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ABSTRACT: Vibration damping is essential for predicting the responses of wind turbines, and contributions mainly come from 
structural, soil, and aerodynamic damping. In engineering design, it is difficult to precisely account for the individual contributions 
of each damping source. As a result, a simplified approach is commonly used, where a total damping factor is applied that combines 
the effects of structural, soil, aerodynamic, and other damping sources. However, the accuracy of this simplified approach in 
predicting the dynamic response of turbines has not been thoroughly evaluated. This study primarily focuses on the applicability of 
vibration-damping simplification methods, particularly in analyzing the dynamic response of turbines under earthquake and wind loads. 
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1. Introduction 

The wind energy industry has expanded rapidly worldwide due to environmental concerns [1]. Wind turbines (WT) 
are typically tall, slender structures and natural frequencies close to environmental loads. As a result, their dynamic 
response and fatigue need to be considered during the design process. Many WTs are also installed in high seismic risk 
regions, such as the western United States, southern Europe, New Zealand, and the eastern coast of China [2]. Therefore, 
earthquake effects must be incorporated into wind turbine designs. In addition, vibration damping plays a crucial role 
in reducing dynamic response amplitude, making it an essential factor in predicting the dynamic response of WTs. A 
simplified damping model, incorporating damping factors from structural, soil, aerodynamic, and other sources, is 
widely used to analyze the fatigue life of WTs [3]. Shirzadeh et al. [4], through the experiments in the Belgian North 
Sea and corresponding numerical simulations, found that using the sum of individual damping as the total damping of 
the structure has a little error with the experimentally measured damping ratio of the structure. In the subsequent studies, 
Cheng et al. [5] calculated the response of the WTs under wind and wave loads, ignoring the pile-soil interaction and 
assuming a total damping ratio of 2.5. For the study of the dynamic characteristics of the WTs under parked, Wang et 
al. [6] simplified the structural, soil, and other damping to a 5% Rayleigh damping. Ali et al. [7] simplified the structural, 
soil, aerodynamic, and other sources of damping to a total 3% damping ratio in their study of the fragility of OWTs 
under wind and seismic loads. However, incorrect consideration of vibration damping can significantly affect the 
prediction of dynamic response, leading to either overly conservative or unsafe designs. Therefore, it is essential to 
evaluate the precision of the simplified damping model when predicting the wind turbine’s dynamic response under 
earthquake and environmental loads. 

Aerodynamic damping is caused by the aeroelastic effect of WTs and can be significantly higher than structural 
damping [4]. It primarily depends on factors such as rotor speed, airfoil shape and size, and incoming wind conditions. 
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For wind turbines with different capacities and operating conditions, using the same aerodynamic damping values may 
not be appropriate. Additionally, aerodynamic damping is greater in the along-wind direction compared to other 
directions. Chen et al. [3] suggested a range of 5% to 7% for aerodynamic damping. Take an OWT under operation as 
an example, the aerodynamic damping in the along-wind direction can be 5 to 10 times greater than in the across-wind 
direction [8]. Therefore, it is crucial to consider aerodynamic damping in numerical studies thoroughly. The dynamic 
behavior of a WT during operation is often influenced by aerodynamic coupling effects. Feyzollahzadeh et al. [9] 
studied the dynamic characteristics of FOWTs, while Rendon and Manuel [10] highlighted that the tower’s dynamic 
response varies with changes in wind speed and wave height. The decoupling method is currently the primary approach 
used to calculate aerodynamic damping in WTs. Several models for aerodynamic damping in both onshore and offshore 
wind turbines were established by Garrad et al. [11]. Considering the effect of wind speed, Chen and Duffour [3], and 
Chen et al. [12], introduced a semi-analytic approach that incorporates aerodynamic damping ratios in the fore-aft and 
side-to-side using element momentum theory. However, their models do not account for the damping coupling between 
motions in the FA and SS directions.  

Soil damping plays a crucial role in predicting the dynamic response of WTs, particularly for parked wind turbines. 
It consists of hysteretic material damping and radiation damping, which arises from diffracted waves spreading away 
from the pile [13,14]. Radiation damping is influenced by factors such as the frequency of external excitation, shear 
wave velocity of the soil, and pile diameter [15,16]. Recent studies have explored the soil damping of wind turbines, 
with measurements from OWTs indicating values between 0.25% and 1.5% [17]. Shirzadeh et al. [4] used the PolyMAX 
to estimate the soil damping contribution for the first mode of OWT, finding it to be 0.25%. Similarly, Tarp-Johansen 
et al. [18], using finite element analysis, estimated the soil damping for a monopile OWT, with values ranging from 
0.56% to 0.80%. In subsequent studies, Carswell et al. [13] observed that soil damping values varied between 0.17% 
and 0.28%, reducing the dynamic response of monopile OWTs by 7–9%. Damgaard et al. [19] introduced hysteretic 
springs to model the SSI, determining that the soil damping contribution ranged from 0.8% to 1.3%. In a different study, 
Jiang et al. [20] proposed a method to calculate soil damping in offshore wind turbines (OWTs) with wide-shallow 
bucket foundations, taking into account soil hysteresis properties. Their findings indicated that soil damping increases 
as the compression modulus increases and the plasticity index decreases, highlighting the influence of soil 
characteristics on the damping behavior in these types of foundations. 

While vibration damping in both marine and terrestrial wind turbines has been thoroughly studied, the influence 
of soil and aerodynamic damping on the dynamic behavior of WTs subjected to earthquake and environmental loads 
remains poorly understood. Current designs often combine soil and aerodynamic damping into aggregate structural 
damping. However, the precision of simplified damping approaches for predicting the dynamic response of WTs has 
not been researched. Therefore, this study focuses on the effects of soil and aerodynamic damping on the dynamic 
characteristics of WTs subjected to earthquake and wind loads, as well as evaluates the accuracy of the simplified 
damping approaches commonly used in current designs. 

2. Descriptions of the Model and Load Cases 

A typical 5MW-OWT is illustrated in Figure 1. The details of the structure-soil interaction, the finite element 
equations governing the OWT, the aerodynamic forces, and the simplified damping model are provided herein. 
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Figure 1. A monopile OWT system in the soil. 

2.1. Pile-Soil Interaction 

According to the authors’ previous studies [15], the resistance of the soil can be represented as 

𝑃௨(𝑧) = ෍ 𝐹௠𝑧௠

ஶ

௠ୀଵ

 (1)

𝐹௠ = 𝑆௨𝑢௠ (2)

𝑆௨ = 𝜋𝐺𝑟଴
ଶ

[2 𝐾ଵ( 𝑟଴) + 𝑟଴ 𝐾଴( 𝑟଴)] 𝐾ଵ( 𝑟ଵ) + [2 𝐾ଵ( 𝑟ଵ) + 𝑟ଵ 𝐾଴( 𝑟ଵ)] 𝐾ଵ( 𝑟଴)

𝑟ଵ 𝐾଴( 𝑟ଵ) 𝐾ଵ( 𝑟଴) + 𝑟଴ 𝐾ଵ( 𝑟ଵ) 𝐾଴( 𝑟଴) + 𝑟଴𝑟ଵ 𝐾଴( 𝑟ଵ) 𝐾଴( 𝑟଴)
 (3)

𝑢௠ =
2

ℎ
න 𝑢𝑧௠𝑑𝑧

௛

଴

 (4)

where 𝑧௠ = 𝑠𝑖𝑛 𝜆௠ 𝑧 ; 𝜆௠ = (2𝑚 − 1)𝜋/2ℎ; 𝑟ଵ = 𝑟଴/𝜂;  𝜂 = ඥ2(1 − 𝜐௦)/(1 − 2𝜐௦);  𝑟଴ = 𝜆௠𝑎ඥ1 − 𝜔଴
ଶ;  𝜔଴ =

ఠ

ఒ೘௩ೞ
;  𝐾ଵ(⋅), 𝐺଴, 𝛽, 𝜌௦, 𝜐௦ and 𝑣௦ can refer to [15]. 

Further, the discrete horizontal resistances vector 𝑷𝒖 is obtained as 

𝑷௨ = 𝑺௨
ஶ𝒖 (5)

𝑺௨
ஶ = 𝑾 ൥

2

ℎ
෍ 𝑆௨

ஶ

௠ୀଵ

𝜱௠𝜱௠
் ൩ 𝑾 (6)

𝑾 = න 𝑵்𝑵𝑑𝑧
௛

଴

 (7)

where 𝑵 and 𝜱௠ can refer to [15]. 
The displacement of soil in the free field can be calculated ed by [21]: 

𝑈௙ = 𝑈௚ 𝑐𝑜𝑠 𝑘 𝑧 + 𝑈௚ 𝑡𝑎𝑛 𝑘 ℎ 𝑠𝑖𝑛 𝑘 𝑧 − 𝑈௚ (8)

where 𝑘 = 𝜔/𝑣௦, 𝜔 is the frequency of the earthquake, 𝑈௚ = ∫ 𝑢௚𝑒ି௜ఠ௧ஶ

ିஶ
𝑑𝑡, and 𝑢௚ is the displacement of the 

earthquake. 
Soil damping gradually increases as the structure transitions from the elastic stage to the nonlinear stage. However, 

in order to highlight the impact of soil damping on the structure, this study mainly focuses on the case of small strain 
in the soil when the structure is in the elastic stage.  
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A set of 22 far-field records from the US FEMA P695 [22] specification is selected in this study. The acceleration 
response spectra for each time history of this far-field set are presented in Figure 2. 

 

Figure 2. The acceleration response spectral of selected records. 

2.2. Finite Element Equation 

The equation of the SSI of OWT can be expressed as 

൤
𝑺ூ 𝑺ூ஻

𝑺஻ூ 𝑺஻ + 𝑺௨
ஶ൨ ൜

𝑼ூ

𝑼஻
ൠ = ൜

𝑭ூ
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ൠ (9)
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൨ (10)

where B and I denote the pile embedded in soil and in a vacuum, respectively; M, K, and C are the mass, stiffness, and 
damping matrices, respectively; U is the flexible displacement vector; 𝑭 is the discrete force vector acting on the pile 
and OWT. 

The element mass (𝑴𝒆) and stiffness matrices (𝑲𝒆) of the OWT can be expressed as 

𝑴𝒆 = 𝑚௘
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 (11)

𝑲𝒆 =
𝐸𝐼௘

𝑙ଷ ൦

12 6𝑙 −12 6𝑙
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−12 −6𝑙 12 −6𝑙
6𝑙 2𝑙ଶ −6𝑙 4𝑙ଶ

൪ (12)

where 𝐸 is the elasticity modulus, l is the length of the element; 𝑚௘ is the unit mass of the element; and 𝐼௘ is the 
unit moment of inertia. 

The tower is represented as a series of segments. The paraments of each segment are given by the expressions 
provided by Wang et al. [23]. These parameters describe the structural properties of each segment, accounting for 
variations in geometry and material distribution along the height of the tapered tower. 

𝐸𝐼௜ =
1

𝑙௜
න 𝐸𝐼(𝑧)

௭೔

௭೔శభ

𝑑𝑧 (13)

0 1 2 3 4 5
Period (s)

0

0.2

0.4

0.6

0.8

1

1.2



Marine Energy Research 2025, 2, 10003 5 of 14 

 

 

𝜌𝐴௜ =
1

𝑙௜
න 𝜌𝐴(𝑧)

௭೔

௭೔శభ

𝑑𝑧 (14)

where 𝜌 is density, 𝐼(𝑧) is inertia moment, 𝐴(𝑧) and 𝑙௜ are the area and length of each segment, respectively. 
Then, in the time domain, the response of the OWT can be calculated through the inverse Fourier transform: 

𝑢 =
1

2𝜋
න 𝑈𝑒௜ఠ௧

ஶ

ିஶ

𝑑𝜔 (15)

2.3. Aerodynamic Forces  

The wind acts on the flexible blades of wind turbines; a phenomenon termed the aeroelastic effect. In the frequency 
domain analysis of a WT’s dynamic response, the aerodynamic load on the rotor is split into the load on the undeformed 
structure and the damping forces. The aerodynamic load acting on the undeformed structure is assumed to act at the 
center of the top section of the tower, resulting in a combined force along the direction normal to the plane of the WTs. 
This force is referred to as the aerodynamic thrust and can be presented by Lee et al. [24]. 

𝐹் = 0.5𝜌௔𝜋𝑅்
ଶ𝑉௦

ଶ(1 + 2𝑣௦/𝑉௦)𝐶் (16)

where 𝐹் denotes the thrust force; 𝜌௔ denotes the air density; Vs and vs denote the mean and fluctuating wind velocity, 
respectively; 𝑅் denotes the rotor radius; 𝐶் denotes the thrust coefficient and can be presented by 

𝐶𝑇 = 4𝑎1 − 𝑎 (17)

where 𝑎 is the induction factor.  
The mean wind velocity V(z) can be calculated by [25]. 

𝑉(𝑧) = 𝑉௥௘௙൫𝑧/𝑧௥௘௙൯
ఉ

 (18)

where z and 𝑧௥௘௙ are tower height and wind velocity measuring height, respectively; 𝑉௥௘௙ is wind velocity at 𝑧௥௘௙; 

and 𝛽 is a terrain roughness parameter. 
The fluctuating wind velocity can be described by the cross-power spectral. In this study, the cross-power spectral 

of Simiu [26] is used. 

𝑛𝑆௩(𝑧, 𝑛)

𝑣∗
ଶ

=
200𝑓

(1 + 50𝑓)ହ/ଷ
 (19)

and 𝑓 = 𝑛𝑧/𝑉 is a dimensionless parameter, n is the frequency, 𝑣∗ is the wind shear velocity and can be calculated by  

𝑣∗ =
𝑘௔

𝑙𝑛൫𝑧௥௘௙/𝑧଴൯
𝑉ଵ଴ (20)

where 𝑧଴ is the roughness length and this study uses 𝑧଴ = 0.01, 𝑘௔ = 0.04 is Von Karman’s constant.  
Based on the blade element momentum theory and first-order Taylor formula, the aerodynamic forces are 

expressed as viscous damping force, in which the aerodynamic damping 𝑐௫ can be calculated by [27] 

𝑐௫ = 𝑁௕ න (𝐴 + 𝐵)𝑑𝑟
ோ

଴

 (21)

𝐴 =
𝜕(𝑝N0)

𝜕𝑉௫
=

𝜌௔𝑐(𝑟)𝑉௫

𝑠𝑖𝑛ଶ 𝜑
𝐶௡ 

𝐵 =
𝜕(𝑝N0)

𝜕𝜑

𝑑𝜑

𝑑𝑉௫
 

(22)

𝐶௡ = 𝐶௅ 𝑐𝑜𝑠 𝜑 + 𝐶஽ 𝑠𝑖𝑛 𝜑 

𝐶௧ = 𝐶௅ 𝑠𝑖𝑛 𝜑 − 𝐶஽ 𝑐𝑜𝑠 𝜑 
(23)

𝑉௫ = 𝑉ௐ(1 − 𝑎) (24)
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𝑐(𝑟)𝑁௕

2𝜋𝑟
 (33)

where 𝑁௕ and R are the number and length of blades, respectively; a and 𝑎ᇱ are the axial and the tangential induction 
factor, respectively; 𝐶௅ and 𝐶஽ are coefficients of lift and drag for the blade, respectively; 𝑉ௐ is the wind speed; 𝜑 
is the angle between the relative velocity and the plane of rotation; c is the chord length of the blade; 𝜔ଵ is the rotational 
speed of the rotor; r is the distance between the blade and the blade root; 𝑝N0 refers to the aerodynamic lift of the blade 
at a specific radius r, projected in the direction normal to the rotor plane. This lift is the force generated by the airfoil 
section of the blade due to aerodynamic forces, and its projection helps in determining the contribution of the lift to the 
overall performance of the rotor at a given radius; and 𝜎 represents the fraction of the area within the volume that is 
occupied by the blades. 

2.4. Damping Calculating Method 

In wind turbine engineering design, a simplified method is commonly employed that uses a total damping factor 
to account for the contributions from various sources of damping. This total damping factor is the sum of the individual 
damping factors from structural, soil, aerodynamic, and other damping sources. The total damping factor for the 
simplified damping model can be expressed as  

𝜉total = 𝜉struc + 𝜉soil + 𝜉aero + 𝜉other (34)

where 𝜉total, 𝜉struc, 𝜉soil, 𝜉aero and 𝜉other respectively denote the total, structural, soil, aerodynamic damping, and 
other damping sources, such as hydrodynamic and supplemental damping. 

The method of calculating the damping ratio can refer to the study of Jiang et al. [20]. The logarithmic decrement 
is determined using the following formula: 
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in which 𝐴ଵ and 𝐴௡ are two amplitudes 𝑛 periods apart.  
In this study, the process of calculating aerodynamic damping ratio and soil damping ratio is shown in Figure 3. 

The simulation of soil damping is modeled in the form of soil resistance, as shown in Equation (6). The aerodynamic 
damping is simulated by a damper at the tower top Wang et al. [28]. Two finite element models are established: with 
soil resistance but no tower top damper (Figure 3a), and no soil resistance but with tower top damper (Figure 3b). 
Through the free vibration time history of two models after an impulse excitation and Equations (35) and (36), the 
precise soil damping ratio and aerodynamic damping ratio can be calculated. 

 

Figure 3. The process of calculating the 𝜉aero and the 𝜉soil. (a) Model of soil damping, (b) model of aerodynamic damping. 

3. Results and Discussion 

This study utilizes the detailed documents of an OWT from the National Renewable Energy Laboratory published. 
Table 1 summarizes the main characteristics of the selected turbines.  

Table 1. 5 MW OWT model properties. 

Property Value 
Rotor diameter 126 m 

Rotor-Nacelle mass 350,000 kg 
Tower height 87.6 m 

Base and top diameter 6 m and 3.97 m 
Base and top thickness 0.027 m and 0.019 m 

Monopile length 40 m 
Monopile diameter 6 m 

Density of monopile 7500 kg/m3 
Density of tower  8500 kg/m3 

E (Young’s modulus) 210 GPa 
Poisson ratio 0.3 

The length and the diameter of the monopile are 40 m and 6 m, respectively. The tower's bottom diameter is 6 m, 
tapering to 3.87 m at the top. The tower’s wall thickness decreases linearly from 0.027 m to 0.019 m along the tower. 
The rotor has a diameter of 126 m, and both the monopile and tower are constructed from standard steel. The material 
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properties can be seen in Table 1. Considering the painting, welds, bolts, and flanges during construction, the material 
density of the tower is 8500 kg/m3. The damping ratio of the structure and soil are 0.02 and 0.05 in this study, 
respectively. Figure 4 shows the aerodynamic damping 𝑐௫ versus the wind velocity Vs. 

 

Figure 4. The relationship of aerodynamic damping 𝑐௫ and the wind velocity Vs. 

To evaluate the influence of soil and aerodynamic damping on the dynamic response of OWT under wind load or 
seismic load, a dimensionless parameter Ri is defined as 
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where u0 and ua are the peak displacement of the OWT at tower top without soil and aerodynamic damping and 
considering aerodynamic damping and soil, respectively. 

To assess the precision of the simplified damping model, the following steps were taken, a dimensionless parameter 
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where ue is the peak displacement of the OWT at tower top using the simplified damping model. 
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The damping ratio of soil (𝜉soil) for the OWT can be obtained by Equations (35) and (36). Figure 5 shows the 
correlation between the soil’s equivalent damping ratio and its elastic modulus (Es). It is evident that the damping ratio 
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Figure 5. Soil damping ratio versus with Es. 
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Figures 6 and 7 demonstrate the effects of soil damping under thrust force and earthquakes, respectively. As shown 
in Figure 6, soil damping reduces the dynamic responses of the OWT subjected to operating conditions, with the 
reduction being less than 6.0% for the monopile foundation, regardless of the soil’s elastic modulus. In Figure 7, it is 
observed that soil damping also mitigates the dynamic responses of the OWT, and this influence decreases gradually 
with the increasing stiffness of the soil. 

 

Figure 6. Effect of soil damping to OWT under thrust force with Vs = 11.4 m/s. 

 

Figure 7. Effect of soil damping to OWT under seismic load. 
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of the simplified soil damping model for the OWT under operating conditions. The results reveal that this model offers 
high accuracy for the OWT’s dynamic responses under thrust force, with an error of less than 2%. Figure 9 demonstrates 
the precision of the simplified soil damping model for the OWT under seismic load, specifically with an elastic modulus 
of soil (Es) of 30 MPa. It can be concluded that the simplified damping model of soil may have a big error in calculating 
the seismic responses of the OWT. 
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Figure 8. The accuracy of the simplified damping model of soil for the OWT under thrust force with Vs = 11.4 m/s. 
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Figure 9. The precision of the simplified damping model of soil for the OWT under seismic load with Es = 30 MPa. 

3.2. Aerodynamic Damping 

The damping ratio of aerodynamic (𝜉aero) for the OWT can be obtained by Equations (35) and (36). Figure 10 
illustrates the relationship between the aerodynamic damping ratio and the mean wind velocity (Vs). It is evident that 
the aerodynamic damping ratio exhibits a non-monotonic trend, initially increasing and then decreasing as Vs rises, and 
within a range of 5%. 

 

Figure 10. Aerodynamic damping ratio versus with Vs. 
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operating and seismic conditions. In particular, at the rated wind speed, aerodynamic damping can reduce the seismic 
responses by as much as 65%. This underscores the significance of considering aerodynamic damping in the OWT design. 
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Figure 11. Effect of aerodynamic damping to OWT subjected to the thrust force. 
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Figure 12. Effect of aerodynamic damping to OWT subjected to seismic load. 

Figures 13 and 14 show the accuracy of the simplified method for aerodynamic damping. Figure 13 demonstrates 
the precision of the simplified aerodynamic damping model for the OWT under operating conditions. The results 
revealed the model accurately analyzes the response of the OWT under thrust force, with an error of less than 2%. 
Figure 14 shows the precision of the simplified damping model of aerodynamic for the OWT under seismic load with 
Vs = 11.4 m/s. The results indicate that the simplified damping model of aerodynamic has a great error in calculating 
the responses of the OWT and the highest error even reaches 60%. 
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Figure 13. The accuracy of the simplified damping model of aerodynamics for the OWT under thrust force. 
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Figure 14. The precision of the simplified damping model of aerodynamic for the OWT under seismic load with Vs = 11.4 m/s. 

4. Conclusions 

This study investigates the influences of aerodynamic and soil damping on OWT. It assesses the accuracy of the 
simplified damping method by analyzing the dynamic response of the 5 MW turbine under seismic and wind load 
conditions. The main conclusions are as follows: 

(1) The equivalent damping ratio of soil decreases with the increasing stiffness of the soil and it is in the range of 0.15–
0.45% when the elastic modulus of soil is larger than 10 MPa. The damping ratio of aerodynamics increases firstly 
and then decreases with the increase of wind speed and it can reach 5% in rated wind speed. 

(2) Both soil and aerodynamic damping are crucial in mitigating the dynamic responses of OWT. The impact of soil 
damping on seismic responses diminishes as soil stiffness increases. Moreover, it is important to note that 
aerodynamic damping has a much stronger effect on the response of the OWT compared to soil damping. 

(3) The simplified damping model of soil and aerodynamics has high precision for evaluating the dynamic responses 
of OWT under wind load. However, the error is much larger for the seismic responses, especially for the aerodynamic 
damping. Therefore, it is unreasonable to use the simplified damping model in the seismic design of OWT. 
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