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ABSTRACT : This paper proposes a new hybrid support structure by the driven piles which removes disadvantages of the
existing type of support structure for offshore wind turbines. The hybrid type of support structure is combined with concrete
cone and steel shaft, and is supported not only by gravity type foundations but also by driven piles. For three dimensional
analysis of the huge and thick concrete structure, a solid-shell element that is capable of exact modeling and node
interpolations of stresses is developed. By applying wave theory of stream function and solid-shell element in XSEA

simulation software for fixed offshore wind turbines, a quasi-static analysis and natural frequency analysis of proposed

support structure are performed with the environmental condition on Southwest Coast in Korea. In the result, lateral

displacement is not exceed allowable displacement and a superiority of dynamic behavior of new hybrid support structure is

validated by natural frequency analysis. Consequently, the hybrid support structure presented in this study has a structural

stability enough to be applied on real-site condition in Korea. The optimized structures based on the preliminary design

concept resulted in an efficient structure, which reasonably reduces fabrication costs.
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Fig. 1 New concept of hybrid MCF under environmental
loading (Modified from NREL report)
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Fig. 2 Concept of multi-pile concrete foundation (MCF)
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Table 1. Geometry of hybrid substructures

Structural EL. EL. Length Outer
components | from(m) to(m) (m) Dia.(m)
Con'c Cone |0.00(base) | 15.00 15.00 15.00
Con'c Sleeve 0.00 7.00 7.00 3.00
Steel Shaft 15.00 33.00 18.00 6.60
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Fig. 3 Geometry of solid-shell element
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Fig. 6 Line distribution of wave loading by morison's
equation (Frame element)

Fig. 7 Surface distribution of wave loading by morison's
equation (Solid-Shell element)
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Table 2. The metocean parameters in the area of Wi-do
Island, west sea

Condition Unit Value
Water Depth m 15.00
Surge+Tide Height m 2.90
Effective Water Depth m 17.90
Significant Wave Height m 7.22
Wave Period sec 11.90
Wind Speed(1hr@10m) m/s 25.00
Current Speed m/s 1.55
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Table 3. Turbine loading at the top of the tower

Loads Description Unit Value

Py Yaw bearing fore-after KN 1 21E+02
shear force

Ry Yaw bearing KN -2.94E+01
side-to-side shear force '

Fz Yaw bearing axial force kN -3.40E+03

Mx | Rotating yaw bearing KN'm 1.24E4+02
roll moment

My Rptation yaw bearing kKN'm | -858E+01
pitch moment,

Mz Yaw bearing kKN'm | -1.44E+03
yaw moment

$3K= A7} Bek, Ele AL R SHAE 23 9
7] dRolth, ¥ AN T st B =
% NREL 5MW Ed& Agatart’?. FASTS o83l
Ejslgete] ko Table 3¢ 4% 2T,

Aag EE dTREE TRE AFE gl AdHe

2 489 H5S W AAE AZARY ot Y
=29y AdEd 2718 24 4 oo auEed &
o|BEE AXTRY AFE FR8L TIW XSEAC)
AFAN BEE ol g3le] AgoR ANG £ du H
Rio] A9 Ze|9) 949 so|el AXFre] A
Aaid ofs A wdo] AFE ARG A3t B E £
9 ARAATEY AFE 11738, 959 220)E AN
P2 AFE 907.65E02 Uehge, mae|Es A8
£ AAT2EY A 1 AFoR U8, #u % 4Ad) B
23 2] Ak A Z7k] 792 sk gnk

A= E;G,] O:]:FLOL‘E
sl 247 g weko
WY, e West A Widelela BEA Y J1E A7
Fa15to] TEB sglon Z7pdol Ayl Fe

A Fig. 8& TRAMS 93 oo FedeZ U

171
N
;
)

£ gl ooy

otnd7xsts =28 M25d 35(sd 1245

E232|E X|X|FE=(MCF) gt

h - /'.
225 deg o T - 135 deg

180 deg

(a) Load direction cases

0dag

315 deg 45 deg

270 deg 90 dag

225 deg 135 deg

180 deg

(b) Principle load simulations in XSEA
Fig. 8 Load Attack Direction

© 2o Azeg gl stk aesiol stBR 4577
&9 st 1
[ECY APT AP AXE sl548 24 weh, =

SHYEe] 21& welske 45 DLC1.3, DLC1.4, DLC
6.2a 52 #Zo] Agd & 9, Bl AlEgeld Z2a8E
o] &g 790l = DLCI.3(extreme turbulence)2} DLC1.4
(extreme coherent gust)®] A&°o2 AL 6-DOFe &
O}TJJ. ZB‘L % 2= 011;]_

6. 223 H 34
6.1 a4 =

E AFA Aeksl A152] slo|HB|E AR FX2E] 3
A A 2 peRESF AL Y, fetes Tzl

)2013d 68 315



N
ret
N

N

T
MM

N
N

Fig. 9 Modeling of hybrid support structure

XSEAE o]&3}] Fig. 99 Zo] 2dd it A A=
E9} 459 ZAE 2 Y &YHE F 51079 &Y=
4 ﬁﬁ uro] 32k 2dY sigla, B 2 sk k=
Z 123719 Z9d 842 By}

lﬂ& AL 123 125 AAY AsAS deixle ot
A& Al mdgste] ANt FREe] A5AE-S 1w

I
T 02} slonf & I3 AT A el A
= ol thel Amshe Rol BAolmE A7
@%%ﬁﬂﬂo&ﬁ+wa-Aﬂ%Eg%Q;ﬁTE1v@
FEZ SHAFRY WEh A9E B ohle, agE
o W 494 IS daE A dEEe ag 4
oloh gho2, 49 Sela =) B A A
)
_g.

9A TRE %‘Jéé}%, Bl 3k5 8 A& XSEA Z21
We o] gate] feas Bl Fig. 104 o] Ag3}.
XSEA Z=2Tle| 3t IEHE desta, EHRlsksS B
9 e, Fokee el FE el 2853
1, et 5“%‘523 = FJE AR 25 4859

TEEY A5 A8

ai%éwﬂﬂﬂ%MEE%%“@WWM

w
—t
S
ror
Hi
O
-
F
Lo
ol
i
Mo
jial

| H25@ 33(&@ 1243) 20134 6¥

< Turbing Loading =

< Wind Loading >

< Self Weight »

|

reference height
<Wave Loading >

Cprfent Loading -

water depth

Sea Bed

Fig. 10 Application of load to finite element model
7. SfAZ 3}

UA AFGH 2] 7|xd] ’5%"] Agoh= ofe]
© XSEA ZEaglo] AREH
% mdlgsta B¢
o-&3lgitt. AAIEA AAE 5
Aol 9JAsI Stream Func-
3 283190}
H(quam static loading)o] 283
TEE AAAR SHExe W=
ol we} stexde] dEpAH, A
o Eelddelx Y] Ao ot
0.126m, 45°% W= 0.125m= Y

N
~
e —H
o, N
[ 2
|
b
néo 1%
by =
Al
w
by
ik
Léi

Q

= 2 o

%’-UZ (o o [z
e
ilo o O
=2 b
[T
dow o=
rlygilm
Eoé
01“—1:12

-

J*ﬁt
_lZi>~
OFﬂoromlm
::,E—a

% oo

Olt

A9z, =
= B MCF-J
ehdt), ekl

oZ*L
o[o B

%

[e]
O“é’ o
X0

N
-
BN
lo,
(L
ofth
o

— FU\'E &

£ 4

F442E7H 02
g,

B F2EE AEAH S SN DeaE
e g A Bhone A3 Btk ¢
flol] gt AP fle Foew FPET AvkAdl H"ok
FHE FES 7 7199 AA P E g g wshe=
gA 91, 1 AE7NFE =3 A2 Aolsitt. aed, DNV
AANE o) A0t Mg Fgol YERt glEd,
AE e ZASo= 2L/2000]8t=2 Algeitt. o] Al
utew edelAe) e 29101/200 = 1.01m2 =
28 ehiZo] ¥}, wa, 939 23Ry il
A
}\J_

i

Aol 2 AL #Ae) Aolurke ALy Tz 713



012581
l 041182
0.087RZS
0 0E38R
- 0.06984
M 0osssss
| 0041855
0027864
0013872
-0.0001206

Fig. 11 Displacement contour

Fig. 11€ Blshg 39 ddolnels Ax7zel A 4
A=E vepick
Fig. 128 914929 989 228 Wgd 3493 P
Atk 97350] 289 dfoluel AxTze) 2o
88, 7] gE 1889 oz 8 el 2
agEe) A FEeAe !
e}

1 At :r%‘_%ﬂ 71249 A EA L]'E]'ﬂé! ¥ 0}‘4‘3}, %
Aslgo] et F2= 7 dFe] 7Fssith 1Al ¢
go] 2-g3 v P& 1fre el et FurE e
™, EXFI(characteristic frequency), 71Z2F3<=(fun-
damental frequency), 153 (resonant frequency)
2 A1 (normal frequency) & T-EEt}

ol ot 54 niFapes FxEC WPt
dut A= R (normal mode) & YER 1, 2= (mode

shape), 4 &%} (characteristic shape), 71284 (fun-

=T xsts =28 H25H 3=(E¢

stol2z2|= siatEE o J[=

Z3E|E XXFE=(MCF) 71

15205807
l #.6657e06
41261406
1.41380+08

: -6.95296+08
B 1 202007
| 180320407

235720407
“28Med7
“3451e407

i

Fig. 12 Bending stress contour

damental shape)°] A%< ¢l AHEHTH

dldEe sfolHz|E AR 1H7ES A XSEA
& o] &at Fsiltt. s EAv|e] 8 ¥ uiE
| ofet 2El9] B3 Eeol=st s W vt} LAlshs
T 9 ST O g o3 #7149 kel
o BAEAE Fo|7] Yalde a2
Ao WHeleA vehde Zs Fsfof gttt FxEe] 2 W9
95 Fitke 31 $48Hl S7HE7] vt
dukrow BE|Y| 3do] STk, 1 oUAE o] 8sl] v
Al(nacelle) o] A2 Aketed], ol 37734 (rotational
frequency) T} YeRATE Fig. 13 2H9 3 Fal4
g9S vepdtt.

T3k nlgte] Zgow Byl =
A 35 (aerodynamic load)& &d°|= FF34( blade
passing frequency)E 2771t SEHY A=
g gle] - ok 10%E5 F71HQ A (safety margm)
2 WtaL Jtk. o] F 7 Fukert Fig 130l vERt )
o 7tEEE FOEE Uehln AR5 3ol gle A9
SHe UERAT ko] ¢ (higher order excitations)
o] ZHgskAIRt, A7|A = XTI WM BYolE B
o 197 8 o R aeEIh

TR ] el FERES A WA 557t 259 3
ey EYolt B A8t FAlo TAeHA]
ool gt} o]AL Fsr] ek 3714 o] d=H], &
gol Tl o)l A WA Furs 2t il A
o F2ES stiff-stiff structure@a FEth A WA 1

2

N

3,9

wol gEse 3198

ml

o~

%3%) 2013d 68 317

I



N
rok
N
oy
ik
HA

N
N
4n

i)
i)

015
2]
0311

I
<«
| Soft-S5ft

Stiff-Stiff

o 0.2 0.4 0.6 0.655 o8 0.870 1
Frequency [Hz]

Fig. 13 Design ranges for the fundamental frequency of
the support structure

Tt SdFIg 993 BYols BHFT 49 A
o|2 wojzthH FRE0] ‘soft-stiff HUT T 4 9L
o g 2H9 sHFaedd ol e dEFERES
‘soft-soft structure & &t}

DHRET A g AE AFF sfe|HEE AR
T2 dig 12 1f7%FE 0.970H22 et 23
gE F92] AR F2E B 0.96H28 =S YEllE AL
2 994 gloy, Buendo A= 0.4Hzols, dubEQl
A EgolEE7} 0.277THzE Hole AL 7etebd Ags
HIEE g BTk A Alelv Egfol 2= AAA Y=
Soft-Stiff FHell AX|tes 225}t Al7]=tl, Stiff-Stiff
Gdol| FuTE A A FRAY AL ARARE, A
AolA] FahA Hrt,

2 =i AN A3 sfolHEE AR FRES 1
Rt e 993 BYl Foedds Hlo
Stiff-Stiff Q<o glom=, 7H) Aoy} EgfolxEe] 31
T W99 Soft-Stiff 25E] Stiff-Stiff Yoz FF
8 TN F e 7kl Bo Aok E3E AEUt
TP e A A5 WEeE ddEr

T

oHH, ol uf539<(natural wave frequency)®
ARt whet F717F Wakr] wigel] FuE dYedx] BA &
¥ET. &, 9o Fog7t ke oy A4 e
ERdow AT 4 e, Ao 2Ee naFe
ojgte]l EXHT} Table b= Y AAE U5 slo|He

E ATz Rl Folee} 37|15 VERAT
IL%XJ%-’F “3H" % %OH MCF¢] Z—MEOH dg= 1A
=7 =24 7ol e
I (elgen vector)%: 74]’%}71 Hﬂ ek s
3Tt Fig. 14 otd A|A|E sfo|H= g29] AAA<
=24 A% 57 REFE bkt

XSEA E59 oJdl] A5 ALte slelHel= AR 2]
AFS ERE 2eet A5 11738 A%, 958 FagE

e
oy
ﬂ
A,:
ﬁod
:L
>
2
&
>

318 szz7xstsl =27 M5 35(EH 1243) 0134 62

Table 5. Value of natural frequency analysis results

) Natural frequency
Mode Axis -
Frequency (Hz) | Period (sec)
X 0.970 1.031
1st-Mode
Y 0.970 1.030
X 3.256 0.307
2nd-Mode
Y 3.257 0.307
X 7.223 0.138
3rd-Mode
Y 7.224 0.138
4th-Mode Twist 11.590 0.086
X 13.080 0.076
5th-Mode
Y 13.140 0.076
Mode 1 Mode 2 Mode 3
Mode 4 Mode b

Fig. 14 First b eigen mode shapes
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