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Abstract: Offshore wind turbines are one of the important strategic choices for low-carbon sustainable energy, and their
seismic safety issues need to be solved urgently. The three-dimensional seismic response problem of an offshore monopile wind
turbine is regarded as a wave scattering problem, and the fluctuation input of the sea site is realized by combining with the
artificial boundary conditions. A set of efficient zoning analysis methods for seawater—saturated seabed—wind turbine
coupling are developed based on the unified calculation framework of generalized saturated porous media, and the
three-dimensional seismic response analysis of the offshore monopile wind turbine is realized by comprehensively considering
the soil-structure and fluid-structure interaction effects. The effects of seawater depth, wave velocity of seabed and incidence
angle of seismic waves on the seismic response of the offshore monopile wind turbine are analyzed. The results show that the
variation of seawater depth and shear wave velocity of seabed change the free field, and the self-vibration characteristics of the
site—wind turbine system in the sea area, thereby affecting the seismic response of the wind turbine structure. When the
seawater increases to a certain depth, the seismic response of the wind turbine increases sharply when the self-resonance
frequency of the system is close to the input frequency of the seismic waves. The shear wave velocity of seabed has a greater
influence on the bending moment at the bottom of the tower than on the displacement. When the incidence angle increases, the
horizontal displacement and acceleration of the top of the tower and the bending moment at the bottom of the tower decrease to
varying degrees, and the vertical displacement and acceleration at the top of the tower increase to different degrees. The

nonlinearities of the seabed and wind turbine are not considered, and their influence laws needs to be further studied.
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Fig. 1 Schematic diagram of seismic response analysis of wind

turbine
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Fig. 3 Schematic diagram of coupling analysis
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Table 3 Seismic response results under different water depths

Wy i) TR daxthr AN XTI L) Bk
o £ Ho/m Fold(l) PEUR(E/ A/ A/
J= " m (m's") (m's? (N'm)

10 0.0690 0.5379 12.4667 2.7735ES8

4 15 0.0640 0.5564 11.5243 2.6007ES8

e 20 0.0820 0.8348 19.2107 4.1018ES8

e 25 0.0633 0.4518 12.1952  2.8194ES

ics 10 0.1000 0.9037 17.8810 1.5733E9

1 B 15 0.0908 0.9365 17.2672 1.3769E9

20 0.1046 1.6624 17.6343  2.8165E9

25 0.0995 0.7379 13.8724  1.4435E9

10 0.0948 0.5798 12.5576  2.8056ES8

4 15 0.0941 0.5866 12.6743  2.7385ES

= 20 0.0936 09776 21.4524 4.5699ES8

e 25 0.0728 0.5185 13.3567 3.0869ES8

ics 10 0.1359 0.9042 16.7664 1.6644E9

2 B 15 0.1360 0.9331 21.2555 1.3756E9

20 0.1345 2.1096 19.5376  3.3482E9

25 0.1131 0.8231 14.1074 1.5988E9

10 0.0922 0.7312 18.5752  3.4591ES8

4 15 0.0941 0.7848 16.6196  3.4940ES8

e 20 0.0834 1.0505 22.7070  4.7975E9

o 25 0.0671 0.6256 13.8432  3.0876ES8

ics 10 0.1244 1.1889 29.6767 1.9616E9

3 B 15 0.1263  1.2035 26.7635 1.9556E9

20 0.1201  1.9692 26.3036  3.4581E9

25 0.0993 1.0606 20.7832 1.8110E9

(2) WFPRYE RN

TEAN ) R R 3 T (1) 35 F5 TS50 45 a5 A4 A7 8 g 12 A
TERRECHRE, i B i Rl 7~9 Fron. AT LUK,
Bl & PR B DI K, MAERER 7 (). 8 (a).
9 (a) MIME(EAIG RGN/, HEIES 1 AR, 75
WERBIVIHE N 753 m/s FHAFIR K, Midst 2 1 3



102 "+ T OB % M

2025 4F

NI, 76 953 m/s I BiE i K, BALAEATIE I 7 (b)),
8 (b), 9 (b) AHH, SHEICFEHLA K. BERFK
BN, ORI K E /N, TR 753 m/s
328 B 5 K o St LA o i 2 PR AR 28 6 e R el ] AR B
LR R E AR, POASHESINEEA X, 55
B g B A5 5 %) moARUER, SRS S e AT U
FFF, FFE AT DR DL S g K, S5
K/ INIE R K FE s, I H S EE N 953 mys, R
HUEE AU 25 40 5 4 3 Fh T 7 M AH

4r ——v,=445 m/s
------- V=753 m/s
2t —v,=953 m/s
,=]128 m/s
So '
S
-2
-4
-6 1 1 1 1
0 10 20 30 40
tls
(a) PR
8 -
—— v, =445 m/s
sk 1 V=753 m/s
- 1,=953 m/s
£ ----v,=1128 m/s
)
)
<
2r Vo=445 m/s
vs=753 m/s
1+ 1,=953 m/s
T ---2y,=1128 m/s
£o :
N
-1
-2
0 10 20 30 40

tls
(c) BFENEE
7 WRIER | FARNERKE TR TRHE R RN
Fig. 7 Seismic responses of wind turbine towers under different

seabed wave velocities of incidence 1

vs=445 m/s
------- vs=753 m/s
vs=953 m/s

£ 2 -v=1128 m/s
=
S 0
-2
-4
-6 1 1 1 1
0 10 20 30 40

tls

(a) PrBMERE

Vo=445 mls
------- vs=753 m/s
V=953 m/s
----v,=1128 m/s

(b) frBHFEE

——v,=445 m/s
------- v5=753 m/s
vs=953 m/s
4 - -v-=1128 m/s

MI(10°N-m)
(=]

|
[ 8]

tls
(c) AR
8 MIEICR 2 TAENEAREIE TR T XUATLIE 89 3t = 0o B

Fig. 8 Seismic responses of wind turbine towers under different

seabed wave velocities of incidence 2

4- V,=445 m/s
------- =753 m/s
2r —— 1,953 m/s
E ol ---V5=1128 m/s
S
=2}
-4
-6 | |
0 10 20 30 40 50 60 70
ils
(a) PiEEaiRRE
127
10 F vs=445 m/s
------- v,=753 mfs
- 85 ——1,=953 m/s
£ s e
?: 6 lf i vs=1128 m/s
3 4l
2 i f
BNt e e s iy
0 0.5 1.0 15 20 25 3.0
fiHz
(b) PIEH A
3 -
V,=445 m/s
) S 1,=753 m/s
~ 1L ——1,=953 m/s
g - - - -v,=1128 m/s
St
2+
_3 1 1 1 1 1 1 1

tls
(¢) BRI
9 HRIER 3 TARPEAKE T T XALIE EHY RN

Fig. 9 Seismic responses of wind turbine towers under different

seabed wave velocities of incidence 3



%=1 RNR

5. i AR SR R 82 73 DXRR 5 3 BT 77 103

(3) Nt BE R

RSN el O G P S A K i 2 27 Y [ R VA 4
Bies R . B 10~12 7] W, ZEA R HZE
N, BEE NSRRI, RO R ) R AR A K A
— 8, o e 57 B RN T R N R K, KT
[ 57 % 0 5 S 7 A B R ), B K S
Kk o ACE BRI G AR, H, fEHE
W 1N, BEENS AR, K A7 R 12
AN, TAEHLEICS 2 M3 R, BEE NS,
VI T 475N T AN 5 NS I P T
NI A EEIE UL 5 e S &5 SR A% 44 52 7% i \ 1Y)
SRR . BEE NS A, I ER AR
R RONBEE NS A BEAE xz T RIIR, x
S RIBERN, z TR RIRETIE . W x Ji RS
FUIISE E CA S 52 x5 ) 3 5 1 1) 25 R X BT s

1z J7 16 B IS EEA BT K
0.12r
. .
0.08 -
£
0.04
0
0 15 25 30
FBE/I(C°)
(a) HxHRBIRME R
24,
18
'§ 12f
3
6
0
ﬁ!&/( )
(b) 250k i3 W L PRI
4 r
~ 3 I |
s
& 21
2
: 1 _ I I
0
0 15 25 30

FBEI(°)
(c) Xt KB RE

10 #RICR 1| TRHUE R RN

Fig. 10 Seismic responses of wind turbine towers of incidence 1

0121
L[ [
0.08 F
£
E
0.04
0
0 15 25 30
FBEIC°)
(a) #EXHABIRMER
24
. .
18}
g 12t
¥
6F

0 15 25 30
FBEIC°)
(b)) 4k BE W (L Pl
5 -
M,
s
'Ta 51
£
S
g 27
N
1 -
0 15 25 30
FMEEIC)
(e) Haxt Bk A

11 #RICR 2 TRHUE R RN

Fig. 11 Seismic responses of wind turbine towers of incidence 2

0.12
U,
0.08
£
E
) J II II II
0 1
0 15 25 30
FBEI ()
(a) #oxd R IREE
36
. .
27+
A
£ 18f
3
9+
0 L
0 15 25 30

FBEC)
(b)) 2t xd ek BE VR AE &



104 A+ (A 2025 4
5 Na, CHEN Su. Study on seismic zoning in china sea area and
al . v, its key issues[J]. Technology for Earthquake Disaster

_ Prevention, 2021, 16(1): 1-10. (in Chinese))
; 4 [3] THOMSON W T. Transmission of elastic waves through a
% r stratified solid medium[J]. Journal of Applied Physics, 1950,
1r 21(2): 89-93.
0 " — [4] FEs WEG B UL 5% R

BN C)
(c) Hext R giE
& 12 #ELFE 3 TXYE =R E IR

Fig. 12 Seismic responses of wind turbine towers of incidence 3

3 &% i

AT T SRR I RS SELE, SR
T AR K- 2 RS & 1 4 X447
TR, AT T ARSI A S A X
R R R OB, AR 3 AR

(1) W AKTRE (38, — 7T k38 7 sk 1 3
BRI, 5T, B2 T sz - KL ik
1 Z I ELHRESIE, TR RIS FO R S e [,
KR JEE R U L 2 IR B s 2430 K R —
EVRBERT CIASCE BT 20 m ), 7 - KL
WA (1 IR 5 0 A\ M RS R, AL
SR K .

(2 HEPR BT U136 P L A 5 ) BT M LB A
T _E S KR REAR R o FR SR, M DTN R
WL 25 1 B B LS TR B K

(3) BEAH R SN F FE R A, AP LR Al
D DA U 25 R R FLRR U, B B
RIS 3 157 S R P8

ARG AL, A IR A ik D
T AR AL E s FE e TR KRR . BT )
L NI R R 2t RIS 58 R 7 2 AR
7, B R S TR B PSR FE, 25 R P- A
MO, TSI KEE TR R, fEilk— i .

SE -

(1 £ &, 2wy, § 5, & hETEXRE SR 20 A0
FHEZPHT[I]. HEPETIR, 2022, 39(6): 55-61. (WANG Jian,
LI Xiang, HAN Xue, et al. Analysis of spatiotemporal
distribution characteristics of offshore wind energy resources
in China[J]. Marine Forecasts, 2022, 39(6): 55-61. (in
Chinese))

21 2/, 2 08, Bk g5 i IR0 R X ) K 0% B 1]
WA, mRBIEHA, 2021, 16(1): 1-10. (LI Xiaojun, LI

VEHBRE S SARFIELT]. & TAESAAR, 2024, 46(2): 345-356.
(WANG Yanzheng, FAN Hongfei, ZHAO Kai, et al. 2D
nonlinear seismic response characteristics of a strait site with
deep inhomogeneous soil deposits[J]. Chinese Journal of
Geotechnical Engineering, 2024, 46(2): 345-356. (in
Chinese))

[51 SONG Z, WANG F, L1, et al. Nonlinear seismic responses of
the powerhouse of a hydropower station under near-fault
plane P-wave oblique incidence[J]. Engineering Structures,
199, 109613.

(6] HA27), 2 ¥, B E, & FEMNIMERECS K NIt
—GE AR R IRR SR AT T VAR SL ). AR 02, 2017,
34(5): 52-59. (DU Xiuli, LI Yang, ZHAO Mi, et al. Seismic
response analysis method for soil-structure interaction system
of underlying rigid rock base soil condition[J]. Engineering
Mechanics, 2017, 34(5): 52-59. (in Chinese))

(71 RIS, 3L, Mk, & BaSpaEstia ). hEFR
2% A B, 1984, 14(6): 556-564. (LIAO Zhenpeng, HUANG
Konglang, YANG Baipo. et al. Transient wave transmission
boundary[J]. Chinese Science (Series A), 1984, 14(6):
556-564. (in Chinese))

[8] LYSMER J, KUHLEMEYERR L. Finite dynamic model for
infinite media[J].
Division, 1969, 95(4): 859-877.

91 £ &, 5507, ¥, & FrE AN T on bR
N T E BT U] A AR TR, 2023, 39(2):
167-177. (WANG Zhan, JING Liping, LU Xinyu, et al.

Journal of the Engineering Mechanics

Comparative study of viscous-spring boundary element and
methods of seismic motion input[J]. World Earthquake
Engineering, 2023, 39(2): 167-177. (in Chinese))

[10] BEE, ks, o 57, % Sk -GM AR
FIRT LM AR 2 PR RO RR SEMa 00T (7], 5 %5 TR
224, 2006(3EF) 1): 2713-2718. (FENG Yutao, RONG
Jinzhang, CAO Fang, et al. Seismic response analysis of
hydrodynamic and pile-soil-structure interaction for river-
spanning bridge[J]. Chinese Journal of Rock Mechanics and
Engineering, 2006(S1): 2713-2718. (in Chinese))



318

TRANA A IS X L R I 53 X £ 7 BT T 12 105

(117 88 YL, T3 K IR & SRR B 7K AN 2 B A
PR & 5E D] GRS 40: B AR BHE A, 2013(3):
336-341. (WEI Kai, YUAN Wancheng. A numerical-
analytical mixed method of hydrodynamic effect for
deep-water elevated pile cap foundation under earthquake[J].
Journal of Tongji University: Natural Science, 2013(3):
336-341. (in Chinese))

[12] ZUO H R, BI K M, HAO H. Dynamic analyses of operating
offshore wind turbines including soil-structure interaction[J].
Engineering Structures, 2018, 157: 42-62.

[13] HACIEFENDIOGLU K. Stochastic seismic response analysis
of offshore wind turbine including fluid structure-soil
interaction[J]. The Structural Design of Tall and Special
Buildings, 2012, 21(12): 867-878.

[14] LEE S G, KIM D H, YOON G L. Seismic fragility for 5§ MW
offshore wind turbine using pushover analysis[J]. Journal of
Ocean Engineering and Technology, 2013, 27(4): 98-106.

[15] KIM D H, LEE S G LEE I K. Seismic fragility analysis of 5
MW offshore wind turbine[J]. Renewable Energy, 2014, 65:
250-256.

[16] FRANCESCA T, MARCO S, LISANNE M. A practical
soil-structure interaction model for a wind turbine subjected
to seismic loads and emergency shutdown[J]. Procedia
Engineering, 2017(199): 2433-2438.

[17] YANG Y, YE K, LI C, et al. Dynamic behavior of wind
turbines influenced by aerodynamic damping and earthquake

intensity[J]. Wind Energy, 2018, 21(5): 303-319.

[18] WANG P, ZHAO M, DU X, et al. Wind, wave and earthquake
responses of offshore wind turbine on monopile foundation in
clay[J]. Soil Dynamics and Earthquake Engineering, 2018,
113: 47-57.

[19] BRAk, BIANTK, sk, iR TR A AR & o 4t
—HAEZE. SR, 2019, 51(2): 594-606. (CHEN
Shaolin, KE Xiaofei, ZHANG Hongxiang. A unified
computational framework for fluid-solid coupling in marine
earthquake engineering[J]. Chinese Journal of Theoretical
and Applied Mechanics, 2019, 51(2): 594-606. (in Chinese))

[20] BR/bak, FEA5AK, M/ K. R R AR AR & 1) R
Gt T HEZR - AN A IR ]. T34, 2019, 51(5):
1517- 1529. (CHEN Shaolin, CHENG Shulin, KE Xiaofei. A
unified computational framework for fluid-solid coupling in
marine earthquake engineering: irregular interface case[J].
Chinese Journal of Theoretical and Applied Mechanics, 2019,
51(5): 1517-1529. (in Chinese))

[21] ZHAO M, GAO Z, WANG P, et al. Response spectrum
method for seismic analysis of monopile offshore wind
turbine[J]. Soil Dynamics and Earthquake Engineering, 2020,
136.

[22] ¥ EFE SRR Bt AHER AL —fr i 0 R Bkt
E@EAN D[S]: SY/T10009—2002. 2002. (Planning, Design
and Recommended Practices for Offshore Fixed Platforms—
Load Resistance Coefficient Design Method (Addendum 1):
SY/T10009-2002[S]. 2002. (in Chinese))





