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Stiffness of Bucket Foundation in Sand
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ABSTRACT : To perform an integrated load analysis carried out to evaluate the stability evaluation of wind turbine generators, the
six degree-of-freedom stiffness matrix of foundation, which describes relationships between loads and displacement, is needed. Since
the foundation stiffness should accurately reflect the shape of foundation and the condition of soil, it is necessary to calculate the
stiffness of the bucket foundation that considers the elasto-plastic behavior of the soil. In this study, finite element analyses were
performed for a range of soils and shapes of bucket foundations to estimate the foundation stiffness. Normalized stiffness curves are
developed from respective numerical simulations. Proposed results are considered to be useful because they can be directly applied

in the design.
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Fig. 1. Degrees of freedom for bucket foundation
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Fig. 2. Finite element model of bucket foundation

¥l 48 Eq. (3)3} 2tk Wolff(1989)= E2ue] 43 2
O] Npo 2 AFAEQ] ¢35 APl 42 AAIsHTh
¢=27.1+0.3N,, - 0.00054N, 3)

Kwak et al(2015)%= NypT} S a22122(q)) 7pol o=
Vel APAS Eq. (4)sh ol ARt

In(V,) =B, + B, In(Ng,) + B, In(0o, )+O' “4)

AZ1A o, Br, fr= BBA Al0l3L, o= S iR &
ZHAE oJujgith Kwak et al(2015)2 AFAE 2]yho] o
3 fo = 3.879, fi = 0.255, 2 = 0.168, ¢ = 0.3492 <
Albston, & Ao B4l AAE flste] Vg
AIKE SEETAS] 65% S Pafo] ALYSIL). AFdEe] 4
% D9EERy)S 10kN/m’ 2 7FRatg o, Ak (1)}

()= &l upEkzto] 30, 35, 40°%1 9ol A di3E ¥,
O H
u
(a)
(@]

LN

Um

@

(d)

Fig. 3. Displacement of each loading components: (a) horizontal,
(b) vertical, (c) moment, and (d) torsion

Journal of the Korean Geo-Environmental Society \lol, 18, Issue 8, August 2017 >> 7



T %= Fig. 49 2t}

A AP AR Fig. 49h o] F4tel] wet 24t
w7} F71ieh gole] Wi 44e) 5718 wefsta, A
g ol a2 4] Hl AR
o] PLAXIS 3D &A1=
t}. Hardening soil2] ¢J8i¥d & 71w}l Teo] 9= ¢, I
A2 (W2 Eq. (5)9] A4S ol-gste] A5t (Achmus
et al.,, 2013; Brinkgreve & Vermeer, 1999; Itasca, 2011;
Kim et al., 2014).

y=¢-30° )

rE

ST ¢ = 30°%1 B9y = 00] Hw, o]2|gt FL-
FEO| WAsk= 7|2 FH ANt A= Sfi(solution) 2] 4=
o] o]#-& EA)A o] 9lthLoukidis & Salgado, 2009). E3F
w =03 1° A mf 7|29 XA Atole A4 g2 AL
A &)1 B2 (Park et al., 2016), &2 A7 A= ¢ = 30°
By = 1°2 4 F3ste] Ak @553tk ®
s A1) eHg/AdE flsto] 1kPal] A (o)F 48513
CHPark et al., 2016).

o]Q]of| 7] ¥4 9] S AHEsHA HAlsH|
$13to] Hardening soil HEof|A= AEAg oA 2] Shaegr
AAGES ), AskAYsE Alo] e A E,), Solwn|g g
AAGED) 7 deiisen 1asie, o]52 100kN/m® T
o 24049 grEolth =3 59l whet Wske A
A (m) grell sl WHsHAl Eek 242t Eso, Ew, Eoea®ll
?F A ol= Fig. 59F Zow, o]52 285k <59t uf
2} Eq. (6)~(8)= Btz A4tech

e A

= rlo J%)

Vs (m/s)
0 100 200 300
0 Il Il
10
20
B
£ 30
o
[
o
40 -
—— p=30°
50 ——¢=35°
$=40°

60

Fig. 4. Shear wave velocities along the depth of soil profile

8 >> Stiffness of Bucket Foundation in Sand

, . m
s ccosg—o;sing
E, =EY [—j
50 50

ccosp+ p sing 6)
E g ccosgp—o’sing
" \ccosg+ p™ sing 7
ccos@p— 9 sin @
ref K()
Eoed =E<)c;d ref :
ccos@+ p™ sing
(®)

7|4 52 Zlolubrte] T4k, pe 715 S 100
KN/m*g- ojnjgtt). E3F Ko AR EHAIGEN BE 3|4
o 052 HEEAoH, AFAES] FolEH|(v)= 025 AME-
sttt iR A5HE 9I5ke] Fig. 4o AR Hi 7,

PSS A WA glojulct
AFH YA Grw) = TH22] Eq. (92 AXFSFAT:

G =PV, ©)

A7|A pe F| UE=E ofutt) ofef o] At G

deviatoric stress
lo1 — o3|

. asymplote

Qf emmmmfmmnpmrannan

axial strain - 24

(a) Hyperbolic stress—strain relation in a drained triaxial test

.O'j

(b) Definition of F.s in oedometer test results

Fig. 5. Definition of input parameters of Hardening soil model



2} Darendeli(2001)2] 3 ATA(G/Gpax curve)S ©]-8-3}1
of Zoluhct ATHARE() - S T AT, 2
ojuprt 24l A Alofl y = 0.1%7}%]%= Darendeli(2001)
o] FaTAlE =, Sl s AHEE goll 3t A
Tof =gstes AASIATE Fig. 62 oA At o
2 ¢ = 3599 Aol dojuitt #MelE= &9kl uet 2
i = Ad(target curve)S EAISFACH, of7]ofA 7]
Ha X(original curve) Darendeli(2001) ZFA=HATHS 11
23E o) =4S etk mEbA Hardening soil B9
o) W B, By, By, myE BE Zlojol A o] tiakzAlo]
LAISHeE ofe] HE| WAL 3S AX A o]
= PLAXIS 3D =210 WA= ‘7}AF AUjA](virtual

150
—=—QOriginal curve
120 || —Fitting curve
g —Target curve
=
» 90
%]
2
2 60
[
9]
%
30
0 T T T T
0 0.5 1 1.5 2 25
Shear strain (%)
(@) 25 m
150
120 A
©
o
=3
» 90 -
173
0
2 60
[
9}
<
%)
30
0 T T T T
0 0.5 1 1.5 2 25
Shear strain (%)
(c) 125 m
150
120
©
o
=3
% 90 |
13
L
2 60
[
()
o
30 4
0 T T T

0 0.5 1 1.5 2 2.5
Shear strain (%)

(e) 225 m

soil test)’ 7|5 Fof TRE UM, o]FA Y H B
Al(fitting curve)-2 Fig. 69] Zro] H|ws}

3E =4l BidE SAS whgstkar, zlolmitke] 744
W3S wASL7] 918 Hardening soil @9 A8 EA7E
2 Table 19 A=|3t9ict.

Table 1. Input parameters for Hardening soil model

¢ (°) 30 35 40

EY (MN/md) 15 30 48

E (MN/m’) 12 24 38

E/ (MN/m?) 45 90 144

m 0.3 0.3 0.3

150

120 4

Shear stress (kPa)

30

0 T T T T
0 0.5 1 1.5 2 25
Shear strain (%)

(b) 7.5 m

150

120

90 |

60 |

Shear stress (kPa)

30 A

0 T T T
0 0.5 1 1.5 2 25
Shear strain (%)

(d) 17.5 m

150

120 A

90

60 -

Shear stress (kPa)

0 T T T
0 0.5 1 15 2 25
Shear strain (%)

() 275 m

Fig. 6. Representative shear strain-stress relations in sand (¢ = 35°)

Journal of the Korean Geo-Environmental Society Vol, 18, Issue 8, August 2017 >> 9



4. =X|04) Zut

& AolM = iz i 3str]ol A, 5
frtaasa mdle) Hede A58l Doherty & Deeks
(2003)+= Scaled boundary finite-element method & ©]-8-3]
of BdARt A MAl7| 2 ZHASRE T AER AA
3t B Ao A= o]& Asf(exact solution)= 7HES)
of gt 2o fErasa|ag U Arjel vliLs)
AL}, Fig. 72 BH747) 24MPaz Zlolof| what Q1A s) L,
v = 02281 A|¥tel] /D = 18] W7 27k A28 Ao 7
AAE A8
2 A E wzl729] J ;J Al4= Doherty & Deeks(2003)
o] Amo} gAlstE B 7%9] 7t XolS Mol Aow
BAEodk web B Ao TEE fetass)y nd
o BT 2§ 54 AFAAch

S Ao

4.1 G20 mE bjMY 24 Hlw

BZL7129] GG A4S obA ol2oA Aue
o A 4 90w, ol 77t K450l Wslel 615

40| Hardening soil =92 %-&
Bh7lol A Aba o AJuke] TARUR Ho] ALGEL

Mohr-Coulomb &ZE-& #g5te] FUgH HHo R 4L

(o

40
W Doherty and Deeks (2003) 32.7 30.6
- 30 - W Calculated 25.6 54 4
C
0
é 20 A
Q 100 114
o 10 4
1))
1)
)
£ 0
173
10 A
8.0 g4
-20
Fig. 7. Verification of the finite element model
Tmax <
v
wn
[}
&
5 Ts50
5}
= {
n I
[1Gso | Eso=2(1+v)Gx |
1 L

Shear strain

Fig. 8. Eso calculation from the stress—strain relationship

10 >> Stiffness of Bucket Foundation in Sand

sttt #WZ7129] L/D =10]aL AFAE 20 ¢ = 30°

735l tiste] s ast o, Zlo] H A|Hke]
& Al 9(Eso)+= Fig. 831} Z+o] Hardening soil®] Q4= Al
Al ARERE ti Aol A =2 50%0ll sidshe -1t
Aol et 5474]1—((;50)%—:—1‘3 A5 A EHEE] 60m
Z10|712] 2] HPAG(Es)= 10 ~35MPa7tA] HslE| =& 2]
g5,

Fig. 9= 6719 7+A 2459 o3t Hardening soil =&
I} Mohr-Coulomb 2 @9] &4 A3}E v|wsigch ZE Q
ol % 71 mHe] sHE-wg) WAL 2 Aolrt U]
¢F o, Hardening soil 92 A-23}4-2 7399 Mohr-
Coulomb X95 #8518 wjEet 7]22] 7o) tha B
S0 AR oleh 2ol Aol MY ARE)7} v
w7 skl A E Qe UHOﬂh Mohr-Coulomb Z&-&
AREBIA I 7120 S 4 UAE, BgEo| T
S ASE A 5 A Ewd 20 o oletge
oltt. ok AojAl= Mohr-Coulomb X @M} H4=Zo|m
Auke] WAE AES YU BARR 2 b Hardening
soil WS ALgSto] Topel AukRAT M7 2 FAo
o 4 ke APgelel.

S

o

i

A9 BAL 15 va 24 3
M(secant) 7]-&71Q1 7]|22] Z/do] AT, W97} S71e
5 72 S A
npEHzbo] Zeps AHdol AA AAE I

ole} 2ol vzt 9 ¥, ol B2 AT 5
ANIAE AF3k5H7] 215ke] Doherty & Deeks(2003)2]
o Wl FUA W20l WAERO] Sk
ololile] ATt A% Geol go. 212k Artalshc.
X 9 Smekzel dheh Gim wHE U ulEY 5
e E Gz 7—.1'7L Akl om, Fig. 112 Fig. 109
A AR LD = 191 WZl7] o] gt s duE A3t
sto] e ieh 242 Atele 3 9 ZHE sh5of o
3 S1E-9] BALS vpEizte] TAGlo] Shte FHO
et ShARE £H7) vl o]
o TSR 2 obEtel we th Aol el
on, Bl AAS fside +A3EEK)S E5- ¢ =
30°0] T4 AL MIEUBAKNE A9 ¢ = 40°2)

N2

—1> )

T
o
i)
4>
30,
fr
o
o r
fu
- L



Fig. 9. Calculated bucket foundation stiffness for Hardening soil
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Fig. 12. Normalized non—linear stiffness of bucket foundations (L/D = 0.5)
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