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Bearing capacity of pile foundation in soft clay under cyclic loading
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Abstract: It is known that the strength and stiffness of soft clay will decrease with the continuous action of cyclic loading.
Currently, the majority of studies on load transfer models for piles in soft clay under cyclic loading are based on the hyperbolic
model, which are more complex and less efficient. In this study, a mechanical model for soils considering the cyclic weakening
effects of soft clay is proposed. The secondary development of the ABAQUS subroutine is utilized to describe the cyclic
weakening characteristics of soils, and the method is introduced into the calculation of the pile-soil interaction model. The
conventional static load transfer model for piles is enhanced, and a trilinear model for resistance force of piles that can account
for the cyclic weakening effects of soft clay is proposed. A method for calculating the bearing capacity of pile foundation is
established based on the load transfer method with the cyclic weakening effects of soils. The calculated results are compared
with those of the model tests, and the correctness of the proposed method considering the cyclic weakening effects of soft clay
is verified. Finally, the method is applied to the calculation of the ultimate bearing capacity of pile foundation in an actual
project of offshore wind power pile foundation. It is found that when the monopile foundation in soft clay is subjected to cyclic
loading, the ultimate bearing capacity of the monopile will show a tendency of first fast and then slow attenuation with the
increase of the number of cycles. With the increase of the cyclic loading level, the decay rate of the ultimate bearing capacity of
the monopile increases, and the increase rate is from slow to fast. When the cyclic loading level exceeds a certain limit value,
the decay rate of the ultimate bearing capacity increases rapidly.
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Fig. 1 Trilinear model for load transfer considering cyclic effects
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cyclic loading
FEME R AR 2RI BN R, # S AEHETIAL
TN 5 1 i Ay A A SR A5 B B I B BR AR B T Qusr R
Je XS AN RV P ar B K P 00T AR v BEASE A 53l i

IEFRECA 1, 100, 1000, 5000, 10000 f)'% [ 4E
I E, AP EIT BT 1 SONAE T 2 R E
55 R B S R AR T EUAE O/ Quss B O/ Qus 53]
0.3, 04, 0.5, 0.6, 0.65 [ 5 Fh IR &7
BT R/ INKIAEFS ARSI AR s it in SE7E 34
F B (1) L ARAE I E RS, Tt o v e i 2 DA SR
PRGN AT A FH S PR B 88 fr) A B AR 3 T

B 3 2 AN [FE T KT T PR 098 0 3 ok 3 2K
o BEEIR IR BRI, B S 5 R P AR SCEUE A
A BRCHEB EAR RIS R, B BRI,
Fmst (A7) MEBRIMMLE. B TREANARZ
FRIAR R BE B A7 H B 578 “a” VR S, HE S — T Ab
%) % R ) JE L 7 T e e A ) A4 AN HE K P B 5 B o
SR, DDA R EL 7 P 50 ek A B L AR R ) S B
FHIFI R, T2 AT BE BH 7 P B s i B ¢ AT H B SC
HERR L AR AR R FE S IR L O res HIMEL o

1.00
\ WHGR  BA%KR
0.95 I\ " 0./04s=0.3 —-—0./0,=0.3
ool o 0./04=0.4 —-— 0,/0,,=0.4
T \.\ A Qc/Qus=0.5 —-—0./0,,=0.5
S 05\ Y 00u=06 — = 0./0,=06
g ML e 0c/0us=0.65 —-—0,/0,,=0.65
meo~
RO o
& n N
W -
0I5, -
W) T
070 | \ VN ~—e . _ Tz
N~ A TTITITIIN 2
0.65 1 1 1 1 ]
0 2000 4000 6000 8000 10000

TR BN

3 NEHEEIMEa K F MEHR R R o BRI L E
Fig. 3 Variation of cyclic attenuation coefficient a:» with number of

cycles at different cyclic loading levels

R NAFEATEAT TS a0y, HITHERSS
WNAEIAT KT O Ous N 0.65 I, L5152 TR 52
A E T, R TR ARG ¢ 9 0.65; 25 T
BRI R O BERE 77 F B AR L, e 1-¢ o4
A RPN A P8 0 2 T AR 50 P T B O res IR YRR PR
JERH 520 LAl s A5 B/ o, IME Y 490, 4783
UK n JE 2 490 TR, 25 I e >0 0y 0.1, B
TS A E B0 1 S DR R 3k 21 i AR FE 1Y) 90%

R 1 FNEMEHEHKET an BT HEER

Table 1 Calculated results of as under different cyclic loading

levels
Oc/Qus 0.3 0.4 0.5 0.6 0.65
090 6524 2434 1377 801 490

4 RZH aw SARTEAG BT OdQus IR
A, B SL s A FERE A RO T S 8 ay, 1
AR, SLHONUE LR, BT oy, FEIEPA T EIK
AR A S I RS, s 2B B



57

HKANEE, A TSR RIS RN A BRI AR SR 5T 1 1369

RIS, TR R RO G, R
SERMAT B W T 0,/0,<0.5, KA RECR

-d
%ﬁ%gm{%ﬂ:ﬁﬁﬂ%,ﬁﬁﬁﬁaﬂMm

us

d=323. ¥ ¥ Q0 /0,>05, KRAHEHE KRR

L,
s

Q
o =f+ge " BATMERISHE 6952, g=3.41X
10°, #=-1.01.

6500
6000 -
5500
5000 -
4500
4000
3500 -
3000
2500 -
2000
1500 -
1000

g

5()() 1 1 1 1 1 1 1 =
0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65
Qc/Qus

El 4 B a0 STEIMTEIKTE O/ Ous BIKXRE
Fig. 4 Relationship between aso and cyclic loading levels Qc/Qus
(4) PEIRLAE AR A4 IR A RS
FEAGIA T A E H I AR A, O] A R BT ) I
FRECGRER LTS, AR SRS Y A AR R A
O 2k S ARG R I A o FROBE ) A PR R BR AL RS 50,

su™, BARR R

I (n)

(n) _
=u, +
(n)

u
ul ﬂ.1(,,)
n n T
%“Z%”+W‘D£m . (22)

(5) EARLRE PR AR B R 72

SRR A BIIEA AT AR, AR — SR
BRI, WO A (B KL R A A R S 3
B B WU I 1A -5 e 1 PR P B R BRI S RS AR A5
T SEN T Bt LA A ANARSE, K 15 A 55 e 1] 0 3RBY
Bt BL A A% ZE M8 € SONBEM HAR IR usrr B
PR N AT

N

: 1)

m__ T T
U, =~ = Al(nﬂ) _&(n) ’ (23)
usr = Zusr(j) °© (24)
j=1

3 TRIMEHERTHRMARIHE
Tk

3.1 iRHsTR
FEAR %0, 24 S SR T AR 4 2 PR

YRR, AR AT B AT Ak 1) 77~ Al 2% A v A5

d’s(z) U

&2=%%dﬂ . (25)
X sQNMSAFE; U NI EK; 4, b
FIRI AN s E, AAE R bR &
3.2 TaEfRRENEARRE

Kl 5 bR s a8 fE s vk s B R, R E KN L

WBETFRIA n A6, BRASIE R TS B A4 8]
SRR, A5 3 R AU R X SRR R R IR N AR T R
Fo ASCKRHNFE MRS EIAT IR, DO Sl
AT SR AR — 3. A AMEB B B 52 A,
In#ad A2 A KB A (AR T, A By A AR S
BTN R A MR

Py

Hoot—=

o= "

/7 \\:::>Z vl
U iz dz| | f@
N——= T

1 O_% Pis

7 O—?

Q-z Spring
!

B 5 ki rEE
Fig. 5 Schematic diagram of load transfer method
3.3 ItEEiE
RSO FEAT BARIA RN, EF RS T HE
FEAKE I R AR IR R AR AT 0 . BB v
AR NERS R (7 4 3 R B0 A i £
A 38 PR HOZ B U - BOME AT 1 e g L%
fits, BARHELRINT:
CLE SEMRGEA SR I AR LA g5 AL AN
il B AL LAY A UK IR TR T 0,/ 0, ~
T IR AR L FEIL LY. O ros S S HOUT HAS BIIEI LI R
H ano
(20 RBIME A — R GRS s, » AR A I % 328
PR AT kS LT O, -+
0, = 4,F(s) - (26)
T Posw) AR S i 81 326 bR A
(3) MRAEALAS B M 2% s 265 n Bt b BT Ak £
W sy =s,» SRJEHRAE T 25 FEAE P50 PR M) A% 3
ST RAGEE 0 BB EERE ) -



1370 = + I B % 2025 4F
t,=UALt (s,) - (27) FH A5 B4 00 17 8 A 3 B B T S 4 1(D=1.301

(4) 55 n AN FRITTRH AL 7T O, T Ak 4l 7]
O0 55 n MATTMEERL ) 7, <0, SRIEHHE n DT
THU ] 55 JeR T AL PR PSRN SR n A BT P25 7 -

0,=0,+1, (28)
”:Q%§£ : (29)

COOMAESRAT (i 70T 558 n B #oe rh Lo
AEEMEIERLFS 500 As NEE n BOHESY 500 N 2 B> L 1
JEAEAZTE -

—+
as=2tG : (30)
AE A,
s, =8, +As o (31

(6) 5 AL IR, Witks, 5 s, FZEEDTIR
SEAE o MBS n MHERITTIARAIAIAS 5, 555 n-1 DHEHR
TR ST Qopt FALRE sb01

0,AL

s, =8, + ) (32)
EPAP

Qb,n—l = Qm ’ (33)

Sb,n—l = Sm °© (34)

(7) BEEBTE (2) ~ (6), LA -1 4
MR TCTE A 1 50088, RIRSEHE, SRIFEAH G %
LT S LA RS a2

4 REGAIEIEIE

K1) 28 AUV o AN [ [i] 465 R 25 10 T R0 4 Lk AT
TR AEI AR R 1SR ARG . 6 R oR
PR #8720, FEAE T Ak 433 e IR 14 0.1, 0.2 mm,
TEIRRELCH 50 YRR far 05 AT AR 28K ) 3 ok 4
RAE . ARG T AL RS B 2R, 15 BRI
0.1, 0.2 mm B HETATEIRAE Y 230, 310N, Hipk
WILEME IR AR J1h 440 N, BIERT 30K 0, /0, N
0.53 5 0.7. N7 WAFASCHE 25 FEAE A far 24
(1) BATE AR R TSR TR 2, SRAAR SCHI S T
BT ERZARIR AT TH R I TR0 45 AT X EE

AR SCIER T IE T, A 3L A AR
AR SCARE H 1] 2 EE A A A0 PR A A A 288 A 328 — 4 e A
RY, A i o A5 B AR SR P P T 2R AR, A 34 pR AR
N

F=ks (s<s,) >
B =ksy, +hy(s=5,,) (s, <) 0} 3

X: Py MRS A5 kis ko DA - SRR BORTYE
PRI BRI BT ORI EE 2258 s, A S E 380 1k i B 5 M
B B I BRI AS

FRAE R IG HRas B 2 3 1 5 B R R,

X 10° kPa/m, 1,("=3.29 X 10* kPa/m, s,1"=0.3518 mm,
s2'V=0.8968 mm; i iy fif £ 1% 1% bR BT H S 4
ki=55.06 kN/m, k»=2.1 kN/m, s1,=0.63 mm.

FH T A SR BB T T e AN R R ER
KT BE SN AT T, I 6 A e 3K T
0./0, N 0.53 BHEIRIECH 50 R R SR T
K0, /0,7 07 BISREATH L, #ERE Y
0./0,=0.7 NIERIRECN 4 RIKINMELS 0,/0,,=0.53
IEHIREC Y 50 RIS 2S48 R — 3
. B, HIEARREEIKT0,/0, N 053, 0.7 ™5
FIEIR 50 RSN, Gi— 2 HOKF 0./0,,
0.7 FEIRECH 54 IREH—InEk.

Bl 6 AR SCHR 512 5 IR0 45 TSR AT 1 BT faf 4%
MRg M Zext Lh i, B R BRI 5 R, SN
F A SRR 7 AT BRI S5 o W A A A7 A% i
I RAE A FREAR BRARER T, AT RS it 2R R
AR b L AR BTN, B 6 AT LUE H,
ARSI T AR B R 5540 5 Sk (R B PR A 2
NEERGRGER BT, RN A S AR 5
VIR 25 R b iczir, RIURIGIE T ASCHE 1 2
WO VET A3 2 1) 45 J 2 &3 20 .

500 -
awol —
> 300}
=
E 2001/, — RIGF B (SRR YT RESR)
1 - - RIEFMRE GRRER)
100 " — ERSLE A EHE LA R)
. - - EASMLE (RRER)
o 2 4 6 8 10 12 14
& p A /mm

6 AR TSR E RV BT LB HIZ T EL
Fig. 6 Comparison of load-displacement curves of monopile

between proposed theoretical method and tests

5 ITREXHIE

it B R TR EE LA AL, HEAR D=4.3
m, #E L=75 m, NLIREEN 65 m, HE & i ish
25 GPa, JAM LV =0.2. M3 AR RHEK BT ET o8
S,=35kPa, #PEfEE EF=30 MPa, Jfatbv,=0.49, +
IRFR AR E T LN 0.55, T CTEA R T E T
55 SRR 2 A A R 0 A PR TS B I It i 2, 3RA54)
UREANEAR S ) 5 R A 1) G R ZR, A EAE
AL IB R BP I S5 1(V=1492.85 kPa/m,
J20=1363.9 kPa/m, s41'"=19.73 mm, s,2"=26.52 mm;



57

HKANEE, A TSR RIS RN A BRI AR SR 5T 1 1371

M i A A% 3 R EOF H 2 8 /=207.31 kN/m,
k>=28.31 KN/m, 55,=29.32 mm.

WA IS G I B R BR AR T Que S5 ARIEIR N
RIS IR PR AR ER T Ous I ELAEAE NI — 1B Que/Ouss
B 7 AERIRETN 200 URIHIE IR 594k i 1) BEAE AR PR K
WA SEA MBI THIRR. HE 7 LLES, BE
TEIRAT KT Qo Qus HISEIN,  FAAE AR R A 2 7 B ek
TR IZETIG N, BEINPE E BARAR, Y OJQu it
0.55 i, B PR R R 1) 2 ekt T o

1.0}
0.9

s 0.81
=]

~
P

]
Q07

0.6

0.5

0 01 02 03 04 05 06 07
0c/Qus

7 RIS R B AR BRAA S 1 SRR X &
(N=200)
Fig. 7 Relationship between ultimate bearing capacity of monopile
after cyclic weakening and cyclic loading levels (N=200)
8 NEM AT HIK T 0.5 BHEHA S50 JS [1) BE bk
W PR AR BT BEE A AL ] . i 8 T LU Y
FE R — AT AT, BEE MR, b
PR ARF = A, JF B R B et
(EAIpERZ

1.0m
0.9 H
~ 081

0.7

6, 2000 4000 6000 8000 10000
TER BN
8 1BEIFSSILER R MR BRA S HFE R R AT
(Oc/Ous=0.5)
Fig. 8 Variation of ultimate bearing capacity of monopile after
cyclic weakening with number of cycles (Qc/Qus=0.5)
9 AN RTS8 K1 R A AR BR AR 3 5
TR IR R, SRR, T KT T 5
AR PR A 8 70 B G54 SR K, AR K~ 0.1
I, A BR ARSI IR R AR W 2218, A R A
IEE] 20000 VK, SRR R A R DR AT AR K

0.97. T 4TEMFTE /K TR 0.65 I, FEHRIREEAS])L
BRIk R A E .

1.0% -— .
0.8} \\
. 06}
S
S oal —=— 0,/0,,=0.1
—o— 0./0,=0.3
—A— 0c/04=0.5
02r v 0./0,,=0.6
—— 0./04s=0.65
Qo0 100 102 10° 0 105
TR N
9 FREMETEHKETEASFUENEHERIREAS NS
BRI X R

Fig. 9 Relationship between ultimate bearing capacity of monopile
after cyclic weakening and number of cycles under different

cyclic loading levels

6 & i

AN ABAQUS TR TR 9L T
R BRI A P O SEIRR M, IS X B
B P M AR TR RS B AR5 3 T
B ) S B PR OB AR (L U, B T AT R R
SEVR R A O P Ly 7 A A i = T 2R, T T
S FE T ERAE PR AL AW R 8 AR B i 735
TLLIF 3 fiskit.

LR STHR 5% R A8 PR 55 1 A S R 3
TR T H BT e 4 BL% R R BR 0 B LR
SR S AR AR BRI, SRR AR A P T
AR B AR A HEAT T

(27 e BT R 7 3 B A A R 1
FIN, S BR AR K 7 S R U B i R A
BER, LN B AR L U R T R I
WA a3

(3) BEBTEIRRFEACT RO, SRR R 3
(A BE TR JEE ST, 8 PR AT — 2 PR A
B, W B AR (R SR R A

FI 25 22 ARA/Conflict of Interests: FiAT 1E¥ A W ALELEFIZS
%, All authors disclose no relevant conflict of interest.

{E& Sfk/Authors' Contributions: 7K/, TREEHHR T /72
RIS TS0 SRR SEE AT 104 VERUDHR
SIS SR EERMES. A fE# BRI RE
I & T F 4228 . The mechanical model was proposed by
ZHANG Xiaoling and ZHANG Xiaowei. The manuscript was



1372 HoE L OB ¥ M

2025 4F

drafted by ZHANG Xiaoling and ZHANG Xiaowei. The results of
study were calculated and analyzed by ZHANG Xiaowei. The
study was supervised and the manuscript was revised by XU
Chengshun. All the authors have read the last version of paper and

consented for the submission.

SE -

[1]7 IDRISS T M, DOBRY R, SINGH R D. Nonlinear behavior of
soft clays during cyclic loading[J]. Journal of the
Geotechnical 104(12):

1427-1447.

[2] EINAV I, RANDOLPH M F. Combining upper bound and

Engineering  Division, 1978,

strain path methods for evaluating penetration resistance[J].
International Journal for Numerical Methods in Engineering,
2005, 63(14): 1991-2016.

(3] A &, JRWER. JEIGE A AR AR, AR B A F
FE[I]. EARTFESH, 2000, 33(5): 75-78, 82. (ZHOU Jian,
GONG Xiaonan. Study on strain soften in saturated soft clay
under cyclic loading[J]. China Civil Engineering Journal,
2000, 33(5): 75-78, 82. (in Chinese))

[4] SEED H B, REESE L C. The action of soft clay along friction
piles[J]. American Society of Civil Engineers, 1957, 122(1):
731-754.

[5] & NI s ALl TR M) deat: HUBK o st
2007. (ZHENG Gang. Advanced Basic Engineering[M].
Beijing: China Machine Press, 2007. (in Chinese))

[6] MATLOCK H, FOO S H C. Axial Analysis of Piles Using a
Hysteretic and Degrading Soil Model[M]. London: Thomas
Telford Publishing, 1980.

(71 BRAZHA, XK, 8 A, & ek T A St iy A X
24 5 20 % JH A B A 7 JEE L g g 1) RS2 7 v 4 2 FH ],
# TR, 2007, 29(6): 824-830. (CHEN Renpeng,
ZHOU Wanhuan, CAO Weiping, et al. Improved hyperbolic
model of load-transfer for pile-soil interface and its
application in study of negative friction of single piles
considering time effect[J]. Chinese Journal of Geotechnical
Engineering, 2007, 29(6): 824-830. (in Chinese))

(8] AE  F°. KHARE A IRIAG A T T AR A T 1 X 6 e B
WD), BT Wi K%, 2013. (REN Yu. Experimental
and Theoretical Study on Deformation Characteristics of
Piles under Long-Term Vertical Cyclic Loading[D].
Hangzhou: Zhejiang University, 2013. (in Chinese))

9] BFEX, KA, B W, & MR R RN T

AN 285 A e 2 1) o BE R S R IR B [D). A TR,
2015, 37(5): 878-892. (CUI Chunyi, ZHANG Shiping,
YANG Gang, et al. Vertical vibration of floating piles in
saturated viscoelastic half-space considering wave effect of
subsoil under pile bottom[J]. Chinese Journal of Geotechnical
Engineering, 2015, 37(5): 878-892. (in Chinese))

[10] &, REHL, VBN, 55 F TR FRES A P
Az A2 B R EAR E R IR SR T FE (D). A
F12% 5 TR 2R, 2022, 41(5): 1031-1044. (CUI Chunyi,
LIANG Zhimeng, XU Chengshun, et al. Research of
longitudinal vibration characteristics of large-diameter pipe
piles in radially heterogeneous soils based on axisymmetric
continuum model[J]. Chinese Journal of Rock Mechanics and
Engineering, 2022, 41(5): 1031-1044. (in Chinese))

(117 W7 . SO R A 38 A 308 5 A A R I e v 55 o ) 82 Y AT
FC[D]. HUN: Wi K%, 2007. (YU Jun. Study on
Application of Improved Load Transfer Method in Settlement
Calculation of Pile Foundation[D]. Hangzhou: Zhejiang
University, 2007. (in Chinese))

[12] x| %, PR, 2 Db g b XU E R B 1) 2 3R 006
WE LB AT )], A 715, 2013, 34(9): 2655-2660.
(LIU Ying, HUANG Maosong, LI Shuai. Simplified analysis
of cyclic degradation of axial bearing capacity for offshore
wind turbine pile foundations[J]. Rock and Soil Mechanics,
2013, 34(9): 2655-2660. (in Chinese))

[13] Fhi8yy. pEdE TREM). dbat: A E e Tl B kA, 2007.
(ZHANG Zhongmiao. Pile Foundation Engineering[M].
Beijing: China Architecture & Building Press, 2007. (in
Chinese))

(14] Bk, x| % T ARENEIS BRI RO AN 3 ok
BTl 5 ) 5 0 59 A BB AT 0], A TR, 2014,
36(12): 2170-2178. (HUANG Maosong, LIU Ying.
Numerical analysis of axial cyclic degradation of a single pile
in saturated soft soil based on nonlinear kinematic hardening
constitutive model[J]. Chinese Journal of Geotechnical
Engineering, 2014, 36(12): 2170-2178. (in Chinese))

(151 % =2, BEorfk, WK, 55 BERIRESAFR MR+
HOBE B R R DR A R B R )], REEROR S TRE, 2021,
21(23): 9995-10003. (LIU Ying, QIN Lisheng, GAN Qing, et
al. Vertical cyclic bearing characteristics of pile foundations
in saturated soft soil with different consolidation states[J].
Science Technology and Engineering, 2021, 21(23):
9995-10003. (in Chinese))





