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Bearing-deformation characteristics of the tetrapod piled jacket
foundation under combined wind and wave cyclic loading

JIA Xiaojing'”, LIANG Fayun'®, ZHANG Hao’’, ZHENG Hanbo'"’

(1. College of Civil Engineering, Tongji University, Shanghai 200092, China; 2. College of Environmental Science
and Engineering, Donghua University, Shanghai 201620, China; 3. Key Laboratory of Geotechnical
and Underground Engineering ( Tongji University), Ministry of Education, Shanghai 200092, China)

Abstract: To accurately evaluate the bearing and deformation characteristics of a four-pile jacket foundation under
complex environmental loads, a three-dimensional numerical model was developed based on the improved nonlinear
hysteretic p( soil resistance) -y (lateral displacement of the pile) curve, with P-multipliers incorporated to account
for pile-group effects and axial forces. Furthermore, a two-point combined cyclic loading approach was adopted to
represent wind and wave loads, respectively, taking into consideration differences in load amplitude, frequency,
and application height. Results indicate that when the pile spacing is =7D, the group pile effect can be negligible,
and as the loading height increases ( constant loading displacement ), the influence of axial forces on the
foundation’ s lateral behaviors is strengthened. An increase in the wave load ratio and a decrease in the wind load
height significantly amplify the deformation and bending moment of the foundation, and it is more sensitive to
variations in the load ratio. Under small-amplitude cyclic loading, the pile head displacement increases linearly
with the cycle number (in logarithmic coordinates) , and the cumulative displacement tends to stabilize. However,
at a loading amplitude of 0.4, the plastic cumulative displacement continues to increase.

Keywords: tetrapod piled jacket foundation; offshore wind turbine; cyclic p-y curves; combined wind and wave

cyclic loading; bearing-deformation characteristic
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Fig.1 Components of p-y element and the hysteresis loop?
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Fig.2  Finite element model of four-piled-jacket foundation
based on the improved p-y curve
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Fig.3  Model construction flowchart
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Tab.4 Summary of combined cyclic loading conditions
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Fig.6 Diagram of combined cyclic loading for four-piled jacket
foundation
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Fig. 8 Bearing-deformation characteristics of piles under
different loading heights
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Fig.9 Bearing-deformation characteristics of piles under
different cycles
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Fig. 10 Bearing-deformation characteristics of piles under

different wind-wave ratios
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Fig. 12 Bearing-deformation characteristics of pile under combined
cyclic loading with different loading amplitudes

4 H iE

“a

ST UGAAR LW 1] Pl p-y i AU - £
PRSI EAR I F e 1 T b KL DU A A SR S il
—HAERERY IR T P ST R IE R AR AL
o7 K FEAEAE By il 1 B AR B XL A SR A5
N ESEPREZ AR AL, A5 SR N 2 KR S R R
VERTT SR AR AT R

1) A T8 s B R 88 O 2R P2 A ) |
SR 0% TR AR BRI 5, I



5513

PUH R, A5 WIRALE PR3 T PUbE A8 R Al R B TR AR - 149 -

SN, SHAREIEE =7 D B, DU A SR Al ) A A A0
ST L 22 PR A A A B A B AR

2) TR o L R Xz e R /N 3 2 S BUAE
FHAESERE L A9 7K - 73840, DT (645 S Ak A2 1 K P
JIHEI, ELVUE S A A0 AR o L 02 A S ARt
W M A I KIRA S ECE IR &

3) /MRS IEIRERIT TR -3 52 Bl
PR (O KAk by ) SR LR E, B RSB T
AR TSN MRE R 0. 4 B, 3¢ RRVETEANEA
W, TS IXUBIL S Bt A7 A1 8 e S 0 M 0
LRI BBIEAR I S R O o

ARSI SR T P s 2 AR R I R A T kAT A
FF 5 ASEBR KGR A R 17 5 20— 28 2% 1
PRI AT B A REALE R ik, HAR ST 2 F BRA 1R
T 2 T A SRR B S Rk SR SR IR B
S ARG T (076 _E WSRO RS H R

5% ik

[1] HUTCHINSON M, ZHAO F. Global wind report 2023 [ R ].
Belgium; Global Wind Energy Council, 2024

[2]ZHU B, WEN K, KONG D, et al. A numerical study on the lateral
loading behaviour of offshore tetrapod piled jacket foundations in clay[J ].
Applied Ocean Research, 2018, 75 165. DOI: 10. 1016/j. apor.
2018.04.001

[3]WANG X, ZENG X, LI J, et al. A review on recent advancements
of substructures for offshore wind turbines [ J]. Energy Conversion
and Management, 2018, 158. 103. DOI. 10. 1016/j. enconman.
2017.12.061

(4R, dom, 220, 5. B L L XULIOAE S8 2R IE Rl K7
SR, WK (TAA0R) , 2017, 51(11) : 2150
ZHU Zhoujie, ZHU Bin, LI Tao, et al. Analysis approach of piled
jacket foundation in sand for offshore wind turbines subjected to
lateral loads [ J ].
Science) , 2017, 51 (11): 2150. DOI. 10. 3785/i. issn. 1008 —
973X.2017.11.008

[5]ZHAO Z, LI D, ZHANG F, et al. Ultimate lateral bearing capacity

Journal of Zhejiang University ( Engineering

of tetrapod jacket foundation in clay[ J]. Computers and Geotechnics,
2017, 84: 164. DOI: 10.1016/]. compgeo. 2016. 12.005

(6] RPHY. [EZEarE MR GWH252-16MW i b XL AL
Yjf% [ EB/OL]. (2023-06-23) [2025-03-01 ]. https://www.
goldwind. com/ cn/news/focus —922120801745027072
Goldwind. National heavy equipment: Successful installation of
goldwind GWH252-16MW offshore wind turbine[ EB/OL]. (2023-
06-23)[2025-03-01]. https://www. goldwind. com/ en/news/focus —
922120801745027072

[7] Offshore wind market report; 2024 Edition [ R]. Golden, CO:
National Renewable Energy Laboratory (NREL) , 2024

[8IXURA, Fifl, THE. & XIREE i b XU A RE A 30 0 1o
FEPEDFITATELT]. KRS 3SR TR 2R, 2022, 20(1) ;@ |
LIU Junwei, LV Wei, YU Xiuxia. Review on dynamic response
characteristics of offshore wind turbine pipepile foundation in typhoon

enviroment [ J ]. Journal of Water Resources and Architectural

Engineering, 2022, 20(1) : 1. DOI.10.3969/]. issn. 1672 — 1144.
2022.01.001
(o1, iR, Bk, 5. W BB ALADT G MEARDTFE[T].
TE I, 2018, 51(2): 112
TAN Maoqiang, YANG Yuan, JIA Bin, et al. Anti-typhoon
technology research of offshore wind turbine [ J]. Electric Power,
2018, 51(2): 112. DOI:10. 11930/]. issn. 1004 —9649. 20150043
[10]CARSWELL W, ARWADE S R, DEGROOT D J, et al. Natural
frequency degradation and permanent accumulated rotation for
offshore windturbine monopiles in clay [ J]. Renewable Energy,
2016, 97 319. DOI: 10.1016/j. renene. 2016. 05. 080
[11]LIANG R, YUAN Y, FU D, et al. Cyclic response of monopile-
supported offshore wind turbines under wind and wave loading in
sand[ J]. Marine Georesources & Geotechnology, 2021, 39(10) .
1230. DOI: 10.1080/1064119X.2020. 1821848
[12]ZHANG H, ZHENG H, WANG C, et al. Coupled effects of long-
term cyclic loading and scour on the mechanical responses of
monopile-supported offshore wind turbines[ J]. Ocean Engineering,
2022,265; 112556. DOI. 10. 1016/]. oceaneng. 2022. 112556
[13]ZHENG H, LIANG F, ZHANG H, et al. Combined effects of long-
term cyclic loading and unidirectional flow induced scour on the
mechanical responses of tetrapod jacket foundation supported
offshore wind turbines [ J ]. Engineering Structures, 2025, 324.
119378. DOI: 10.1016/]. engstruct. 2024. 119378
[14]ZHU B, WEN K, LIT, et al. Experimental study on lateral pile-soil
interaction of offshore tetrapod piled jacket foundations in sand [J].
Canadian Geotechnical Journal, 2019, 56(11) . 1680. DOI. 10.
1139/¢cgj —2018 —0292
[15]KONG D, WEN K, ZHU B, et al. Centrifuge modeling of cyclic
lateral behaviors of a tetrapod piled jacket foundation for offshore
wind turbines in sand [J]. Journal of Geotechnical and
Geoenvironmental Engineering, 2019, 145(11) ;: 04019099. DOI .
10. 1061/ ( ASCE ) GT. 1943 -5606. 0002160
[16 XM, Bl Mok, 5. ta SRAEACT i 0 2 8 15
L p-y MBS T]. W/RIE TAER 240, 2024, 45(10) : 1941
LIU Junwei, LV Wei, CHEN Shuiyue, et al. Field test of lateral static
loading of rock-socketed monopiles and study of p-y curve[J]. Journal
of Harbin Engineering University, 2024, 45(10) ; 1941. DOI. 10.
11990/ jheu. 202208011
[17]JABDULLAHI A, BHATTACHARYA S, LI C, et al. Long term
effect of operating loads on large monopile-supported offshore wind
turbines in sand [ J]. Ocean Engineering, 2022, 245, 110404.
DOI: 10.1016/j. oceaneng. 2021. 110404
[18]LIU J W, CHEN J W, HUANG X Y, et al. Model tests on jacking
installation and lateral loading performance of jacket foundation in
sand[ J]. Ocean Engineering, 2022, 259 1. DOI; 10. 1016/j.
oceaneng. 2022. 111738
[19]XU M, WANG L, WANG L, et al. Influence of bounding surface
plasticity-based soil-structure interaction model on integrated
dynamic behavior of jacket offshore wind turbines [ J]. Ocean
Engineering, 2024, 298 117204. DOI. 10. 1016/]. oceaneng.
2024. 117204
[20 70, BREIEE, X T°. T P-Y MAREE MKV 32 Al et
ABROITI[T]. &t 15%, 2006(10) : 1781
SU Jingbo, SHAO Guojian, LIU Ning. Nonlinear finite element



+ 150 - e NS B | A - =

5558 4%

analysis of piles under lateral load based on P-Y curves[ J]. Rock
and Soil Mechanics, 2006 (10) . 1781. DOI. 10. 16285/j. rsm.
2006. 10. 028

(20 VRO, PNBIE, 20, 2. A IIIRBR AT 2800 o R T A B A
KPR SAT ], KIHAR24I, 2024, 45(3) : 116
LAI Yongging, SUN Yilong, LI Wei, et al. Analysis of the effect of
long-term cyclic loading on the horizontal bearing characteristics of
large-diameter monopiles[ J]. Acta Energiae Solaris Sinica, 2024,
45(3): 116. DOI: 10.19912/j. 0254 —0096. tynxb. 2023 - 0163

[22]ff5e. WAL - 2B AR EAE R p-y INAERIBESE[ D], 1A
IR MR JRIE TR, 2010
TANG Liang. p-y model of dynamic pile-soil interaction in liquefying
ground[ D]. Harbin: Harbin Institute of Technology, 2010

[23 ] B, FRRAN, IR, . JET p-y MRS BRIE TTHHZE R 4R
IR (], A+ TR, 2010, 32(12) ; 1837
ZHANG Rrongjun, ZHENG Junjie, PU Hefu, et al. Response of
adjacent single pile due to tunnelling based on p-y curve[]J].
Chinese Journal of Geotechnical Engineering, 2010, 32(12) . 1837

(241406, SEML, X, 45, Wbk R E AR SR K T 32 filf B 0o
ARG [ T]. A T2, 2013, 35(10) « 1807
ZHU Bin, XIONG Gen, LIU Jinchao, et al. Centrifuge modelling
of a large-diameter single pile under lateral loads in sand [ J].
Chinese Journal of Geotechnical Engineering, 2013, 35(10) ; 1807

[25]LIANG F, CHEN H, JIA Y. Quasi-static p-y hysteresis loop for
cyclic lateral response of pile foundations in offshore platforms[J].
Ocean Engineering, 2018, 148, 62. DOI. 10. 1016/]. oceaneng.
2017.11.024

[26 ]LIANG F, YUAN Z, LIANG X, et al. Seismic response of
monopile-supported offshore wind turbines under combined wind,
wave and hydrodynamic loads at scoured sites[ J]. Computers and
Geotechnics, 2022, 144. 104640. DOI. 10. 1016/j. compgeo.
2022.104640

[27 JMATLOCK H. Correlation for design of laterally loaded piles in soft
clay[ C]//Offshore technology conference. Houston, Texas, 1970
577. DOI. 10.4043/1204 - MS

(28 RS, SR T Wy BRI A AR 2 1 3l g 23 Hr B dUh i 3 J5 e 0T
FE(D]. ki FPFRAE, 2017
CHEN Haibing. Nonlinear dynamic analysis and pseudostatic approach
for bridge pile group foundation during strong earthquakes [ D ].

Shanghai: TongjiUniversity, 2017

[29]MCKENNA F. OpenSees: A framework for earthquake engineering
simulation [ J ]. Computing in Science & Engineering, 2011,
13(4): 58. DOI; 10.1109/MCSE. 2011. 66

[30]ZHOU L, BARBATO M, YE A. Pile group effect modeling and
parametric  sensitivity analysis of scoured pile group bridge
foundations in sandy soils under lateral loads[ J]. Journal of Bridge
Engineering, 2023, 28(8) . 04023046. DOI. 10. 1061/JBENF2.
BEENG -5861

[31]LIANG F, ZHANG H, WANG J. Variational solution for the effect
of vertical load on thelateral response of offshore piles[ J]. Ocean
Engineering, 2015, 99: 23. DOI: 10.1016/]j. oceaneng. 2015.03. 004

[32]LIANG F, ZHANG H, CHEN S. Effect of vertical load on the
lateral response of offshore piles considering scour-hole geometry and
stress history in marine clay[ J]. Ocean Engineering, 2018, 158
64. DOI: 10.1016/j. oceaneng. 2018.03. 070

[3314R#72%E, FZehe, . LR )2 i 4 5al v-H 7R
BAFPE[T]. AR TREA, 2022, 54(2) : 145
Z0U Xinjun, WANG Yikang, ZHOU Mi. V-H bearing
characteristics of pile-cap composite foundation in upper-hard
andlower-soft strata [ J ]. Chinese Journal of Geotechnical
Engineering, 2022, 54(2) . 145. DOI. 10.11918/202012048

[3419LAWI, Zunar, BRi), . WOR L3R 30T 559 S a bk m
BEApAT 3], BERJ17244, 2013, 30(2) « 228
KONG Linggang, JIANG Lihong, CHEN Renpeng, et al. Response
of squeezed branch piles underinclined uplift loads [ J]. Chinese
Journal of Applied Mechanics, 2013, 30 (2). 228. DOI: 10.
11776/ cjam. 30. 02. B0O40

[35]AYOTHIRAMAN R, VIJAYAN C, REDDY K M. Effects of
relative density on the measured response of piles under combined
uplift and lateral loading [ J]. Journal of Structural Design and
Construction Practice, 2025, 30(1) : 04024093. DOI. 10. 1061/
JSDCCC. SCENG - 1367

[36]LEVY N H, EINAV I, HULL T. Cyclic shakedown of piles
subjected to two-dimensional lateral loading [ J ]. International
Journal for Numerical andAnalytical Methods in Geomechanics,

2009, 33(10) : 1339. DOI: 10. 1002/ nag.775.5



