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An analysis of horizontal deformation of a pile in soil using
a continuum soil model for the prediction of the natural frequency
of offshore wind turbines
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ABSTRACT: As wind turbines become larger and lighter, they are likely to respond sensitively by dynamic loads
applied on them. Since the responses at resonances are particularly interested, it is required to be able to predict
natural frequencies of wind turbines reliably at early design stage. To achieve this, the foundation-soil analysis is
needed to be carried out and a finite element approach is adopted in general. However, the finite element approach
would not be appropriate in early design stage because it demands heavy efforts in pile-soil modelling and
computing facilities. On the contrary, theoretical approaches adopting linear approximations for soils are
relatively simple and easy to handle. Therefore, they would be a useful tool in predicting a pile-soil interaction,
particularly in early design stage. In this study an analysis for a pile inserted in soil is performed. The pile and soil
are modelled as a beam and continuum medium, respectively, within an elastic range. In this analysis, influence
factors at the pile head for lateral loads are predicted by means of this continuum approach for various
length-diameter ratios of the pile. The influence factors predicted are validated with those reported in literature,
proposed from a finite element analysis.
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Fig. 1. Schematic diagram of a pile in a multi-layered
soil.
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Fig. 2. A finite difference model for a soil along the
radial direction.
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Table 1. Dimensions and principal properties of a
pile and soil.

Pile outer diameter 5.025m
Pile inner diameter 4.975m
Pile Young’s modulus £, 8 GPa
Soil Young’s modulus £, 170 ~ 2.7 MPa
Modulus ratio £,/ G 100 ~ 6400
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Fig. 3. Comparison of influence factors predicted by the continuum model with those in Reference [5] for a pile in
Table 1. (a) ¢,,, and (b) ¢,,, (Thin dashed line: a rigid pile approximated; thin dotted lines: flexible piles approximated).

St2ourste|X| M35 M6 (2016)



continuum
@t | beam-on-spring ||
——"rigid pile approx.

7 flexible pile approx.

HEEREEES RN RIS

7 A% o4 487

continuum
| beam-on-spring
———"rigid pile approx.

~ flexible pile approx.

Lp/dp

(b)

Fig. 4. Comparison of influence factors predicted by the continuum model with those from a beam-on-spring model
and in Reference [6] for a pile in Table 1.(a) c,,, (0) ¢,

0 ‘ : 7
— E/G. =400 / ’
H € S

1 g
_____ * = I,
» E/G_ = 1600 / /

Depth (m)
[4)] £
T —
\\

A5 -1 -0.5 0 0.5 1 1.5
Pile Deflection (m) x10*

(a)

0 ‘ : v
——E /G, =400 / /7

e s /

5 - 2

[| ===-- E4G, = 1600 i

30

35
-1.5 -1 -0.5 0 0.5 1 1.5

Pile Deflection (m) x10*

(b)

Fig. 5. Lateral pile deflections against the depth predicted by the continuum model for the pile in Table 1, induced

by a moment of 100 kNm. (a) Z,/d, =

EA| LS o] g-af -3t whd o] Mg = 717
7 e A e dutkct o 24 dAgES o
% giet.

Fig. 49f+= Table 12] 3L} x]dlo] djs)] 7143 H|
B,/ G, = 400 2704 5 A md 4 A}
= gz A 1 2l 314 Avle} v wsle] U
it} Fig. 42 K, =2 A|&H] JL7bol| A= ek 7]
A H 2P} ) el BT AR AE S0
ATk, Whgo| vhe AEhu] 7kol A B AR W
Ldo) a4 At AE5A)] o o4 AapHot
W e ar 9lon, f3ta adia S lJ 23
Randolph ] LAFA]of] Bt} 7p7he: g =31 Sl

2, (b) I,/d, =7,

“1¥| U Fig 4] AMfR= A E e A A B o] o1k
A mench o JEe yolek Beshs 2L
hgoleh. ghukshe B2 A H melof M A)be]
£~TY A ko E YR 2 Folop SR
Fig. 4] 34 of| A &= Randolph®] A7k} f-Alsl A=
kigftié A3zt HFH O 2 2ol H 3 £91 7] )
Rolck uh A melo| At Auke] F A3re
AT ATEE B, A melo] B A B 2 el
off vlsl et o= {83k’ olet & 4= Qlrh o

1k, Fig. 3] vrebd 23 o], w2 Algn] of k- of
oal A= 914 el o] Akl o] Ankel thas
Aol 5 Holal glof ofof thet Heto] o g Ao

r
)
o 4

F

The Journal of the Acoustical Society of Korea Vol.35, No.6 (2016)



488

71E7t AEA| Bl o] A8} I S 4
ud shche] A A 2 C 24 Egs. (24)94(25)
R AT} Egs. 24)2F (25)9] BAz0 uh=
H, 9+ ﬂ%k’ﬂﬁ% Actent 2h-g-sh HHE=
2-gSHA] =t uhd o] Aja|7t A A ukdo] g
A AEE B A T shEe] 718 71= #1210
o] F| B X|Hlof| ofgt BH ETF FAIE 4= Qlrt. wh
kA Al7H] 7 2 gk ol A= Eq. (25)2] A 2710]
FrESHh 22 o o AlgH] 7} Aot mkelo] 2F
A As= sk B H st ddid o= 2
H9fef g Arro] T 2 Eq. (25)2] HHIE A
BAEALE H ol fraskA etk

Fig. 5ol = A7 242F 294 791 7 wkd o s
A} AHko) 17} B,/ G = 4002} 1600
o] Zo]d shole] WY Feje vlwate] tiehfs)
o}, Fig S@ell= A MH-S sH= Al 291wkl
o) WFS Uerfglon, Fig Stoli 24 W
& 3h= AAh] 79) wel & LbeR o1k Fig. 5(a) 0.5
3], AN 7H 72wl whel shete] A} A o)
P8 A] O WP, Fig S(0)2] 1117291 kel
A= ot seke] AHAbzbo] =) vhyE-S ol
2= 9l whebA] A7 AR wkel o 79 x|yt
RILRe Thol Shetoll A Rl e} Zhgal e S A%
710] 2 =lojof 3t 71 0 = Wbt

bz

N
-

A

mE

¢

C

v, &

r

el A= AN
K-S

W

-l>J

Fotch o1 A2, 2
me] 3 7olo] of5
Fe o] wkel A%
A 2R o8] 5120) A1 1
ol wslel M skl Aol 3
o] = E]—/HZ]Z]E_I_EH

_\; o flo to rk
wh

(MmN > g

iy

olo
=

aw A7} 2 )
47 QA w2
& 3}olatgirh.
Hof 30]5ke] W IS 71 w %_Oﬂ ol sf
ATt YA EAAA R md 9 fa
a4 of] 7]k 53l 0] Aubr vk Thh 7 oﬂ~§4
Qick. A wele] a4 AT} e Algule] g}
oA A A S 5= TS A5 L o) 45}
Tpg o A kol Seke] mil e x| A % o] WA
ap7] o= wekec) Jefu ohole] Algulzt
;(]_2_730 Nxﬂil_ j],E1 5]_ oﬂ/\_] _‘51_7&1/\]_7]-01 =13

AlZ]A

=4 A =

= U
Sl

o of
T
i E X

S5 RS AF AALE o} 51
opek. w3 o] 5] ke A g) shele] s o

A R Qg5 ol 1) shete] e

A 270 e 44 W ko] BT RO A
Zhie}. o] Al - ATE Bl S5t
A} et

ZAe =

E AL 04U s AFGEARARE ] Aoz

ol U %] 7|4 7 A(KETEP) 2] #] -8 o} 423)
St AL abA o] th (No. 20143010024330, A5 34k
28 gL FA8 QA A (AR AZATE)

°

T
B50| Eq. D)ol ALgEl shefu] )= ot 2k

B, = 7T/ (A +2p)wdz = By +25,,
0

ﬁQZﬂ"/ pw’dz ,B3Z7T/ Awldz
0 0

By= W/OOO()\—I—:}N)'LU?dz = (;+30,. (A-1)

(A2)



« [ df, e ([ df

Ny = / fr(W)dT, Ny = / fe(d—:)(h',
o [ df, w [df

N5 = / f"((d—r)d“ Mo = / fr(%)dr,

1 <, 1 (%,
6= frrdr, &= — fordr.
p Tp Tp T

k= W[()\+2M)771+N772+2)\(773_775)
—2u(n, —ng) + (A +3p) (n; +ng—2ny)].

(A-3)

(A-4)

(A-5)

1 Bgs. (26)7 (27)0]l A8 ket E 4,2 A 2

= oheat g,

'Y% = ﬁ4/ﬁ1, ’Yﬁ = TZ ns/ﬁl,
’Y§ = (ﬁ2+ﬁ3)//813 '7421 = ﬁ4/ﬂ2:
"Yg :T.IZ)TLS//BQ’ ’Yg = (52+ﬂ3)/ﬁ2

W2 Fgs. (28) (29)2] e R} T=

1 0 0
0R, Ry 0
0By Byy By, 0
R= 0 0 Ry R, By 5 0
0 }zrrerArLfiiRrrLfQ,rrlfQ[Emflmfl
0 En—l.m—?R‘m—l,m—l
0 0 0
10 0
05,5, 0
72|00 T Tw T 0
0 ]—7‘11724m73 ];nflrnf? T;nflmfl 0
0 :Z;nfl,me rrbfl,mfl 0
0 0 0 1]
olm, o714

o R o o

(A-6)

(A7)

A H Lo ALA| A|RE2E 7|9k =3 A5 3|4 489
1 1 .
(Ar)Q_ 2r,Ar’ (i =j+1)
2 %% A
R, =1- o I
i L l?“? Ti] (i = j)
1 1 o
(AT')2+ 27”,LvA7”7 (Z =] 1)
1 1 ..
W—m7 (i=j+1)
2 %%
T, =4———— | 2+ 2|, (i=j) (A8
" (Ar)? lr? 7’2 =7 &Y
1 1 o
W+W’ (i=j-1)

ojt}. ERE F WE T, ¥} Ryx= Eq. (A-92}F LTt

Tr: [1 Tr,l 7‘;'12"' T"rumfl O]Ta

R9: [1 R(?',l RH,?"' R():mfl O]T, (A-9)
7] A
-1 1 ‘llz;fa.:;*l ﬁf (i=2)
(Ar)? " 2rAr o, 2Ar 0 200 !
2 _ 2
T.,= %%_% b s(2<i<m-—1) ,
2 2
Y fom—2 it .
T | 24r _7”2 lfe.m—l (i=m—-1)
m— e
2 2
-1 1 Y% frs—1 M o
a2 A A 152
= 2
Ry = %%7 %f . (2<i<m-1) (A-10)
2 2
Y% om0 )
o 61 2A7“27T21 frm—1 (i=m—1)
m= m—1
ol
References

1. L. B. Ibsen and M. Liingarrd, “Prototype bucket
foundation for wind turbines - natrual frequency estimation,”
Aalborg University (Denmark), Tech. Rep., 9, 2006.

2. D. Basu and R. Salgado, “Elastic analysis of laterally
loaded piles in multilayered soil,” Geomech. Geoeng.
Int. J. 2, 183-196 (2007).

3. D. Basu, R. Salgado, and M. Prezzi, “Analysis of
laterally loaded piles in multilayered soil deposits,”
Purdue University (USA), Tech. Rep., FHWA/IN/
JTRP-2007/23, 2008.

The Journal of the Acoustical Society of Korea Vol.35, No.6 (2016)



490 4 WA

T 0]}_'

[}

4. H. G. Poulus, “Behavior of laterally loaded piles 1.
Single piles,” J. Soil Mech. Found. Div. 97, 733-751
(1971).

5. J. P. Carter and F. H. Kulhawy, “Analysis of laterally
loaded shafts in rock,” J. Geotech. Eng. 118, 839-855
(1992).

6. J. Ryue, K. Baik, and T. Kim, “An analysis of horizontal
deformation of a pile in soil using a beam-on-spring
model for the prediction of the eigenfrequency of the
offshore wind turbine” (in Korean), J. Acoust. Soc.
Kr. 35,261-271 (2016).

| xxt o=

» S A £ (Jungsoo Ryue)

1995\ 28 EAMCHStw 7| A MAIS St
SHA

19973 22: KAIST 7|A|Z25tn} AA}

a1l

1997'4 32 ~ 20034 8 ZUIHSIATA

=

Mejoinel
@,‘ 200414 122 ISVR, Univ. of Southampton,
X / ’ AAL

20073 122 ISVR, Univ. of Southampton,
LN,

20084 1€ ~ 20094 1€ ISVR, Univ. of
Southampton, H72&

200944 22 ~ Sixf: SAtCHSHm = MEHQF

HEHOA
SR B

» 8 Z4 01 (Kyungmin Baik)
19961 28k T E{CHEtm 22|58 BIAF
200043 28: T CHEtD 22|58 AA}
> 20083 5 WSU 22|35} HEA}
20084 72 ISVR, U of Southampton
2010 78 2 X E5HQHHATLANWHOI)
201214 53 ~ oAl Sr=EEatetd
AT

» 0] & 3} (Jong-Hwa Lee)

ZEE ATAY
20118 7€ ~ Sl EILIREMS CHE

IR YFotIX] H35F H6Z (2016)





