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Abstract: To address the lack of clarity regarding the domi-
nant factors and parameter sensitivity mechanisms of the dis-
placement response of the breakwater-wind turbine coupled
system, this paper established an integrated numerical analy-
sis model considering combined wind-wave action and system-
atically revealed the influence laws of various parameters
based on grey relational analysis (GRA). Firstly, based on a
practical breakwater-integrated wind power project, the Dav-
enport wind speed spectrum and JONSWAP wave spectrum
were used together with the harmonic superposition method to
simulate and generate time histories of wind-wave loads. Sec-
ondly, a refined 3D fully coupled numerical model of the
breakwater-wind turbine system was constructed. Compared
with traditional offshore monopile wind turbines, the model
verifies that the breakwater can enhance the displacement sta-
bility of the wind turbine. Finally, three types of key influen-
cing factors including load, structure and foundation were se-
lected, and the GRA method was adopted for multi-parameter
sensitivity evaluation to quantify the sensitivity of structural
displacement response to each parameter. Results show that
the introduction of the breakwater produces a wave-shielding
effect and forms an additional constraint mechanism, which
can significantly improve the displacement stability of the wind
turbine system. The system response is predominantly gov-

emned by wind loads, while the influence of wave loads is ef-

fectively suppressed. Tower parameters dominate the deforma-
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tion of the upper structure, whereas pile parameters govern
the response at the pile-breakwater interface. These findings
clarify the displacement response laws of the coupled system
under combined wind-wave action, and can provide a theoreti-
cal basis for engineering disaster-resistance design and param-
eter optimization.

Key words : monopile supported offshore wind turbine ; break-
water; wind-wave loading; grey relational analysis (GRA)
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Fig.1 Schematic diagram of the breakwater-wind turbine coupled system model
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Fig.2 Cross-sectional view of the breakwater
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Tab.l Material parameters of the breakwater
pass GRS MERE
HEFHR 24 3.4X%10* 0.200
IR 24 2.8X10* 0.167

E/UEe) 16 3.0x10* 0.150

IRAE A 19 2.0%10* 0.200
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Tab.2 Engineering geological profile information

tgs SRR SRR R

TRV R R 1 17.6 37.50 4.0
#+ 18.1 37.50 10.0

bidiE 19.6 66.25 14.4
wmt 19.8 50.00 14.6
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Tab.3 Wind turbine parameters

SR ZHUE
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Mk e BE 80 mm
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Fig.3 Time history curve of wind load
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Fig.7 Grey relational degree of displacement response

SR e 137 18 R 8 SR JBE 246 X (B T3 45 2R S AT
REER, G50 R TN 42500
EHF RV, > E, >t, >E >t, >E, >H, W
47 28 Ay S M 57 % Wi 7 %) 7 4 PR &R B R
SRR TR FE U 22, T 3B v R BT 0 B %) S8 e 1
FH, RERE AR, TERE -2 58 FHAL | 2% S H0E i
EHY NV, >E, >E >t >t, >E >H, F
P IRGHATS SRy 32 B i PR 2R T A s 5L A A 10 G
BCREFH 0.16 $27F % 0.39, RIFE LA B AL, ML
SRS A N 14 52 1A TG A [ e, 3% £ R J
14 DGIBR WY 48 o, 8 e 1 DG IR B AT b T 3Rk
Vo LA TR, B 5 - K HLRE & 1A & AL
FE ] 7 55 XAy 28 1) DI M i i, 5 1 45 4 2 800t
EEREERIALRS TTRR 2 B S RO S A
IR AR R T T B R B 8 AT REAE
U8 o X AR 5 A i 7 114 DI B R 28 A 1K

4 4 iE

ATICHTF PLAXIS 3D A FRICA T & & 57
R -IRER A 6 FH 1 By 0 35 - KUHILRE & B0 5y
PR AL 20575 1 T X7 2, I TR A 28 B i - 1 -
B I S A BAE FH A5 22 D R AR A 00 . FE I Al
b XA T T B A - KL A R R S e g
Ak S T XML A 1 o B I 1 22 5, JF 45 5 Ik 2
RIRIIE RGN T 4 S B B I 52 - KL
R 1A 22 (5 A 1] 17 114) 5 e R B flsRfe i, 22
ZEBIR .

(1) A% gt s Qv KWL, Bl i 52 - IXUAIL
R T R (0 BB TOUE A% e 1y A5 28 b B4, i



124 KEHEFRFFR

%52 %

R P ) T B DR T 75 R B ST AR IR A 2
P R 2 RSO, | LA KA AT 45 4 5 R Y
FHEAR O S SRR S 06 1 B9 S5 e A
HOFERL T IR Bhfigt . EXGRIKS R T, R
HUBA AR S BURE R o l 3E S HA; BE D
LYSHL A I A -3 - b A EAE T TR Rl BT
(BRI RE | AR P BT 18 32 R B 5 i e S0 i
i AR P R IR A B, AR SR R 2 T
PEE AR R PR B B L RPERT,

(2) FEME(E R ZE T A R LW, B P e - AL
AR 28 R TS A e IO X~ 47 XU e A U
P17 17 P JEE A P, 9042 i 0 45 K 15 W ) )
U IR A, PE TS S RO iR EE 1 5048 STk
JRERE R, A S MO0 AL 5 75 904 52 5 5t Ak F) )37
CAEISLEE T

(3) KRR AT it — ALl 1 _FaA
L AEIE TR RS 7 T8I , 1249 XU 5 57 R Wi IO ) S
JEf i, SE RTINS BOR Z , s SR UK JEE A A1 7
BE=SRAZ AL -2 XEAT) o B &R (EAE
FES B IR AT T 1, T g 9 DG TR 2 A ¢
Ab TR, 2 W 7 e A 28I 55 1 TR 4
Xt 23 R (57 % W RO PRS2 D

ARSI B I 3~ WML — AR AL B 0 B
AR R BT (0 S Ik 1 BB o M T ik AT
ARG AT IR IR B N B B 5 - KL ZS
AREAZ i o R, D SR AL v IR T 114 )7 2 ok
KRBV BEIIE SR 5 S H K

&2 3Lk ( References) :

(1), A 3, kM8, 45 25 T SACS 1y b KL S

PE S 3¢ Gl NN N
2023,49(3) :106-113.
Wang Jianchao, Cui Chunyi, Zhang Peng, et al. Sensi-
tivity analysis of fatigue parameters for offshore wind tur-
bine jacket foundation based on SACS[ J]. Journal of
Dalian Maritime University, 2023, 49(3) . 106-113. (in
Chinese )

[ 2]Dong Xiaofeng, Jiang Qi, Lian Jijian, et al. Optimized i-
dentification process of equivalent wind load calculations
for offshore wind turbines under standstill conditions[ J].
Ocean Engineering, 2024, 312. 119043.

[31FLaA R T, 2509, 55 - TR — T 1 BR BRI 25 A5
YR HARREE M 7 BT [ 0] 741k, 2025,47(12) < 70-

83.

Jiang Yunmu, Yu Dinghao, Li Gang, et al. A model of
extreme environmental conditions for wind-wave-swell and
related structural analysis[ J]. Haiyang Xuebao, 2025,
47(12) ; 70-83. (in Chinese)

[4] R0 EHF L, KPR, & B IRIEET & vk

SN 2 B0 PE 40 B[], K o 5 7 ok 2% 2% R,
2021,47(4) :93-99.
Wu Zhihao, Cui Chunyi, Zhang Xincheng, et al. Sensi-
tivity analysis of ice-induced vibration response parame-
ters of the vertical leg offshore platform [ J]. Journal of
Dalian Maritime University, 2021, 47(4): 93-99. (in
Chinese)

[5]58T, EAF SO, AR 45 4 HWE m A% Sk 25 4 1Y

HWER S BE ST [ I ] DN 274 (BLTORR) L, 2022,
39(4) .432-439.
Wu Zhihao, Cui Chunyi, Leng Qicheng, et al. Seismic
vulnerability analysis of vertical pile-supported wharf
structure[ J |. Journal of Shenzhen University Science and
Engineering, 2022, 39(4) : 432-439. (in Chinese)

[6]FaAR, W, KT, % HIEX IR IRAHCHER

BELI 5 B[ J/OL]. T A%, 2024 1-16.
https : //link. cnki. net/urlid/11.2595. 03.20240918. 1307.
009.
Jiang Yunmu, Li Gang, Yu Dinghao, et al. The simula-
tion of stochastic vector processes considering the correla-
tion of wind-generated-wave and swell[ J/OL]. Engineer-
ing Mechanics, 2024 . 1-16. https ://link.cnki.net/urlid/
11.2595.03.20240918.1307.009. (in Chinese )

(705K, 4B SC,TRMG, 45 3 T — 485 P GRU M 2% 1Y 3

U5 3 g RS S o B [ 0] ORI SRR
27224 ,2023,49(2) ;23-32.
Zhang Zhen, Cui Chunyi, Zhang Peng, et al. Real-time
prediction and analysis of jacket platform dynamic re-
sponse based on one-dimensional convolution and GRU
network [ J ]. Journal of Dalian Maritime University,
2023, 49(2): 23-32. (in Chinese)

[8]Yang Yang, Bashir M, LI Chun, et al. Analysis of seis-
mic behaviour of an offshore wind turbine with a flexible
foundation[ J |.Ocean Engineering, 2019, 178.215-228.

[9]Cao Guangwei, Chian S C, Ding Xuanming, et al. Dy-
namic response of OWTs under wind-wave loads consid-
ering 3D water-pile-soil interactions[ J]. Ocean Engineer-
ing, 2023, 283, 115057.

[ 10] Cao Guangwei, Chen Zhixiong, Wang Chenglong, et al.

Dynamic responses of offshore wind turbine considering



%34 IR F AT = B EAAAEING B R 3R - UL H AR R AL AS vf B B AR P T 125

soil nonlinearity and wind-wave load combinations[ J].
Ocean Engineering, 2020, 217. 108155.

[11] 150, ST A AR, 45 kT 1 BR 2347 T BR A B

A B2 e ] 5 5 [l AR B WIESE [ ] R BH BB 27 3
2025,46(10) :628-634.
Shang Jinghong, Yang Wendeng, Yang Jiacheng, et al.
Study on vertical ultimate bearing capacity of bucket
foundations based on lower bound thdrem of limit analy-
sis in layered foundation[ J ]. Acta Energiae Solaris Sini-
ca, 2025, 46(10) : 628-634. (in Chinese)

(1280758, 3R IE R Rk, 45 0 b XU A DU RE L Rt 7 5 R

R K P R BURE T [T ] K PR fiE 5 4, 2024, 45
(10) :446-452.
Zhao Zihao, Zhang Zhengfei, Du Wei, et al. Horizontal
bearing capacity of offshore wind turbine four-pile foun-
dation in soft clay soil[ J]. Acta Energiae Solaris Sini-
ca, 2024, 45(10) : 446-452. (in Chinese)

[ 13]Zou Xinjun, Liang Chuxiong, Chen Shun, et al. Unidi-
rectional horizontal cyclic behaviors of the monopile-
wheel composite foundation in sand[ J]. Soil Dynamics
and Earthquake Engineering, 2024, 181 108665.

(14 ) 55, A0 AR XU , 45 T 908 18 0 5% s v A T 1

EHEREA KPR BT [T ] K B fES2 4, 2026, 47
(4) :397-404.
Liang Chao, Sun Liangwei, Liu Run, et al. Study on
horizontal bearing capacity of marine steel pipe pile
foundations based on seabed displacement standards
[J]. Acta Energiae Solaris Sinica, 2026,47 (4) :397-
404. (in Chinese)

[15]Wei Kai, Arwade S R, Myers A T. Incremental wind-
wave analysis of the structural capacity of offshore wind
turbine support structures under extreme loading [ J].
Engineering Structures, 2014, 79. 58-69.

[16] Jiang Junni, Lian Jijian, Dong Xiaofeng, et al. Re-
search on the along-wind aerodynamic damping and its
effect on vibration control of offshore wind turbine[ J].
Ocean Engineering, 2023, 274 113993.

[17] Xu Minggiang, Au F T K, Wang Shuqing, et al. Dy-
namic response analysis of a real-world operating off-
shore wind turbine under earthquake excitations[ J]. O-
cean Engineering, 2022, 266. 112791.

[ 18 ] Lombardi D, Bhattacharya S, Wood D M. Dynamic soil-
structure interaction of monopile supported wind turbines
in cohesive soil[ J]. Soil Dynamics and Earthquake En-
gineering, 2013, 49. 165-180.

[ 19] Abdullahi A, Bhattacharya S, Li Chao, et al. Long term

effect of operating loads on large monopile-supported off-
shore wind turbines in sand [ J]. Ocean Engineering,
2022, 245, 110404.

[20] Velarde J,Kramhgft C, Sgrensen J D, et al. Fatigue re-
liability of large monopiles for offshore wind turbines
[J]. International Journal of Fatigue, 2020, 134.
105487.

[21]Velarde J, Mankar A, Kramhgft C, et al. Probabilistic
calibration of fatigue safety factors for offshore wind tur-
bine concrete structures [ J]. Engineering Structures,
2020, 222, 111090.

(22 ) VRO, 2= 1, 7 1M, 25 25 e — AR B4R TG

R AT B XHLAS A = me 5 [ ] ARt Tl
F2E2a4Rk 2024 ,50(11) :1301-1311.
Xu Chengshun, Li Chaoyue, Shi Shigang, et al. Seis-
mic response of super-large monopile offshore wind tur-
bine structure considering pile-soil interaction[ J ]. Jour-
nal of Beijing University of Technology, 2024, 50(11) .
1301-1311. (in Chinese)

[23]Xu Chengshun, Wang B, El Naggar M H, et al. Soil-
pile interaction and evolution of soil pressure in an in-
clined liquefiable site-pile group-superstructure system
[ J]. Journal of Southeast University ( English Edition) ,
2025, 41(4) :401-411.

[ 24 ] Ding Xuanming, Chian S C, Lian Jing, et al. Wind-
wave combined effect on dynamic response of soil-mono-
pile-OWT system considering cyclic hydro-mechanical
clay behavior[ J]. Computers and Geotechnics, 2023,
154, 105124.

[25] Ding Xuanming, Liu Jianyu, Li Xiao, et al. Lateral
bearing characteristics and p-y model of single pile in
coral sand considering effect of vertical load[ J]. Ocean
Engineering, 2025, 342. 122886.

[26]Chen Jiangnan, Ge Longzai, Xu Yanan, et al. An ex-
perimental study on wave force and run-up of wind tur-
bine foundation on breakwater under wave action[ J].
Energies, 2025, 18(7) . 1676.

[27]Castelli F, Grasso S, Lentini V, et al. Calibration of the
UBC3D-PLM soil model from Dilatometer Marchetti Test
(DMT) for the liquefaction behavior and cyclic resist-
ance ratio (CRR) of sandy soils[ J]. Soil Dynamics and
Earthquake Engineering, 2024 ,187:109002.

[28 Hunter G, Fell R. Rockfill modulus and settlement of
concrete face rockfill dams|[ J]. Journal of Geotechnical
andGeoenvironmental Engineering, 2003, 129 (10) .
909-917.



126 KEHBFRFFHR

%52 %

[29 ] Cihan K, Yuksel Y. Deformation of rubble-mound
breakwaters under cyclic loads[ J]. Coastal Engineer-
ing, 2011, 58(6) . 528-539.

[30] Zuo Haoran, Bi Kaiming, Hao Hong, et al. Fragility
analyses of offshore wind turbines subjected to aerody-
namic and sea wave loadings [ J]. Renewable Energy,
2020, 160: 1269-1282.

[31] Van Der Meer J W, Briganti R, Zanuttigh B, et al.
Wave transmission and reflection at low-crested struc-
tures: design formulae, oblique wave attack and spec-
tral change [ J ]. Coastal Engineering, 2005, 52 ( 10/
11) :915-929.

[32]Van Der Meer J] W. Rock slopes and gravel beaches un-
der wave attack[ D]. Delft: Delft University of Technol-
ogy, 1988.1-214.

[ 33]Matha D, Sandner F, Molins C, et al. Efficient prelimi-

nary floating offshore wind turbine design and testing

methodologies and application to a concrete spar design
[ J].Philosophical Transactions of the Royal Society A
Mathematical Physical and Engineering Sciences, 2015,
373(2035) :20140350.

[ 34 ] Partovimehr N, Branlard E, Song Mingming, et al.
Sensitivity analysis of modal parameters of a jacket off-
shore wind turbine to operational conditions[ J]. Journal
of Marine Science & Engineering, 2023, 11(8) ;1524.

[ 35]He Kunpeng, Ye Jianhong. Physical modeling of the dy-
namics of a revetment breakwater built on reclaimed cor-
al calcareous sand foundation in the South China Sea—
tsunami wave[ J ]. Bulletin of Engineering Geology and
the Environment, 2021, 80(4) . 3315-3330.

[36] Araei A A, Razeghi H R, Tabatabaei S H, et al. Load-
ing frequency effect on stiffness, damping and cyclic
strength of modeled rockfill materials[ J]. Soil Dynamics
and Earthquake Engineering, 2012, 33(1) . 1-18.





