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ABSTRACT 
 

     The safety evaluation of wind turbines in the complex marine environment is 
critical during the current wind converter design process, especially in seismically active 
zones. Although the nonlinear dynamic behaviors (such as buckling and yield) of wind 
turbines under different hazards have been studied, the soil degradation and 
liquefaction mechanism under random seismic waves and their influence on the 
dynamic responses of wind turbines supported by large diameter monopiles have not 
been systematically depicted. Therefore, a sophisticated soil domain simulation was 
introduced to the finite element model in this study. The dynamic performance of wind 
turbines under different load combinations was evaluated. The results indicate that the 
enforcing force caused by monopile would intensify the liquefaction extent of 
surrounding soil within the distance range of two pile diameters. Compared with the 
wind loading, the shear effects caused by earthquakes have a critical impact on the 
excess pore water pressure accumulation. However, the wind loading still controls the 
mudline rotation angles and pile bending moments. These conclusions apply to five 
considered seismic waves. Meanwhile, the influence of wave loads on the soil 
liquefaction severity and the dynamic response (rotation angles and bending moments) 
is limited. The different structural dynamic performances and soil degradation contents 
under selected loading scenarios indicate the design process of wind turbines in the 
liquefied seabed under earthquakes should be carefully evaluated. 
.…… 
 
1. INTRODUCTION 
 
     The contradiction between increasing energy consumption and reducing the 
carbon footprint has motivated many countries to explore more sustainable and 
renewable energy sources. In the past several decades, wind energy has attracted 
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much attention worldwide, and many offshore wind farms have been constructed, 
especially in Asia and the United States. Based on wind field data over 38 years from 
1979 to 2016, Wan (2018) investigated the wind energy potential of the South China 
Sea and concluded that the climatic circumstances in the Taiwan Strait are highly 
favorable for wind energy development. Consequently, many wind plants have been 
planned or constructed, such as the Xinhua Bay Wind Farm and Chang-Bin Wind Farm. 
Meanwhile, the Taiwan Strait is located between the Eurasian and Philippine Plates, 
representing a region with high seismicity. Therefore, the dynamic response of offshore 
wind turbines (OWTs) under the coupled wind, wave, and earthquake loadings, should 
be suspected carefully. 
 
     In this research, a series of numerical simulations of the DTU 10MW offshore 
wind turbine (OWT) supported by a single medium sand layer was carried out for 
various load combinations of wind, wave, and earthquake loads. The coupling effects 
were analyzed, and the dynamic response was evaluated. 
 
2. NUMERICAL MODELING OF OWT 
 
     The DTU 10MW OWT with a large diameter monopile foundation proposed by 
Bak (2013) and Velarde (2016) is selected as an example in this study. The total length 
of monopile is 75 m, of which 40 m is in seawater, and 35 m is embedded in the 
seabed. The monopile diameter is 10 m, and the wall thickness is assumed to be 1/80 
of the monopile diameter, approximately 0.125 m. The soil domain dimensions in three 
directions (longitudinal, width, and depths) are defined as 100 m, 100 m, and 50 m, 
respectively, which is considered large enough to eliminate the boundary conditions. 
The three-dimensional finite element model is built using an open-source code, 
OpenSees, considering the abundant material and element modules. 

 
     The static wind load along the tower is applied to the tower nodes. The random 
resultant thrust force imposed on the hub is extracted from the FAST code developed 
by National Renewable Energy Laboratory (NREL) in the United States. Besides, the 
power spectral density (PSD) of the sea elevation can be described by the JONSWAP 
spectrum. According to the PSD, the sea surface elevation time history could be 
simulated using the inverse fast Fourier transform. Then the hydrodynamic load on 
each monopile element can be calculated using the Morison formula. Five earthquake 
records are defined, and the details are shown in Table 1. In this analysis, the peak 
ground acceleration is scaled to 0.15 g. 
 

Table 1 Detailed information of the FE model 
No. Year Magnitude Earthquake Event PGA (g) Predominant Frequency (Hz) 
E1 1979 6.53 Imperial Valley 0.38 3.78 
E2 1994 6.69 Northbridge 0.48 1.42 
E3 1995 6.90 Kobe 0.23 0.81 
E4 1999 6.20 Chi-Chi 0.18 0.59 
E5 2004 6.00 Parkfield 0.46 7.40 
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     Four different scenarios are simulated to study the effect of load combination on 
dynamic response. In scenario 1, the free field (FF) under earthquake is simulated, 
while the OWT system is considered in scenarios 2-4. The detailed simulation 
scenarios are shown in Table 2. 
 

Table 2 Simulation scenarios 

Scenario Analysis  
object 

Wind 
Speeds (m/s) 

Earthquakes Damping  
ratio Remarks 

Records  PGA (g) 
Scenario 1 FF 0.0 E1–E5 0.15 1% Earthquake 
Scenario 2 OWT 0.0 E1–E5 0.15 3% Earthquake 
Scenario 3 OWT 11.4 E1–E5 0.15 3% Earthquake+Wind 
Scenario 4 OWT 11.4 E1–E5 0.15 3% Earthquake+Wind+Wave 
 
3. NUMERICAL RESULTS AND COMPARISON 
 
     3.1 Soil EPP accumulation and EPPR distribution 
     The EPP values under four scenarios are shown in Fig. 1. The value of '

0vσ  
stands for the effective vertical stress and the red points in the bottom right corner are 
the monitoring nodes. Considering the most severe liquefaction under the Kobe 
earthquake, the remaining parts mainly focuses on this specific case. Compared to the 
OWT system, the excess pore water pressures in the free field, depicted in Fig. 1(a), 
increase smoothly. The EPP values at depths of 5 m and 10 m maintain around 44.97 
kPa and 88.46 kPa, reaching the liquefied states. A similar variation pattern could be 
observed in the OWT system in scenarios 2-4, but intensive fluctuations are observed. 
This trend might be attributed to the cyclic tension-compression forces caused by 
monopile, and the soil appears to have a noticeable dilatancy effect. Besides, the 
liquefaction depths extend to 15 m in scenarios 2-4 with the introduction of a large-
dimeter pile. In particular, the EPP values of soil modes adjacent to the pile toe (as 
shown by the cyan line) accumulate more quickly, which is different from the EPP trend 
in the free field. The maximum values in the four scenarios are 69.18 kPa, 86.80 kPa, 
87.58 kPa, and 91.03 kPa. 
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Fig. 1 EPP accumulation curve under Kobe wave (X=-0.75D) 
 
     The EPP values at shallow depth with different distances from the pile are also 
extracted and shown in Fig. 2. The same fluctuation trend could be observed in four 
scenarios. In scenarios 2-4, the excess pore water pressure under the coupled wind, 
wave, and earthquake loading appears more apparent. The EPP values in scenario 1 
keep the same accumulation rate, corresponding to the response of the shear beam 
model. However, intensive changes are observed at distances of 7.5 m and 10.0 m in 
scenarios 2-4. When the distance increases to 15.0 m, the accumulation trend slows 
down though some dilatancy characteristics could still be seen around the time of PGA. 
A similar variation trend could be observed at distances of 20.0 m and 50.0 m, 
indicating the pile effect on surrounding soil EPP is diminished. 
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Fig. 2 EPP accumulation curve under Kobe wave (Z=-0.50D) 
 
     3.2 Pile rotation angles and bending moments 
     The maximum rotation angles and bending moments in scenarios 2-4 are 
depicted in Fig. 3. Compared to the wave loading, earthquake and wind load have a 
more critical effect on the rotation angles and bending moments. Taking the dynamic 
response under the Kobe earthquake (E3) as an example, the increasement ratios of 
rotation angle caused by the wind and wave loads are 54.34% and 13.78%, while the 
values for the bending moment are 42.63% and 8.60%. Besides, the positive influence 
caused by wind load is observed, while different effects induced by the wave load are 
captured. It might be caused by different load directions. For the wind loads, the 
values maintain the positive, while the wave loads vary around the zero values. 
Therefore, different superposition effects could be obtained. 
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Fig. 3 Maximum rotation angles and bending moments 
 
4. CONCLUSIONS 
 
A three-dimensional FE model of 10 MW OWT is constructed to study the impact of 
wind, wave, and earthquake loading on the liquefaction extent and dynamic responses. 
The conclusions are summarized as follows: 
 
(1) Compared to the free field, the monopile increases the EPP of soil adjacent to the 
pile, particularly at the pile toe. However, the pile effect would become limited beyond 
the horizontal distance of two diameters. 
 
(2) The maximum and minimum EPPRs in the free field appear to be layered 
distribution. At the same time, the interval triangle shapes could be found in the 
offshore wind turbine system under different loading combinations. 
 
(3) Compared to the wave loading, wind and earthquake are still the controlling 
parameters in maximum rotation angles and bending moments. Wind loading positively 
influences two parameters, while wave loading effects vary in different liquefaction 
severity. 
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