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A study of loads and displacements of monopile foundation
based on static lateral load tests in tuffaceous sandstone layers
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Abstract

Lateral forces and displacements of a monopile foundation are investigated based on the horizontal
static load tests in tuffaceous sandstone layers. The bending moment, shear force, angle of rotation and
lateral displacement of the monopile are firstly evaluated using a polynomial equation assuming that the
soil reaction force and the displacement at the center of rotation of the pile are zero. 3D FEM analysis is
then performed using the soil material model of HS Small and the boundary condition between the pile and
the ground considering the soil properties of reconstituted sample. The predicted loads of the monopile
show good agreement with the measurements, while those obtained using the boundary condition with the
soil properties of the undisturbed sample are overestimated. Finally, the static responses of the monopile are
investigated by a one-dimensional beam model. It is found that the predicted bending moments and
displacements of the monopile using a nonparametric model shows favorable agreement with the FEM
results, while the PISA 1D model overestimates the maximum bending moment and underestimates the

maximum lateral displacement.
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Table 1 Physical properties of tuffaceous sandstone

layers
Item Value n note

N-value (-) 27 11

P, (t/m*) 1.70 1

E, | (kNm’)| 74800 - 2800+ N

E, (KN/m*) | 95.900 2

v, (m/s) 1620 1

vV, (m/s) 420 1

Go | (kN/m?) | 300300| - p V>3

¢y (KN/m?) 203.9 2

P ) 324 2

Co | (KN/m’) 37 2

Py () 355 2

2024 4



IR BB G 2 54T & MR AYACT- AT BRI 236D < & 7 3 A WIRBEO T & L Z R OFF 12 W9 5 iF%E

R Ficy & EBEEBR A0 1T, AEEELAED =il EAEa
B (CD #BR) X vk, Eiz, FRSEGEIORSE S
Car & WEREEERAQ 4, HoRDT=. Table 1 IZIE N A5
() TRD = LEAREE, DFE &, % Ep, LA
Wiz s, & 0 F2)D> B RO T BN OT A S8 b
5 P AUBIEG, % D L 72
E, =2800-N (1
Go=p- V¢ 2

AWFFETIE, BIAREE G 57-012, EERA
AR, —HEREE, LA A JehE L 7= %
R R8O T2 ZETAARE % Fig.l & Table 2 (Z”d. B2
HEE GRS RO T-BE, 13 74,800kN/m?, =i/ £
IR 5RO TABE i V. 99,600kN/m2,  FLAN Ao
R B ROT-AEE, 1% 95,900kN/m? Téh 5.

AKIFFE Gl R D = il AR b 920 L 7=
Jardine & "Mz k5 &, BIORRBEHIEIZLY, bl Huk
DR EOVER - FBESVIENRT D, Eio, AWl
FITHBNT, EEEARRS CiL SN BERE A A
Wb Li=Z Enn, BEBREIOFTRIC X 0 3BRbL & K
ERE ORI b FERICEME LTV 2 ATRetE @ &
EZ T EEEE NG TR L 73Uk & =il
T B OBER IR Z R BIT JEH U 7R 53R 6D 7
RIEINFSHBR 2 Fig2 (2”7, SLVERKER S R O
RIS O FENT, BESDS 3%, WD 76%, L b
538 12%, Kt 8% TH Y, WHaNERTHDZ
LI ND.

AHEELAVEL & PR O kLS & N A L
A(3) TROIEKER S OBERE Fig3 (TR7T.

T=c+o-tan (0) (3)
ZIT, TR AMERE, clXEEICS, clIkES, 0
IXNEEEEA TH 5.

RO L, WE TR OND D
DIZITVWER Z T, Zhus, BEREREENLD Z
L CRIFRIFS G A kb, REFSINC X 5 R0
WHZAA o & BN D 2T ARSI THERL T D MR
~EB LI EERB LTINS,

22 WRKTERERBROBE

WEPUIRO FIECTHTRR L=, REOM 27T
IZEWEREL, S T ar<(PVE-150)2 L b Fhi%
JEALT-#%, EZBTAL - BHEL, MENV=
(S350) I CRTETREE £ CTHRX L 7-.

AT OMERE % Figd (277, SE BT
OREIeIE, EAE 1.6m, BJE 40mm, R AILE 10.Im T
2. EEERG & SIS EEH Lo RHEEpL
1%, NERICHE L2880 2.0, FLNAKT-RGraER

Vol.48, No.2

Deformation modulus(MN/m?)
0 25 50 75 100 125 150 175 200

0
'l .
2 2g XX
3 [ ]
4 [ ]
S .
56 ®
(=9
a7 -
8 [ ]
9 [ ]
o ox ¥ x
1 *
12

®2800N K Tiaxial compression test  MBorehole load test

Fig.1 Comparison of deformation modulus

Table 2 Comparison of deformation modulus

Item Average n

En | (kN/m?) | 74.800 1
Etiax | (kN/m%) | 99.600
Eb | (kN/m%) [ 95.900 2

100 ;
90 =
80 _
70 | w
60 | f
50 | 4 }
!
40 | | .“_f i |
30 W
RET B
10 s ===
0 .
0.001 0.01 0.1 1 10 100
Grain size(mm)

Percentage finer by weight (%)

Fig. 2 Grain size accumulation curve of tuffaceous
sandstone

350

[ I o B
o b O
o o o

(=Y
L= =]
\
\
]

A
=

Shear strength (KN/m?)

=

0 50 100 150 200
Normal stress (kN/m?)

Undisturbed sample ~ ==--- Reconstructed sample

Fig. 3 Shear strength of tuffaceous sandstone
determined from undisturbed samples and reconstructed
samples

HAR) = 4V F -5 s
23



ERICHEB L-5A03 3.1 THD.

O R | X, b T2 v (JGS1831-2010)
MNZHEL L 7=, #ferid, B A lic k580171
— I CHMI L, TREEECH DA AN RO 10%
FRIEEICE L7 2 RiE T & L.

WEHORMREIL, 27— K&/ (GL2MNNCA)
% 3 HBRAVWTHIE L.

WERLOARTENIE, —AZNLEE (SDP-200E) &
BIARIZETE (DP-1000F , 200mm LA EodillfiE |2 fdi F)
THE L, BUEHE I VREREE (KB-10DB) THIE L
. TRHOHGER, HEEEmNH EAIC 73m &
0.5m DAL TIT 7. ZAEE & /IR FHIAALE
122 BFoRELTREY, EEZAERS L.

WMEMOOTRIL, OTHTF—Y (KCW-5-120) T
BE Uiz, OF A =23 im0 A208lE % B /Y
L, EBoSMIlC 2 #, Thornfilic 22 Hekis L
7. FHUIERE L7-OF RS —21F, SERORRIC
TaH: LT-E8  (C150x75%6.5%10) 12X 0 fRalE L7=.

Mg 2L, WA SERET (KB-SHC) THIE L7-.
FRAGREEHT, SVEHURL OHMET 6 D PrakiE L7,
FhE M OMERKRIL 2m ThHo.

23 FERKTFEREHABROR E & EIOFFHE

Hirpii st 2ME MO T E— A > b, AW,
[EliEf, AEEME, Li b 2%8E IR, LTI
B FlA A R

R IEE B D ERAKENF LERE— AV b
MoiZ, @) &X(GS) LR

11.85m

Sextin K im}
Seatwa 11 im}
Sectzm 12 (e

0
L
my E5
mm? 8
|l

1
]

0

o

)

Lo BT
il

Steel pipepile/ | 4] =

1

[ B

Fig. 4 Schematic diagram of static lateral load tests

2

Journal of JWEA

Fy=P “)
My=P-h 5)
Z T, PRSI, RIIVRREIECTH 2> S iR AL
FCOMEE73m THD.
Hit B3 GRRATALEE ) S IREEIE £ T) OIEE& EzIZ
BIFTDHE—AL MafiER(6) &7 5.
Mz)=P-z+ M, (6)
Z T, ARSI S OEEETH Y, THE A,
EmEEALTS.
i EEBOMEE R 2ok 2 ENEAB0(2) 1%, (D% |
FEIfsy L7=N@®) L v k=, Fi-, KEENy(2)IL,
A(NDE 2 [EFEsy L= 9) L v Rdi=.

d? M
i AR ) 7)
dz? El
dy P, M,
= —= = — — 8
0(z) T T EIZ+9° (3)
P M
_ 3.0 2 9
Y@ ==gg% ~3p% Tz + o ©)

Z I T, EIFSAE M OBRMERRE 205%10°N/mm?, 11385
bt (=DM A GT) Ol ZIKE— A
F 0.062m* TH 5.

TR NIV S R0, & ALy 1T, 2(8)&
F(ONT Figd (-7 NVRMEREE 2 L (EE 2 THEL
T [EEEAA0, & KRNy, ZRA L, 8y LyotZ W TR
< ECRETE.

i iz I8 Ao E— A > FMIZ, Wi 2~
W 12 (ZE% 8 L7=OT RS — P OREONT AL D &
(10) TR 7=

2¢e
M =—EI (10)

ZIZT, diZ FHORNEE 1,520mm  (E#EH & 5 8ERIO
OT R —RIE) Chs. ELNIAnROEEF L
Thd. MEOT HelX, SIEMOOT e, & EfEMO
O e BTG IERE L M S 52858101, 2
NHOMEHEOFEE L L=, £/, Ebbh—hN
IEHE & HErcE W gaiciE, EEESUshs
OPHOHE G, WP IERE L HE T A2VE
Wi, YRETRE DT — & ZBRAh L. IEF ORI,
OTHT =Wl - i L TV Z &0, WEE
(k& OTRZ bl L TS Z b SRR 52 &
TfToiz.

bz B Ao E— A > b O M(2) 1
(1)L VHEE LT,
M(z):%z4+%z3+§zz+Fo-z+Mo (11)
ZZT, a b, ciIRETHY, MEOTHLYRDT

2024 42



IR BB G 2 54T & MR AYACT- AT BRI 236D < & 7 3 A WIRBEO T & L Z R OFF 12 W9 5 iF%E

#ZWEOMITE—A Y M7 4 v T 4 7THET

RKdi-. T4 vT 47, WEESEPMOED 2

MBI EIRD XD T2, AR THEA L7

A T 4 7 DHIFIGRMEEZLL T RT.

1. HUER pH 0 L7 BIRE EACFEENyS 0 L
HEEIN—FT 5.

2. fukelE (z=10.1m) OfiiFE—A 2 ML, Brig 12
(z=9.6m) OhifE—A 2 FLY/hELRD

3. BLOEHEHZ, KR 4dm~Tm OfEHlIZH 5.

o' AW DA, XAD%E 1 EEs L=A(12) X

DHEE L7=. F7z, PUIERT ZHMER oL, X

(D% 2 sy L=R3) L v HEE L7-.

Q(z)—dM(z) gzz+;zz+c-z+ﬁ, (12)
L 3
p(z) = e +bz+c (13)

HirpElZ 31 oA f & ACEERLIE, £ /3 A
WERRE LTZEROT —# ik /RETW5 Li
59D FEL vRD-., ZokEE, XaH~X08)%E

WA= LT, % abecDT 4 v 4 75T,

HUER F1p 3 0 & 72 B DEHEHL O E Z, 12360 T,
BNy DS 0 & 72 BHil# 2% TS,

P EpI ds 1T 2HOERMAO(2) 1%, K(ADZEHOH
FHIMEEITER LT 1 [BIffsy L= X R, F
7=, KREENy ()X, RADZEITERL T 2 [FfS L
7= (15) & v k7=,

0(z) =
[/ a b c F,
(6OZ +24z +gz3+ 202 +M02) (14)
+ Cy
El
y(z) =
Faui 6 b 5 C 4 F() 3 M 2
(3607 + 207 + 7@ + 37 + 27 (15)
El
+ Chz + ¥y

ZIT, Gyl I EBTHS. CoiX(16) X kD

To. yolHRMEEMmIZIBIT DK FEEMTHS. ok, X
(6NF(15)y HRH TS
Cy=
b F,
284zt 4zt 45073y Mo g2
(360 120 zgf} 6 2 )+y0 (16)
_ 7

MOERGEHLOEESZ, 1%, HREC DD 0127 HTEE
Thy, KUNERU L W RDT-.

Pz=zry=a-2z2+b-z+c=0 (17)

Vol.48, No.2

25

—b +Vb? — 4ac (18)
2a
EREOFETROI-HPEHOMOINE &, WD
EHTHO SR TW SRR T SIEA 2 MRSy
L TR INE % LT 5.
M) =sz'+t- 22 +u-z’+v-z+w (19)
ZIZT, s, tou, v, wiHEERTHY, MEOTALY
Ro-FHmOMIFE—A Y MZTZ Ay T 47T 5
T ETRDE F2, R1YERES L-BEoRS EEIL,
VEREICTI L 351) B [aliifg 0, & K28 Ly, & V=,
HEde Tk & ARFZE T L7=F4E & o T, ik
O AW IF & diFE— A > b My D3P & —
TH4M GRA) ZEB L CWRv s L, MR )
0 1272 B BUCACEENL 0 1272 5 4 GR(16)~3K(18))
EZEEL TWORWVETHS.

Z, =

24 BHHKFHEREHBROBE L ELOBER
i) 2K S A R D d iy i B & KR O BEfR &
Fig.5 |ZR"d. WiEIZe— FEATHE LB THS.
ACFZERLITZENL R 2 (PRAEESHE+0.5m) CHIE L7 &
0, H(8) & (9 b IS FE XY DLy (ZHTE L 7=
i CdH 5. FERK 1,500kN LLFIZ R S5, %
YA NI LB OTHS. Fi-, ZOHBIZAS
LD OKN TOZEMLOHINE, # 0 i LA
BIZELDbDOThHD. RBRORKMEIT 4,126kN TH
%. SAEPUE 3,000kN FRE CHEREKT X Y T 2m
(SHEAFRR L7z,
4,500
4,000

3.500
3,000

Expenment

= Pile Yield

0 20 40 60 80 100 120 140 160
Displacement (mm)
Fig. 5 Load-displacement curves obtained from static lateral
load tests

A GHEB ORI EIZ L 0 s © & -HUE I g o
PATE mm FBETH Y, WO & izl ThE
W DD, Table3 (24T VR L Y b _LEEo Mg 3l iy

FHENZZEGL L, TR M T 5 1) & i 5 Al 2807
L=, ZOfRLY, SEHoREE RS >

5 6m HIEIZH Y, FEOEINE &bz EgEP R
IR A S D EHEEL LT,

HAR) = 4V F -5 s



Table 3 Center of rotation of pile estimated by insertion

inclinometer
Inclinometer No
Load
No.2 No.3
1.384kN 5.5m 5.3m
4.126kN 6.5m 5.6m

Depth from bottom of deep foundation
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Fig. 6 Response of underground piles when applying the

method of Li et al.

HEE L= iz it 2o dhif £ — A > by
M(z), EAWIH5HQ(2), [Ellafs3Hi0(z), KN
SrAiiy(z) % Fig.6 (i . FRIOFTERII(11)~Z(18)
TRDI=HHTHY, mFMIRA9)TROE54 TH
5. fFE—2A 2 FMyfioe7 ay MIOTHAER
RroRDi-HiFE—2A2 b A7y MIAG LY
R I-REECTH 2B BT E— A > b OBEGIEM,,
Hdiocthife—A v MRAEMBTHS. HAND
DHO ATy MMEIR@) L VRO I-EBIEmEIC BT
L AWM DBERIEF,, BT AW AL B
BLUHARS DB 0 OMETHS. BliEfOATa Y

Journal of JWEA

26

M, (16) L VRO IR 35T 2 [RIEE A G,
AR D AT T v ME, EEEEmIZBET 5 KF
Bry, Th5H. HUemOISE M, Q, 6, y) X 0TI
FET, RO E & LSBT 2R R b,
LY, B/ SANABRRIREIZRRD, biithntii
DOEHBRBE SN Z LR35,
KADN~KU8) L v Kbz hifE— A > F O KAl
b, TEREIEH S 1.3~2.1m OEPRIZH 0, ffifmrar E
OEEINE & HIBAENENEL A RN R LT,
FOEEERLOMEEZ, OKREEMD 0) 1%, HAZR
R0 (AW AAER) (272 DI & R TR 5.5 m~
6.6m TH Y, MEORIME & HITEEL e A AR S
iz, HioBEiEROARFEOBINIE CTHEL 72 5
mE, ARG ORERE S (Table 3) & #%ES
By

—77, (19) & 0 RO7-#1X, HiREmiLETOMTE
— A b AW OB GRIE L AEEEL, PR
(KEZERLS 0) & HAERL 23 0(F AW D3 e R 7
HRP—BE LRI ERG05.

3. 3 Rt FEM & & ERBRIC & HREE

3.1 3 &It FEM 2T OHEE

3 Yot FEM fi#drizid PLAXIS 3D % V=, 3 ot
FEM fif#Hfr €7 /L% Fig7 (o7, SrE7 /L O1ER
{%, PLAXIS Monopile Designer'® H €7 /LA ER#E
ZIEH L=, SiEhie o = VB, i v ) o RE
#, Ml oEhmz A % —7 A AEFHTET

MM LTz, BRI 2 WEREEH L. =57 /L3
MAEE L CEmET L E Lz, e L oftiH

(X, TEOIRATFFEHERO 12 %, AT A 7 % b
Boaffl L=, figthrix, Higo B &g, sEho
Ty ad— "~ ORI AT~ T2, Ty adt—
— AT, PUEAIC RN A A LT,

MERO Y = VERITEREEE L. =
BROY 7R, FHUSRREOT-DIZEE LTI
FADEFIIMEZ ZIE L, $f oY ZR 2 1.04 5L
72 213,000N/mm? & L7=. F£7=, "7V id—iah7z
03 LUk

o v Y v FEHEE, A—VrFMEicikSx k
[ BEIKETRY S, s, e TRk L. MEET
VI, BEKTEIRVE I HS small 2V, BEE & IEEIC
Mohr-Coulomb #Z{#i ] L7=. HSsmall i%, ONF A28k
L HE DI WA 2k % Hardening soil
BT AL, ADNOT AR K DHME L BRET « BRI IE
BB AT ANT-MEFETF AL TH D 19,

HS small &7 /LGl L 7= EHKE W SO/ A

2024 4



IR BB G 2 54T & MR AYACT- AT BRI 236D < & 7 3 A WIRBEO T & L Z R OFF 12 W9 5 iF%E

PEE A LA TS9P BT Ry 1R P R A
R BHEAKDHEZW LT 6.6kN/m® & L7=. ¥hiaFic
& N EREE A O 13 E 8 HEK Sk o0 =il EHE SR &
203.9kN/m2, 32.40°% L7-.

e

Interface
5 elements on
< | theside face
of the pile

Interface
| elements on
| the bottom of
the pile

(b) Modeling of pile-soil contact surfaces
Fig.7 Bird's eye view of the model for 3D FEM analysis
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Table 4 Examination of the effect of element size

Case 1 2 3 4
Above ground level 77 281 430 563
N“:fb'” X oo goatew a0s]  swof  sawf  so
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Area of element (m’)* 0.070 0.047 0.047 0.035
Maxmum bendng moment (kN )** 13,967 13,979 13982 13,987
Relative error(%) 014 0.06 0.04 0.00

*Near the position of maxmum bending moment
*#*When load = 1,843(kN)
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