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ABSTRACT : This study explores methods for modeling the foundation-seabed interaction needed for the load analysis of an offshore
wind energy system. It comprises the comparison study of foundation design load analyses for NREL 5 MW turbine according to
various soil-foundation interaction models by conducting the load analysis with GH-Bladed, analysis software for offshore wind energy
systems. Furthermore, the results of the aforementioned load analysis were applied to foundation analysis software called L-Pile to
conduct a safety review of the foundation cross-section design. Differences in the cross-section of a monopile foundation were
observed based on the results of the fixed model, winkler spring and coupled spring models, and the analysis of design load cases,
including DLC 1.3, DLC 6.1a, and DLC 6.2a. Consequently, under all design load conditions, the diameter and thickness of the
monopile foundation cross-section were found to be 7 m and 80 mm, respectively, using the fixed and coupled spring models; the
results of the analysis conducted using the winkler spring model showed that the diameter and thickness of the monopile foundation
cross-section were 5 m and 60 mm, respectively. The study found that the soil-foundation interaction modeling method had a
significant impact on the load analysis results, which determined the cross-section of a foundation. Based on this study, it is
anticipated that designing an offshore wind energy system foundation taking the above impact into account would reduce the
possibility of a conservative or unconservative design of the foundation.

Keywords : Offshore wind turbine foundation, Monopile foundation, Soil-foundation interaction, Coupled spring model, Winkler
spring model
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Table 1, Design load cases for the offshore wind turbine analysis
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External condition ) )
State DLC - Analysis type Wind speed
Wind Wave
Operat 13 ETM NSS Vin < Viw < Vou
eration .
(Extrem Turbulence Model) (Normal Sea State) (4~24 m/s*)
6.1 EWM ESS U
Parki e (Extrem Windspeed Model) (Extrem Sea State) (Ultimate load) Via=k1 Vier
arkin
¢ 6.2 EWM ESS (47.5 m/s*)
2a
(Extrem Windspeed Model) (Extrem Sea State)

* Analysis time of each wind condition: 600s
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Fig. 1. NREL 5 MW offshore wind turbine
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Table 2. Material properties of monopile (SPS 400)

Type Density Young’s modulus Allowable stress
Unit kg/m3 N/m’ kPa
Steel
o 7,850 21 % 10" 140,000
(SPS400)

7_‘\\_—

Layer C1
40m Layer C2
Clayy | ¢ %

Layer C3

Layer C4
7.5m Layer-R1~R4

(Rock) | I L ____.

Fig. 2. Schematic diagram of soil-foundation model
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Table 3. Properties of soil and

rock

L Unit weight () Undrained shear strength (c)
Unit m k:N/'rn3 kPa
0 15~37.5
~20 m 37.5~62.5
Clay 40 16.5
~30 m 62.5~87.5
~40 m 87.5~112.5
Uniaxial compressive strength (q,) | Deformation modulus (E;;)
Rock 75
MPa GPa 25
Rock 7.5 24
~41.5 m 24 25
~435 m 42 33
~46 m 60 41
Table 4. Procedure for the design of OWT foundation
Step 1. Generate initial F., Fyi and M' with
fixed-soil condition
— Offshore Wind Turbine analysis program
l
Step 2. Design foundation with F., Fyi and M'
based on ASD concept N
— Foundation design program If, N.G
} go to step. 2
Step 3. Determine the soil property K' |
with the designed foundation in Step 2 T
|
Step 4. Estimate F,"', F,""" and M"' with K’ I, NG
go to step. 3
IfF"!, £, MY) = (F/, F,, M") go to Step 5 |
If not, go back to Step 3
(Re-analyze of K, Fy, Fy and M)
— Offshore Wind Turbine analysis program
l
Step 5. Re-design foundation with F,, Fyf and M’
— Foundation design program ‘T
! If, N.G
Step 6. Re-determine K" with foundation go to step. 4
designed in Step 5 ‘
l
Step 7. Offshore Wind Turbine Analysis
— Offshore Wind Turbine analysis program
WS $Rtel QITk 2 T 2] SISlAE WA 2713 K'E Agstel A2HHIAS wEHoR sl
1EA|(Step. 1) B4 2A ARk Aoz 7hgate] A FL R MTE APgRIeh 49 Step. 4)9fl 41 3% l 3
= HEL & = = = 1 =
S8 A 2T A S Aol BRAFE 12T A Ba) AT ESL EL MU 19 14 A A
28 SR ASIEE 27] 515 F, F, 721 M S 44 Fl, B, M} v1%:3h 2718 wolix Amsiey. wiok 7 3}
gk 194 S B8 APYEE F R, M'E 28sto] 2t o7} AAFE W9 gkl &l HSol= HFEE F R,
(Step. 2)0llA 7|2t2E TS At QI3 27147 M'E APg3h= STHA(Step. 5), TLe]al HEH oz AbgEl
alalh SEAAESep. 3) A Bl AT 12T shES Bestel ANESS A 69 (Step. 6) 14
&0 Wy A mE RES Fof AR AR & YT 8]0 40 S)4 A 7)ol AFEREF F,
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spring model
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Table 5. f,,, fu1, f. (Arya et al,, 1979)
Soil profile v E;)/G fwl fa ful Lo feo fuz

10,000 0.1800 -0.0144 0.0019 0.1450 -0.0252 0.0060
2,500 0.2452 -0.0267 0.0047 0.2025 -0.0484 0.0159
025 1,000 0.3000 -0.0400 0.0086 0.2499 -0.0737 0.0303
500 0.3489 -0.0543 0.0136 0.2910 -0.1008 0.0491
250 0.4049 -0.0734 0.0215 0.3361 -0.1370 0.0793
-Er 10,000 0.1857 -0.0153 0.0020 0.1508 -0.0271 0.0067
soil 2,500 0.2529 -0.0284 0.0051 02101 -0.0519 0.0177
Parabolic soil 0.4 1,000 0.3094 -0.0426 0.0094 0.2589 -0.0790 0.0336
propile 500 0.3596 -0.0577 0.0149 0.3009 -0.1079 0.0544
250 0.4170 -0.0780 0.0236 0.3468 -0.1461 0.0880

4. SIYTHAILE OF50NA 2t

41 DCOIUT SHKK[HE ASEIR 0

[

411 Winkler spring 24!

kAl 3.18of| A A2l winkler spring =&Y S HIE

Table 6. Winkler

spring models for soil layer

Clay Rock
p-y curve API (2007) Reese (1997)
t-z curve API (2007) O’Neill & Hassan (1994)
q-w curve - Kraft et al. (1981)

o=, By} siA XN AT 8-S g AR HAAEQ} ¢hakzof wha} Table 60]] 2]t Ax} o] -8
45 =39t Winkler springS p-y 241, t-z 41, 71 skt
2T qw ZHL TSl AgElgon, 7 HH mue Fig. 7& A4k ohibze] Zolol ufet AVget py T4
7,000 1.20E+06
6,000 node 8 node 1
(-30m) 1.00E+06 - (-47.5)
5,000 -
node12 8.00E+05 - node 2
=4,000 - -20m) = (-45m)
3 € 6.00£+05 1 node 3
23,000 & (-42.5)
4.00E+05 -
2,000 1 node 16 node 4
node 20
0 T T T T T {Seabed] " 0.00E+00 T T T
0 1 2 3 4 5 6 7 0 0.05 0.1 0.15 0.2 0.25
y(m) y(m)
(a) Clay (b) Rock
Fig. 7. Estimation of p—y curve for the soil layer
3,000 3000 node 2
2,500 - 2500 - (-45m)
node 8 node 3
2,000 - (-30m) 2000 4 (-42.5)
f node 4
= node 12 S -
21500 - 20m) 2 1500 - [ (-40m)
1,000 - 1000 A
node 16
500 + (-10m) 500 -
0 node 20
‘ ‘ ' ' '(seabedj? 0 T T T T T
0 0.2 0.4 0.6 0.8 1 2 0 0.2 0.4 0.6 0.8 1
z(m) z(m)
(a) Clay (b) Rock

Flg. 8. Estimation of t—z curve for the soil layer
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Table 7. Soil properties for

coupled spring model

Depth Shear wave velocity Unit weight Shear elastic modulus Poisson’s ratio
@) (Vs )] G (v)
Unit m m/s kN/m® MPa -
Clay 40 110 16.5 22 0.35
Rock 7.5 1,000 24 2,300 0.25
2.50E+08 — Table 8. Soil stiffness by coupled spring method
(-47.5m)
2.00E+08 | Vertical (K. Horizontal (K,")
N/m N/m
o 1506408 1 7.43x10° 2.24x10°
= . 1 : 1
S | 00E+08 4 Rotation (K ') Coupling (K.')
N-m/rad N-m/m-rad
5.00E+07 - 1.47x10" -4.19%10°
0.00E+00 T T T T
0 0.1 0.2 0.3 0.4 0.5 = =L = =
wim) 4.2 7|E-X|U NSERS T 5tEsHA Zat

Fig. 9. Estimation of g—w curve for the rock
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Fig. 12. Ultimate load with different model of stiffness and DLC
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Table 9. Initial monopile design load Fy, F,,M' with DLC 6.1a
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spring %l

Axial (kN Shear (kN Moment (kKNm Slol=
(N Ll e A BOIE AL st
Fixed 17,138 7,167 248,981
Table 10, Estimation of foundation stability with DLC 6.1a
D t Model A 1 Stress Result
UL
(m) (mm) (m’) (m’) (kPa)
5 60 Fixed 0.93 2.84 325,270 N.G
6 70 Fixed 1.30 5.74 165,000 N.G
7 80 Fixed 1.74 10.41 117,203 O.K
300
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-} DLC 6.1a 9
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Fig. 13. Ultimate moment with different model of stiffness and DLC
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Table 11, Monopile design load F*'F,"" M™" with DLC 6.1a
Axial (kN) Shear (kN) Moment (kNm)
Coupled 17,192 7,052 248,719
Winkler 29,412 5,592 6,980

Table 12, Estimation of foundation stability with DLC 6.1a
(winkler spring)

b ! Model A ! © Result
@ | mm) | OC | @) | Y | ke |

5 60 Winkler | 0.93 2.84 91,631 OK

Table 13. Cross section of Monopile with DLC 6.2a

Shear Moment Axial
(kN) (kNm) (kN)

Fixed 4,955.9 | 228,600 14,044

Cross section

— | d=7 m, =80 mm
Coupled | 5,139.5 | 247,744 14,084

Winkler | 6,895.9 8,187.7 17,896 | — | d=5 m, t=60 mm

Table 14. Cross section of Monopile with DLC 1.3

Shear Moment Axial
(kN) (kNm) (kN)

Fixed 1879.4 147,459 17,700

Cross Section

— | d=7 m, =80 mm
Coupled | 2247.5 151,245 17,588

Winkler | 1,873.0 2,223.6 20,638 | — | d=5 m, =60 mm

Table 119] winkler spring Tdlof 23l 7| %A 515
F,.'=29,412 kN, F,"'=5,592 kN, 12|31 M"'=6,980 kNm=
gg5te] mieutdo] thHmste st AEE S35t
7] S-S 71E0R NS BAH R ezl B
st QP4 HES st At Table 129} o] =

Aghd d=7 m, =80 mm7} d=5 m, =60 mm= 7}4:3}

ol

TR slol 7Y A AP E ol dEPE] 2 o=

C Z7A® olyz}, DLC 6.2a
AE ZAIE Table 133} Table 14
2 2 DLCo| tat A S
A1} DLC 6.2a2} DLC 1.3 2% 1AW A3} coupled
spring oA = 27| ©riRd vlwste] M3k} ¢l
S 1}, winkler spring -2 T -1} O] A Fo] d=5 m, t=60
mmQ) TS VRIS AASES EHORA 4

A7) 4
7] S ATet FAT BFS skt

5 &

Tl

DL

‘T’l‘?ﬂ@ ES Hfﬂ ’hr— APgsit) s an dASHS
A DLC 6.1a0] 3t sj4 227} 74 2 315
, AHE L Elgy viof wheka]= winkler spring
Folal|lAd Aapt 2EAHo R 1A e AvtE
goldt 4= 9otk

NzFaEa SA AN AH5Rte-s el 4 9
¢}, coupled, winkler spring ®&l = 3}50] 7} 2
£ DLC 6.129] 42312 Qg8 0= Bgsio] 7]
27) AEEe] Yg A AES St
@ieshele] 7] AATRO] =7 m, =80 mm3l

Aok 2E} coupled spring HE-S 48

A= ghle] wskh e o &4% spala}gich

o BN me ol of

i ol
pew) é
o >
= rlr

2o
e}

(o3

Oll

mérlrmﬁ

_QNENF—?:‘HO{,;EN

’Erllul-ln X oX I+ T 0
PRSI
mlo

rlr

°f

12 oy, oM
w@hf{ou

90 %7} B+ 5}34 FaZ =1 qquaotq
bl o) A ©do] d=5 m, =60 mm<el -
Ho|ae nEsls Aow etk A7 sidTt
coupled spring &2 #2351 ANt 1A 2l
FolsATiel vlate] 2 RS) e gk ol g
6571 Z|2AAE S8l %}%Eli %A= Novak(1974) 9]
%‘Ol }-gf’ﬂ «lUP Ul

oﬂ 51859

O{N %e

i)
(o]
rsz

oL rlr U

=
B

X
Z
of m_
ol
ol
)
52
32
N
B=)
g
o
L'-L
=
rﬂ
p
S
_\1,
2
o
13 o
oz
N
ok
o rE

i
£
H
rsl °
U

62a9]- DLC 134 40 A7) A
Holn, winkler spring L@l o] |

TR 1 O
-t“—l' rﬁ

p
o

il

)
oY,
ot
oX,
mlo

o

9&
4
30
52
)

1o
e
re
Ui
(U]
X,
T
4
o2
it
o
N
re
of
_O|L
2

¢

[0}
i o
of
Mg ot
,
w=
)
B

%
o
off
1%
>
[>
i)
1o ofN
N
B
1
N
E o
i}
N
>
N
N

= fe
&

W
1
BN

e M
oz

a
;
=
M
o
H
e
ol
ol
dfo o W

‘

)
N
e
-
i

J il
ro
3_1:
38,
ul

2
of
> qlo
O_>i o
X
J‘% fr
Loy
2 glo
B
X
=
o
i

>
[>
o
N
B
-
N
i
i
N

o m o
ik K
2
[0 &
i
&L T
Uiy ir)
o ob ot ox

g2
o
ol x oo

ot
s
iy

=2
)
Iy
%
ox

Journal of The Korean Geo-Environmental Society Vol 15, Issue 9, September 2014 57



Ry
H
i)

PO - )
o
=
B>
> ol
2
T
oL
N
o
N
2
et
I ow
0
rr
et
o
2
i)
N
T
X

|o
g
)

o
)
T

Al 2

B A7 AAARe] Aoz FroiA /]| &H
2I(KETEP)o] | (A5 2011T100200105)3} = 3]
opr7} Fpela R RENE7| ST H0] AWElE 2010
A7) 2 EAAA A E: 10715 AE) A YOZ o
2olx AR ol 7AHE =dYry.

References

1. Arya, S., ONeill, M. and Pincus, G. (1979), Design of structures
and foundations for vibrating machines, Gulf Punlishing Company,
Huston, Texas, pp. 77~90.

2. API (2007), Recommended practice for planning, Designing
And Constructing Fixed Offshore Platforms-working Stress
Design, API RP 2A-WSD, American Petroleum Institute: 21st
ed, pp. 61~68.

3. Coyle, H. M. and Reese, L. C. (1966), Load transfer for axially

10.
11.

12.

loaded piles in clay, Journal of Soil Mechanics And Foundation
Engineering Division, Vol. 93, No. 8, pp. 261~278.

. Harte, M., Basu, B. and Nielsen, S. R. K. (2012), Dynamic

analysis of wind turbines including soil structure interaction,
Engineering Structure, Vol. 45, No. 12, pp. 509~518.

. IEC 61400-3 (2009), International standard. part 3: design

requirements for offshore wind turbines, Geneva. Switzerland,
International Electrotechnical Commission: 1st ed, pp. 36~39.

. Kraft, L. M., Ray, R. P. and Kagawa, T. (1981), Theoretical

t-z curves, Journal of Geotechnical Engineering Division. Vol,
107, No. 11, pp. 1543~1561.

. Malhotra, S. (2004), Soil pile structure interaction during

earthquakes, Proceedings of the Geolnstitute’s Conference on
Geotechnical Engineering for Transportation infrastructure, Los
Angeles, Vol. 1, pp. 428~440.

. Matlock, H. (1970), Correlations for design of laterally loaded

piles in soft clay, Proceeding of 2th Offshore Technology
Conference, Houston. Texas, Vol. 1, No. 1, pp. 577~607.

. Novak, M. (1974), Dynamic stiffness and damping of piles,

Canadian Geotechnical Journal, Vol. 11, No. 4, pp. 574~598.
NREL (2014), www.nrel.gov, National Renewable Energy Laboratory.
O’Neill, M. W. and Hassen, K. M. (1994), Drilled shaft: effects
of construction on performance and design criteria, Proceedings
of the International Conference on Design And Construction of
Deep Foundations, Federal Highways Administration, Washington
D.C., Vol. 1, pp. 137~187.

Reese, L. C. (1997), Analysis of laterally loaded piles in weak
rock, Journal of Geotechnical and Geoenvironmental. Engineering,
Vol. 101, No. 7, pp. 1010~1017.

58 Design Load Analysis for Offshore Monopile with Various Estimation Methods of Ground Stiffness





