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Large-scale Model Test and Element Test for Horizontal
Resistance of Piles Under Long-term Small Cyclic Loadings

Keita NAKAMURA*
Satoshi MATSUMURA*
Takaaki MIZUTANI**

Synopsis

Since offshore wind power facilities are subjected to cyclic loadings (horizontal direction is
dominant) over a long period of time, the cumulative strain and the stiffness changes of the
ground need to be taken into account because of the concern of structural stability and natural
frequencies. Previous studies and the API have focused on the change in horizontal resistance of
piles subjected to relatively large cyclic loads. However, since offshore wind power generation
facilities are usually in service for 20 years or more, extremely large number of cyclic loads in
the order of 10°-107 are applied. Therefore, changes in the geomechanical properties around pile
foundations are a concern, even with small cyclic loads by waves and winds.

In this study, model tests and element tests were conducted to verify the change in soil reaction
around piles under small cyclic loadings. In the model tests, model piles of 3000 mm in length,
150 mm in outer diameter, and 2 mm in thickness were driven into the sandy ground, and then
horizontal cyclic tests were conducted. Since the diameter of recent piles in wind power gen-
eration facilities have been increasing, the same tests were also conducted on model piles with
twice the pile diameter (3000 mm in length, 300 mm in outer diameter, and 4 mm in thickness. In
the element tests, cyclic loading tests were conducted using a triaxial compression test apparatus.
In this test, small loads that were assumed to be within the elastic range were applied, and the
changes in the stiffness of soils during cyclic loadings were observed.

Model tests showed that small cyclic loading to piles in sandy soil had little effect on the
ultimate horizontal resistance. The stiffness increased gradually during cyclic loading. In the
element tests, the secant stiffness of the sand samples sometimes decreased due to volume ex-
pansion during cyclic loadings, but once a relatively large load was applied, volume compres-
sion occurred immediately and the stiffness was recovered. For clay specimens, long-term small
cyclic loadings were not enough to decrease the stiffness, but rather, the stiffness tended to in-
crease because of the consolidation.

Key Words : open-ended pile, horizontal resistance, large-scale model test, cyclic triaxial test,
offshore wind power
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2.3.5 MO#R LKFEEHATRO@BIMHZEL

FLERARBEREFRICENT, BRLAEICL D
WAL (BofE-Z0B R OKFI51m) O ER B
X, BREY O LECIEA IR OBl 2 b I E S S E
TH 5. AT, AKFEEROMILE X E—x v
b M, R0 EHW-EIRARE LTERLE Y. £
7z, W2 LI oW TlE, BHEDOHIE cEXTTL L 72l
Wk #HCFHETESREI ATV S ). ATk
B SEERBI c R ICIRE & R 2B O MREZEE L 72
aHliFETH Y, BRI 2 B E S 2 BRI A K Hw
bhTwa. BIRIICIE, BUNOT AL~ TOE AW
M7 G (small strain shear modulus) 22T, D

PSRRI BB L CU T O X 5 ickT.
G a’v)”
== 2
Pa cl<pa @
TCTT, p, BRXUE, o, AW EBE, ¢, n ik

NI A—=2TH B0 FEIEAHR AR LT3 2,
K (2) LHDAKPHRTEEARED J) DF) b Hv Xz i gy
e LTt C & o, R iExoeit L7z ik k12
UFoksicgIns,

F=— K 3)

LS/ZDW

TZT, LiMoWRANE, D RIVE ¥y XA
HRERTH 5. AFERR, WEHBCREINLZ DD
D, FEHECREL 72 2 R EDRE 2 Z I < Wil
filins ol BE & 72 5. BHEDOWIETIE, #ERITIL & N7tk
kiconwTiis 3 L, HlEO®E, Bk LRe o R
CBD B30 DI CRIEA |53 2 i 23R X
hTnz 9,

X-18, X-19
Zxnsd. kb,

IZ, oK LTI o [tk k& o
A OERA & [FRRIC, R Lo
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£

3 200 )

g IE\ = /}10 +2.7In %
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§ 100 Mf

50
10! 102 103 104 10°
Number of cycles, N
[4-18 & L#fTHh ot S DRltEZ(t

BIEDIX LD EBKE Do 72720 L% 10 [ L
THEBELL 72, BEHEOWIZERR & FkkiC, AFEEICH T

bHLS (M-18), HL (”-19) ZhZFhick\wT, fifE
LicBb o $ B E L Z FFEOHMNERT LA T 2R
Llgote, MOEHIE, UToXEHwT74v 74 Y
ZLTw3,

~ ~ N
kN = klO +Ak In E (4)

TIT, A BT AT AVIRTA—2THB I,

ARifFgEcH 22l k3Rt  hzlitkcd 2
b, EPRXEZoF Lo FHle LCH
WBZENRTES, HlxIE, MMLICODWTHEL NV
0.1P, OfifE 3, 107 [l#R & N7 BEOMIEIZ AT @ X

SiIckDdD oD,
_ 107
k107 :k10+691n—0 ~ 245.3 (5)
TZT, k=150 & L7z, Wwzic, %MK
kNE_ ko _ 6339 (6)

L. XoT, ERIULE M k &R LI N
& DN Bl TRERIR 2 fOE 31X, o R
S E R OB G Um0 107 [ &K
) DMK IIE X % 63.3% LHfEHTE 2. &
B, FERL D KBV THFEBRTHENE L 20K L [EEK
2 10* BETH 2 720, 107 ol CHIBEIR L IE T &
2 IS BREICHRA B BETH 5.

CBUNTEICK 2R L Z#hsiER
3.1 s{Ea%t

R Ukt g, Tt klo £kt 2 kv 3 72
B DR L =l ER 5 (JGS 0542-2009) | icH#EHLL



Non-dimensional stiffness, k

100 1 o 15(0.1P,) h

| | ——1-2(0.35P,)
50 T I W W R W W H U1 B S R AT |
10! 102 103 104
Number of cycles, N

MR Ui oL L oItz

n
10°

&-19

T, R-6 WWRTHAETENML 2. HioEdiicowT
WHELTEHT8EE, I Thinr b2 570
DRKEIPER B 720, HEHICD o 7 E 2N 7 fif
HTH-TDH, ZNETNOES THio LR ITED 51
HOKREIIMATH2., RIIETHINSRVTALR
A (1073 BRELIT) wxd 3 3 Rtk ic B L CaBR
Bffoc Lz £6ICHDZXIIC, b/
HIE 0.025¢,, & LTRELTWS, 2oL 2idkc
BT A (WHE 0.025q,,, &5 2 72Bofho+4)
BB ELZ5X107° THotz, mOB/NEVHELILD
MR LU 100 [ e L7z GAERIAR o6l b, FIhgse
RO KRERERZEL). WEHLL (BFHLRL)
DEWEERT 272912, 0.05¢may 0.1Gmay PIEL
MO THRRRICEERZ T o 72, ¥, KD qu 13,
YWHREHior —2 (F—=21%&5) ComKiizEGN%
. Wikl ed 2 HEHW 45 (BEE-5) 1%, #ilL
T M ORER LACPFERI B cH w2kt e RILTH Y,
PHEMEIER-1 s, EEkHicow T, &£-7 R
TREGRER T (BE-6) w7z,

AFEECIE, W - KBRS o W TR G TRl
BRaAT o 72, WO HREERRSE O fif B o JA 1 I REBR/K 23 B
IKFTRER AR IS+ 500 o {0 TH 2 7= KGN 224
Th 5. —7, KiticowlhmEEKEE s Sl
Ffibhkw, chid, Kito@ KR T <
PGt % s i 7= 3 2 & SREECH v, Kttt
L CHIKRSAM & L ClBRZ AT o 2 5B 138 Hk L 72 5
o Thsb. LhL, FEEEIFEEREO MRS O
R ZzREEIC B TR, FEPKRSE T oBBRITEBR
LRRTREELTLE S, 2 TR TIE, R L
JEIA % iy O FEREEIR O JEIA & FIRREE (8 BPREEE) 1
BEL, PokEtbe 23 LT, RN ARRRE LifE 1D
CHE S LD RHEZACICER L 72,
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BE-6 KHkEErt

WAL L, WEEHC D W C I E % 60% & L,
K £E3UEHC D W TIPS 40kPa (EBIEZIREE) &
L7z, #9EIL 50kPa, #HGHEL 0.1%/min TH 5. B
B-7 il ok e, Aclx, Mhaod A4
ZHEST 57201 LDT 272U 0§ A oiHill % 5
LT3 (BE-8). #ulk L% i L 72 558
7 —Z 24, 6-81CDWTIE, R LB I HI
T aABR & FERE L T 3.

3.2 HBER

321 BUMBSRLEFFO#MERS - FEVTAEL

AREITIE, BUNMER UG ol 03 A0 &
O F A A0 T AL R R T, BEOTAHRICBELT
X, BCOVTHDHEICH LCRIRT 2L 777D
HILY DEEL N L2 5, MR LT oGS 28 0
DOHDED A EFH LT3, 72, HREOT AT
FIEE LT3,

B-20, [4-21, [9-22 icibakkl ok Ui o il



-6 HR L =lhEliRs — =<

Ry — = HREEURE B LT AR LT AL
No.

1 W (HHEBEER 45) - -
2 W HEED 4 5) 0.025qax 100,000 [1]
3 W (MHEHER 45) 0.05q nax 50,000 [a]
4 W HEBEED 4 5) 0.1¢max 1,000 [5]
5 Rt CRBRZERS 1) - -
6 fh A CRBRGZHERS 1) 0.025¢,2x 100,000 [=]
7 Rt CRBRZEHRS 1) 0.05¢ nax 50,000 [5]
8 Rt CRBRZEEHR 1) 0.1q 0y 1,000 [1]

&7 KER&EEM L OYPEE

HHE BT fiE

TR T DEE o g/em®  2.675

#5> (2-75mm) % 0.0

4y (0.075-22 mm) % 1.8

> k43 (0.005-0.075 mm) % 589

K4y (0.005 mm i) % 393

PN IAES mm 2

FERIES C, - 0o S-S (UKD (1) 7 LDT
PR % 113.5

YRR %  43.5

ISR - 700 B - RO FAEERT. MEY, wFhosr—2x

CHEWTH, R LISV iRL Iciio 34 e, 3%
BLTW30Xbrs. ZOEAWIE, MEL-LRK
EWIEEL YV RESERINGHRE o/ T, R
FOF RO VT, R U2 i/ & v
Case-2, 3 TlE, ¥ E#EER % 2 L 2 O%IZRER
ZRLTWED, —BREARMEL VE 5 X/ Case-4
ICDWTIE, W ICEMEEA & 72 o 72,

xic, K-23, K-24, X-25 ickitilkl o Ui
HOEIST] - MEOFT AL ERT. KLY, win
DT —RICBWTH, R L FIRRICHR LBt
WA IO T A e, DEBLTCWEDO08 b2 5. L
L, MERECIMEL LD /& » Case-6 235
DEET L0 T AEMPKEL, FONITHEL RV R D
TV Case-8 BRERUTAHAER/NI VL WS HERL 2o
BEE-7 #RL =i okk 1 7. i, kG ciiizfTocwi e, E

BOMEITOMENFE L EZLRD ().
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1%

3.2.2 UMER LBHEHNRRBEISNICER 2HE

PUNEGR U #Rif % SE6E L 72 Case-2—4, 6-8 ICD W\ T
1, MR U I B D L, BN iR L
28 Z DB ORKIMZEIGI TS 2 BEBIC O W THEEL
7z. B-26 12, Wikoio 3 2 BIR 2 R T
KXY, Case-14 DnThor—RickEnTd, BF
X Z Fkk OO 3 A-dhAICHBREZ R L TE Y, B/
R LT OB IR bk b o 7z,

B-27 ic, A TEURl ol O3 Al )G T R & R T
i LH0R T, #0K LB R % 2 - 72 Case-6 &
Case-7 2BV, PIfloHZRL VAL EoTE, &
i, EFICXY Bk Kh+GUR o 1A 235 m L
T EBEREEINDG,

3.2.3 #UNEER L ER R OBIMZEL

R Ui o i 3, iho 3 a-ibz2)s 1Btk IC B
JAEIRARE LTE 2 EE LR (K-28). K-29 ic,
Wkt D #uR Ui h o Ml - Ao 3 A2 k2R3
X o ftihix, R LT 1 B H oI B cIEALL <
W3, MY, R UERIC X )R ICEEO T A



Deviatoric stress

Axial strain

-28 R L =ilhalERic 1 2 Witk o #&

R 2R L, ZRictEo THPEDE T LTWwA 2 e
bbb, 2D, LOBEKTAMMKTOER L L
TEZOLNDEH, HuR LA L DK% 7 Case4 I
DWTIE, B0 RILE I TH o 72 b D D]
PRI U7z, #8aR USAA 403 1000 [H % #8272 5 72

DD, RO AT log A7 — A TAMICEELTE
D, [l D FEEROMK T EF Z R L CTw 2 Z &2 HHBI
HDEICHREINDD, S5&E VAR ALET
H5. £z, BRLEED% < 7 5 i 2 NHEBKEICS
YOEFDBE S T, W OISR A EHE 1</ 5 iIcoh
MIBKIEDZALAE LT3 2, ZoFERIC>WTIZS
Bt ETH %,

Kic, [-30 il ko MR U o Wi - AR
OFAZEERT. BR LB 1000 BE2BZ 25720
25, WK ICHEE EBR R oh, —EREL
7 BRI BEKE 2T 2 T2 R T & 5. B0
7E 1D B TH COBBETHEENEL TV L
5, AREHTHHEE LEANICRE > TEZEETLTw 3
EEZOLND. COFEEOHETICX Y IFEOTAIIHIC
JEfEER L 72 0, Wl E ML w5,

PLEo X5, Kitilkoga, RN ABUMER L
W IC B W CIERRF S ZEIIC R 5 L% I N 5.
AT TRIEREZER L EZH T2 2 e h o, B
D HEIRAIRSS 7 b L 2 oW TE UL, BN iR L
WE A2 T X 2188 cirnl, b LAEERE
13 % C & X v Wl IEhnErm & 72 2 RetEr s 5.

3.2.4 BUNEBR LEEHORIMECICE T 2 BIRE
HIEi COBBEIR L v, DEBOLAR,
TN il URAT IS A IR 2 P DMETT 3 2 g1
Lot LarL, EERoOE LRI FERR TR

EHEL L
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52 2R EITo 7.
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RCiE, WA (RTEREIN) RO lhT AR X D BRI
OWFFREDO K E L, —ERE AL RO
HHME T 2 L5 RZBEEHE STz, #HR LR ol
M2 E R % & (K-32), RERZIRAE U T 5 BRI
PEAMET LT 228, —BEKE Zefaf i % (FFH LA
DA U BRERIEA B L CTh 3 2 & 03b 2 5.
ToXHIE, WUNEBER LETEEZFICH X T i 5E
X, 20t EDLox 4 L4 2 vy —Fic k- TidE
R (FEORA) 24T, oMK T IcER2
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MIEZET 2138 TIdRL, B LAEEIETT S

&IT XY R g & e B RTRETE DRI X Tz,

ML@;og,ﬁiﬂﬁ% B fiti 3% < 13 % DAt
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3% A, KFBRLEFEBRTAVWERTLE N
=R DB H

T TR, BHEOWIE Y TRE I LT B UK
il O MR TCAL & N7z Wl b oS HER 2 R, —i%
i, BFEERL XA TIRFERT =D O FE %
TERWI L h D, BRIEREROEREZT S BRIEE
BREE 725, T, Lo AWNITED R ER N
ZHEREL, POAKFEERONOF Y ALz L
T, ERIUb T il Z g Cn B,

T, FOBUNOTHRL L TOR AW G (small
strain shear modulus) DHIFEMRAEEZLAT D X 5 1cF

BT 5.
o= (3)
(& Al
n "\p, a-1)

TZT, p, BRAE, o) BEHEEE, ¢ & ni3bE
NFGA=2—=ThH3 0 EEE o, FES T RTENT
2720, REWEL LTUTEHVS,

o, = ¢, Ly’ (A.2)

T, Y AN AEEER, LIIRALE, ¢ &
RN T A =2 —ThH5b. X(Al) DT A—%—n
1, UNOFHRL L TD 0435 5 RERVDTHLN
LTD 0.765 TEALT 3 L DA H % 12,

WECKEMEH A M%%F3%€/ 54
NERET L, % OBICA U B KEEN u & i 6
3, MHRREIET 2 EUTO LI ickEh3,

M
MY [k k,)|(LE
T e I
22T, ki kg ks BEERIEA T A — X —, D EHifE
Rt By HRBERERCCEN u ZBRETNIELUT D
E—X v F-EiAOEBEAEONS.

B GHD@M@—@)@
| k3 = ky(HL/M)

(A4)

K (A4) i, (A1), (A2) ZRATHIE, BRItk
INE— AV F-HEEARRIEONS.

civ/cs (kiks — k3
M _a 2( 1K3 2) &6 (A.5)
D3y’ ks — k, (HL/M) Ly’

M k é

22T, kM, 03znTniERotlt s hzmik, =—
AV b, BEfACH B, mktric, EECIHIE N2 I
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