propagation 

Case: wind speed = 7 m/s, rotor speed = 855 rpm, pitch angle = 0º 

Aerodynamic damping 

measured experimentally 

Total damping 

ωζtot [rad/s] 
5 measurements: [0.7588, 0.7457, 0.7546, 0.7695, 0.7541] 

Wind speed (VW) 7 m/s Indoor temperature (T) 22.0 °C 

Rotor speed (N) 855 rpm Density of air (ρ) 1.205 kg/m3 

Pitch angle 0 Kinematic viscosity of air (υ) 1.8×10-5 kg/(m·s) 

r c β a  a' φ α Re CL CL' CD CD' 

[mm] [mm] [deg] [-] [-] [deg] [deg] [-] [-] [-] [-] [-] 

80 78.025 18.146  0.229  0.081  34.888  16.742  40926  0.8537  -0.0269  0.2273  -0.0300  

96 72.497 15.258  0.314  0.097  27.001  11.743  42620  1.1074  0.0875  0.1204  0.0350  

112 66.947 12.748  0.307  0.070  24.332  11.584  43812  1.0920  0.1063  0.1175  0.0367  

128 61.649 10.588  0.302  0.053  22.051  11.463  44581  1.0782  0.1201  0.1153  0.0380  

144 56.767 8.749  0.299  0.041  20.094  11.345  45051  1.0633  0.1329  0.1132  0.0392  

160 52.355 7.168  0.298  0.032  18.384  11.216  45307  1.0453  0.1460  0.1109  0.0405  

176 48.354 5.770  0.301  0.026  16.841  11.071  45357  1.0231  0.1593  0.1084  0.0419  

192 44.596 4.481  0.310  0.021  15.386  10.905  45092  0.9955  0.1725  0.1055  0.0435  

208 40.804 3.191  0.331  0.017  13.897  10.706  44232  0.9600  0.1850  0.1021  0.0454  

224 36.586 1.799  0.374  0.014  12.160  10.361  42273  0.8938  0.1970  0.0965  0.0486  

240 31.442 0.172  0.689  0.007  5.753  5.581  37975  0.6010  0.0289  0.0405  0.0748  

Method of Valamanesh and 
Myers [32] 

0.1373fore aftc − = ; 0.0109side sidec − =  Method of Kühn [35] 0.0287fore aftc − =  
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( ) ( ) ( )0.7565 0.00775 0.0035
tot tot tot

, , ως ως ωςµ σ δ= = =  

Structural damping 

ωζst [rad/s] 

7 measurements: [0.7096, 0.6971, 0.7040, 0.7043, 0.7031, 0.7085, 0.7048] 

( ) ( ) ( )0.7045 0.00376 0.0014
st st tot

, , ως ως ωςµ σ δ= = =  

Aerodynamic 

damping caero [kg/s] 
( ) ( )2 0.1275

aero tot stc m ως ωςµ µ µ = − = 
2 2
( ) ( )2 0.0092

aero tot stc m ως ωςδ δ δ= + =  

Final result 0.127 0.009aeroc  kg/s= ±  

Wind speed VW [m/s] 7.012 0.355 0.014
W W WV V V, ,  µ σ δ= = =  

Rotational frequency Ω [rad/s] 89.5 9.8 1.0, , µ σ δΩ Ω Ω= = =  

Aerodynamic damping 

calculated from method 1 

Aerodynamic 

damping caero [kg/s] 

1 2 0.1375
aero Wc Vk kµ µ µΩ= + =  

0.0004
aero W

2 2 2 2
c 1 V 2k kδ δ δΩ= + =  

Final result 0.1375 0.0004aeroc  kg/s= ±  

Aerodynamic damping 

calculated from method 2 

Aerodynamic 

damping caero [kg/s] 
0.0287

aeroc kµ µΩ= = , 0.0003
aeroc kδ δΩ= =  

Final result 0.0287 0.0003aeroc  kg/s= ±  

Nomenclature 

μ: Mean 

σ: Standard Deviation 

δ: Standard Error (error in the mean) 

k, k1, k2: Sensitivity coefficient (related to formula to calculate aerodynamic damping) 

 714 

Nomenclature 

a axial induction factor [-] N rotor speed [rpm] 

a' tangential induction factor [-] Nb number of blades [-] 

b aerodynamic damping correction factor [-] Re Reynolds number [-] 

c blade chord length [mm] r local radial distance of the blade section with respect  

cfore-aft aerodynamic damping coefficient in the fore-aft   to the blade root [mm] 

 direction [N·s/m] T thrust force [N] 

cside-side aerodynamic damping coefficient in the side-side  Tu free-stream turbulence intensity [%] 

 direction [N·s/m] VW wind velocity in the fore-aft direction [m/s] 

CD sectional drag coefficient [-], CD = D/(0.5ρcVrel2) Vrel relative wind velocity [m/s] 

CD' derivative of drag coefficient with respect to angle  Greek letters 

 of attack [-], CD' = dCD/dα α angle of attack [deg], the angle between Vrel and the  

CL sectional lift coefficient [-], CL = L/(0.5ρcVrel2)  chord line 

CL' derivative of lift coefficient with respect to angle  β twist angle [deg], the angle between the rotor plane  

 of attack [-], CL' = dCL/dα  and the chord line 

CP sectional power coefficient [-], CP = P/(0.5ρcVrel3) φ inflow angle [deg], the angle between the rotor plane 

D drag force [N]  and Vrel 

F overall Prandtl’s loss factor [-], F = Ftip· Froot λ local speed ratio [-], λ = Ωr/VW 

Ftip Prandtl’s tip loss factor [-] λT tip speed ratio (TSR) [-], λT = ΩR/VW  

Froot Prandtl’s root loss factor [-] ω angular frequency [rad/s], ω = 2πfn 
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 715 
L lift force [N] Ω rotational frequency [rad/s], Ω = 2πN/60 
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