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Abstract: Restriction of system frequency is one of the key points in the design of offshore wind
turbines. The dynamic loads of operating offshore wind turbines can cause the horizontal displace-
ment of the monopile foundation, which will decrease the stiffness of the pile-soil system, so that
the natural frequency of the offshore wind turbine system will be further influenced. Based on the
software platform ABAQUS, a numerical model is developed to analyze the system natural fre-
quencies of offshore wind turbines supported on monopiles. Effect of the horizontal displacement
of the foundation in the operating state on the natural frequencies of the offshore wind turbine
system is further investigated. The numerical model considers the variation of the cross-sectional
geometry of the wind turbine tower; the pile-soil interaction is simulated by a p-y curve method.

The tower and monopile are modeled using beam element, and the pushover analysis is used to
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obtain the equivalent springs providing the foundation response at the pile-cap level. Results indi-

cated that the lateral displacement of the monopile will reduce the natural frequency of the sys-

tem. It has little effect on fundamental frequency, but has a significant effect on higher {requen-

cies. In general, the influence of the operating state of the wind turbine on the natural frequency

of the wind turbine system can be neglected.

Keywords: offshore wind turbine; monopile foundation; natural frequency; pile-soil interaction
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Fig.1 A monopile offshore wind turbine system
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(8 [29]/Hz A3 w2/ %
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4 2.936 2.834 —3.47

Pl 3 bk A VR BE (h O K [ B - R R 1Y
T-Gi R M4, th A r] DLE ) B BR800 Bl £
DRI 39 T 12 BE S B I s N R g . T4 b

25

—h=20m
-—--h=30m _ 3 H=30 °
] == h=35m k=15 MN'm* @=30 P -
- =-h=40m /./':/.— ===
—-—=-h=50m P /'//”‘-;”'V .- -
15 1 o .-
~—~ - ’,/ -
z= -
E . -
= 104 Bt "
/,///,/':/'.‘:"'/
/'//-/.’
17T
5 1,0l
<2
s
0 T T T
0 0.1 0.2 03 0.4
uo(m)

B3 MANLRERRF - LK RG24 0L
Fig.3 The force-displacement curve of the pile-soil

system for different pile depth in soil

25
— @=20° k=15 MN'm?® h=35m .
- == Q=25° premermeme TS
20 A —-—- P=3(° '/',/ e
=t B3P /"/ /-"/ s ]
15 4 —,.///_/' ”,’,—
= R _ -
z gy
PR _-
£ P _
X104 T -
PR &
/"'// -
R
Rnd
5 -1 '/:/,’/
s
.,'2"
0 . : :
0 0.1 02 03 0.4
uy(m)

B 4 JEHR A RF R AE- LR R G 154 W &
Fig.4 The force-displacement curve of the pile-soil

system for different [riction angle

P JEE 5% s AN [ I A - 1 2R B -0 A8 i 26l D
AT LA 7R 487 B A 45 A B 38 T 4

P 5 k0]t b B A ek 2R O [ I - 4 A 2R B
SRR AR Cle ) i PR 2 TR ) 2 R 9 S Ak .
Pl mT LA H A5 R0 2R R N 1) 57 B A 6 i
W/ 3 2 A B BRI (e, =>0..03 m) H) iy b i A5
AR B0 A A0 AR R R T T 22

240

—— k=5 MN-m? ¢=30° =30 m
- = k=15 MN'm*

80 T T T T
0 0.02 0.04 0.06 0.08 0.10
u(m)

H5 ik As S 2B AR AR 2K R

Fig.5 The equivalent spring coefficient of the pile-soil system

for different initial foundation modulus coefficient

E SR RoRBATIRE X KALZS 4 14A R H
PAR BT R € LM ] A2 78w, WY H PR AT
55 T o] 57 7% IF H RATCR Y LA . X E] 6 iR
ASTRIA T BE s 28 BOAS ) Bsf — B L B 4 R R, Bifi
ML # w, WAL, B EIH AT LU . BE 1] 47
FE 38 R, IUHLAS FA A 28 1 1 99 00 238 528 ¥ 0/ S 5 4 A
FEN BN Ch =20 m) I [ 47 88w, X H
I 1 23 1) 5 e T 1) 5 00 () 2 S w o XF— B A 1 5
175 NS 11 95 8= A T A < B e
R WY+ BEE A8 Ak, 7T LG O 1) 7 88w, AH
[F) EF S R ¢ i P JE 42 3 1140 386 fam iy 3

3 #Hig

AT RUETNETHE TR BRI EKHLIE 1T
AT ZR W A IR AL AL AL 17 R 2 5l i i
PR 2 A S B 00 1) 62 B 2R . TSR AR R

(1) k- A R 110 45 A0 5% 3 2 3 I 1) 32 3% 1)
S0 T3 T O/ 5 A R N ) 7 B 2 o AR XU AL 45 A
A AR,

(2) HESE o] 37 8% X JE A5 04 52 0 /N %o 785 B
W3R R ) A 25 5 AR RE A L TR B /NI Ak 00 1 £



708 Hh

==
=

T B ¥ iR

2021 4%

1.00

0.99 4

e 0.98 +

0.97 1

——h=40 m

0.96 T T T T
0 0.1 0.2 0.3 0.4 0.5
u,(m)

(a) —Br R

0.9 1

0.8 1

0.7 1

0.6

05 T T T T
0 0.1 0.2 0.3 0.4 0.5
u()(m)

(b) - rsmEs
6 MANEIREREAN R M u, 9T/
Fig.6 R varied with u, for different pile depth in soil

1.0

—u,=0.1 m
1;=0.2 m
u=0.3 m

09+ ///

0.8 1

h=35m, k=15 MN-m?

0.7 T T
20 25 30 35
()

Fig.7 Second-order frequency R varied with ¢

for different u,

Fo Xt A A3 3 1) 52 i S B S 5 A R N 1 92 3% X A ik
W0 AR 1) 5 W0 i v - PR JEE B A A R TR D)
(3) BASRYF, 72 K B AR B XUPL B9 AR 155

ol 20 KUHLIz A7 RS AR &R A IR B 52

S Z 3Lk (References)

(1] FEA5. 8o b XU HLA 5L S ah vk 398 5 TR W A M.
Jemt o [ E ST L, 2014,

WANG Wei, YANG Min.Designtheory and applications of off-
shore wind turbine foundation[ M ]. Beijing: China Architection
and Building Press,2014.

(2] JEWEAR, MO0 R A T 45 4 5 Hb 36 A 6 B g 2% o)
D1 EF 2 (W EE 1% R0, 2013,43(12) 1589~
1601.

ZHOU Jifu,LIN Yifeng.Essential mechanics issues of offshore
wind power systems[ ] ].SCIENTIA SINICA Physica, Mechani-
ca & Astronomica,2013,43(12):1589-1601.

[3] ARAPOGIANNI A,Genach A B.Deep water-the next step for
offshore wind energy [ M ]. Brussels: European Wind Energy
Association (EWEA),2013.

[4] ZTE. B8, R A 5 8 + b B JE L0 p-y B2 AL 6 BF 5%
[J].%5 £ 51%.2015,36(10) : 2989-2995.

LI Weichao, YANG Min,ZHU Bitang.Case dtudy of p-y model
for short rigid pile in sand[J].Rock and Soil Mechanics,2015,
36(10):2989-2995.

(51 B SCMI, e T ol % 3 b IR AL B0 A 5 il 7K SF- 7R 480 4 1 1
WAL E R 2 W B T2 KO0, 2016,46(12) :83-92.
QI Wengang, GAO Fuping.Effects of scour on horizontal bear-
ing behavior of monopile foundations for offshore wind tur-
bines[ ] ]. Scientia Sinica (Physica, Mechanica &. Astronomi-
ca),2016,46(12) :83-92.

(6] Ardl, BN, oK MR 2 L b W RR AN ] A28 B AT 7K S 798 8 Jn 4%

BRI S 540 BT )] A 1 1%, 2016, 37(4) :973-980.
YU Jian, HUANG Maosong, ZHANG Chenrong. Model tests
and analysis of single piles with two different diameters subjec-
ted to cyclic lateral loadings in clay[J].Rock and Soil Mechan-
ics,2016,37(4):973-980.

[7] ACHMUS M, KUO Y S, ABDEL-RAHMAN K. Behavior of
monopile foundations under cyclic lateral load[ ]J]. Computers
and Geotechnics,2009,36(5) :725-735.

[8] DEPINA I,HUE LE T M, EIKSUND G,et al.Behavior of cy-
clically loaded monopile foundations for offshore wind turbines
in heterogeneous sands[ ] ]. Computers and Geotechnics,2015,
65:266-277.

[9] AHMED S S.HAWLADER B.Numerical analysis of large-di-
ameter monopiles in dense sand supporting offshore wind tur-
bines| ] |.International Journal of Geomechanics,2016,16(5):
04016018.

[10] LOMBARDI D,BHATTACHARYA S,MUIR WOOD D.Dy-

namic soil-structure interaction of monopile supported wind
turbines in cohesive soil [ J]. Soil Dynamics and Earthquake

Engineering,2013,49.:165-180.



%43 % 3

LA BT T I L BB S A IRITR 7

709

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

(191

[20]

[21]

[22]

BISOI S,HALDAR S.Dynamic analysis of offshore wind tur-
bine in clay considering soil-monopile-tower interaction[ ] ].
Soil Dynamics and Earthquake Engineering,2014,63:19-35.
FEYZOLLAHZADEH M, MAHMOODI M J, YADAVAR-
NIKRAVESH S M, et al. Wind load response of offshore wind
turbine towers with fixed monopile platform[]]. Journal of
Wind Engineering and Industrial Aerodynamics, 2016, 158
122-138.

ZHENG X Y,LI H B,RONG W D,et al.Joint earthquake and
wave action on the monopile wind turbine foundation:an ex-
perimental study[ ]J].Marine Structures,2015,44:125-141.
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.

ZUO H R, BI K M, HAO H. Using multiple tuned mass
dampers to control offshore wind turbine vibrations under
multiple hazards[ ] ]. Engineering Structures, 2017, 141 303-
315.

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.

WANG P G,ZHAO M,DU X L,et al. Wind, wave and earth-
quake responses of offshore wind turbine on monopile founda-
tion in clay[J].Soil Dynamics and Earthquake Engineering,
2018,113:47-57.

BHATTACHARYA S, ADHIKARI S. Experimental valida-
tion of soil-structure interaction of offshore wind turbines[]].
Soil Dynamics and Earthquake Engineering, 2011, 31 (5-6):
805-816.

ANDERSEN L V,VAHDATIRAD M J,SICHANI M T, et
al. Natural frequencies of wind turbines on monopile founda-
tions in clayey soils—A probabilistic approach[J].Computers
and Geotechnics,2012,43:1-11.

ZANIA V.Natural vibration frequency and damping of slender
structures founded on monopiles[ J].Soil Dynamics and Earth-
quake Engineering,2014,598-20.

PRENDERGAST L J,GAVIN K,DOHERTY P.An investi-
gation into the effect of scour on the natural frequency of an
offshore wind turbine[ J].Ocean Engineering,2015,101;1-11.
Y1 J H,KIM S B,YOON G L,et al.Natural frequency of bot-

[23]

[24]

[26]

[27]

(28]

[29]

[30]

tom-fixed offshore wind turbines considering pile-soil-interac-
tion with material uncertainties and scouring depth[ J]. Wind
and Structures,2015,21(6) :625-639.

ARANY L.BHATTACHARYA S, ADHIKARI S, et al. An
analytical model to predict the natural frequency of offshore
wind turbines on three-spring flexible foundations using two
different beam models[]J].Soil Dynamics and Earthquake En-
gineering,2015,74:40-45.

DARVISHI-ALAMOUTTI S,BAHAARI M R, MORADI M.
Natural frequency of offshore wind turbines on rigid and flexi-
ble monopiles in cohesionless soils with linear stiffness distri-
bution[ J]. Applied Ocean Research,2017,68:91-102.

WG, A, TR R BN S Al BT T RUBL R G 1 AR A R S
Sk [ ]. T J124,2018,35(4) : 219-225.

YANG Chunbao, WANG Rui, ZHANG Jianmin. Numerical
method for calculating system fundamental frequencies of off-
shore wind turbines with monopile foundations[ J]. Engineer-
ing Mechanics,2018,35(4) :219-225.

X, B ol B 1 XU R 5 Rl e A Bl 7 g A Al B
FELT] MR T AR 24 . 2014.36(2) : 220-227.

LIU Chao, CAO Wei, ZHANG Jianmin. Numerical study on
stress change within the foundation of offshore wind genera-
tors[ J].China Earthquake Engineering Journal,2014,36(2) :
220-227.

FEI 3, 2% R A A T G R ) AR gl e Rk A AT R L IR
F5whiE,2012,31(14) . 85-88.

CUI Can,JIANG Han, LI Yinghui.Semi-analytical method for cal-
culating vibration characteristics of variable cross-section beam[ J].
Journal of Vibration and Shock,2012,31(14) :85-88.

GOYAL A,CHOPRA A K.Simplified evaluation of added hy-
drodynamic mass for intake towers[]].Journal of Engineering
Mechanics,1989,115(7):1393-1412.

REESE LC,COX WR,KOOP FD. Analysis of laterally loaded
piles in sand [ C]//Proc.. VI Annual Offshore Technology
Conf., American Institute of Mining, Metallurgical,and Petro-
leum Engineering, 1974, Houston,473-485.

JONKMAN J,BUTTERFIELD S, MUSIAL W, et al.Defini-
tion of a 5-MW reference wind turbine for offshore system de-
velopment[ R]. Office of Scientific and Technical Information

(OSTD ,2009.



