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Load transfer model of pile-unsaturated loess interface considering
hydro-mechanical coupling effects
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Abstract: The shear deformation characteristics of the pile-soil interface is significantly influenced by the water content due to the
structural strength and water-sensitive nature of loess, leading to strain-softening behavior during shear deformation. Effective
saturation and Bishop’s effective stress were employed as direct driving variables to reflect the effects of saturation on the structural
strength of loess, based on the water-stress coupling characteristics of the pile-loess interface. Structural parameters such as cohesion,
friction angle, and compression index, along with their evolution equations, are developed to reflect the degradation of structural
strength with plastic strain and effective saturation. On the basis, by equating the plastic deformation of unsaturated structural loess
with saturated non-structural loess under lateral confinement, a load-collapse function is developed for the pile-loess interface in the
effective stress-effective degree of saturation space. An elastoplastic hydro-mechanical coupling model for the pile-loess interface is
developed by integrating a soil-water characteristic curve. The model is validated using direct shear test data from unsaturated
structural Lanzhou loess and field pile test data from Shanxi unsaturated loess. The results show that the proposed model effectively
represents the hydro-mechanical coupling behavior of the pile-unsaturated loess interface, reflects the effects of saturation on shear

strength, and captures the variation of strain-softening characteristics at the pile-soil interface with saturation. The model offers an

ks H 9. 2024-08-07 S HWI: 2024-10-28

EEWiH: ERARFES (No.52108297); hEE L)/E3E4H EIH (No. 2021M692742); Hi[E 1 15 H GBI H  (No. 2023T160560);
B2 22 05 51 2 QB AL A A T H - (No. QCYRCXM-2022-29); P s i S AR 45 %% (No. 300102212301, No. 300102214303).

This work was supported by the National Natural Science Foundation of China (52108297), the General Program of Postdoctoral Research Foundation of China
(2021M692742), the Special Support Project of the China Postdoctoral Science Foundation (2023T160560), the Qin Chuang Yuan Imported High-level
Innovation and Entrepreneurship Talent Project (QCYRCXM-2022-29) and the Fundamental Research Funds for the Central Universities (300102212301,
300102214303).

B ER A Ak T, 1986 4k, Wi, BIEEE, ETMEE EHA AT BT T AE. E-mail: lilin_sanmao@163.com

WRIER: R, 5, 1988 4R, Mt EIHER, FENFAEEAIL IS L/E. E-mail: longfeixu@chd.edu.cn



1344 A +

71 e 2025 4F

effective approach for disaster prevention design, analysis, and assessment of the load-carrying behavior of piles in unsaturated loess.

Keywords: pile-loess interface; load-transfer; structural strength; water-stress coupling; strain softening

1 5 5

PSR S AR, DiRE/N, b TSI,
DR EA RIR, RERS O R BE FRAR i
TSI, e LI IX TR B
BTN AERRFAT, -t fhn R A
BB ISR o SR, 7K MR N M- i
BUU)SR T AR, ANTTIRE Gt T BRI = A BT R
RN, AR B _E T U R P A 1 A
A1, &R REE R BRSO BURE . RAR S TR
2, R, A R AR B SR AT K TR
R R 5 R 1 98 FEARFALE » S ST ARV B - — S 12 i
i A BRAR B AR, OB PR R BT, TR
MRA G R MR, B0 EERRA
EAI SR TR R .

L -G A I BT VI AR R s - TR
URFFLEITE R 1L ME R R —
NIE, EWANAEITRE T RE R -2 i T )
BITRRERE, JEfR T T 2 R ik i A R AR TR SR i
bR S T R B DI AR AT O o AR AR T T K A
772, PR MR KB N 3 38 4l
RARERY . ORI . 22 B AT 3 5 1)
iR I B e 57 -S54 BY N - BT DA
PR B, H e L 2 7R e i 2R g L ARER A2,
H T 22 6 PR AR R M AR 6 B0 Gt O AU fl T £ 87—
AR R AR, FM T R BT V) AT (0 F B
HADGERVERA R, 1mHLE S B R8T Y)d 2
TR R BT TIREAL « FALARAE . BT 1047 i -
SER D o T A R 1k T ) B D AR T R R
RGP L 4505 L AR R, B DRI 4 <55
Pt M TCAS DT IR A 18 e SR SRS o ISR AL 1) 5%
B2 oA 0 IR A IR X R AR AR A58 B A
SE, BRI H R4 05 IR 2 R U I e 2 B e
AR I RS R E T . BAR
FEF 17 B AL (012 ot S TR T DL IR i T Y 182 A
WAL AN AR BRALAT s (BRI ZS AR Xk DL L 1
S BRI AR E , ARORTE L L BRI 1 4530 2 o i A5
RIFIHE SN HAT, 500 - 25 M ) 1 i T A5
BTS2 . Liu SFUEE S SRS E 1R 1
RYANE Ve et o1 (AR Y/E B e R R IR RS A 2 X N
bR T A BT DI R B RARRE AR B
BN AR MR o 2SI T U 3
e, MRS AL g ki, LT

4

7 FE BT DA S B AR ERARAT A 1042 o T 5 98 1k AR A AL
B, Zeghal ZFPOE S S0 ME R A TS RUAE Sy, @I
ER RS B D 2 (R B AH M, AL T B8 T
R RS2 (R Al AR Y . BRI Z 4k, ERr2Ea
RIL T IEA AT 20 E N 4 i B DR, JEER ST
I RE N P ik i 2 e AR AL A TR0 AR, X e
LR 22 B T b B AH A 0T B T AN SR A
Jo s S T BV - 25 R R fid T AN TG FH < AR
IR S FHWIT R T AN -5 A W fd 1 1) B 1)
ARTERFE A 9T . Hamid S5250% H 1231 B 7 S o
W IHER RN A, R T BT R R AR S )4
fl Th AS ARSI o 2 ABE Y BRI s Aot RN f 17T B 47)
AR TEAFAE B R R0 1) B AR AR, AR 7
ORI BT PRSI IR o (HZ B A I AR R R
R = — G5 A W fi i B U1 AR R PIRS AR R 1 5
e, T LA AN B8 S B A T V2% ) . ) 5 | EE ¥ )
A%, Lashkari 2528 Fil Bishop ¥4 [F A 20N S 18 A M
AR g, BAFHRRh 7 R EkEE, H B2 A IR
SR I AYIIIRE S ImFURES S E NS
KA BIA5 S SR R, K5I E RAMFAERCR
W72 . Zhou FF T BT R 0HIR A1k I AN BE A
(52, ST ARV b2 A T 1) 58 98 A
R, BRARLFHb S BRI BT K AR RS . -
AR R DA FUIRZS BT )58 B 520 . Liu 56028
SEE RSN FORSES, BB ES M T NI
b EE . SRR RS 2 Fh kA, 2t
73 T AR RN D A e e T e 2R A AR R A
AY o DA b AR 25 A 4 ke RS B S50 B o b 1 1
MFEMEL, AT, XNTFE LM, LR
P EAEE R T AR AN BT, 2 USRS S5 o B AR
i, MU AEE IS Bishop 12 A1 250N 77 5 M 4 ik T 119
RS 3 T TR A S0 AR X 4 ke 1y B D7) e
Bz, HAMUBE 13 LRt SR g 52 K oy
SN RACJST, e DG AR I AR T R0 3 - 5 B fd T
BIUIRTE K- J IR A R -

AU AN N B IR AN AR &, DA Bishop
BRSNS A — AR A AT 3
P A THD 225 A6 P R B2 PRI 520, 5| N5 VR R B A O () A
VAN Rl T S A P S B L T S E S
MR T2 o R SRR b, 7R RN ) R F g
A3 [AVE ST 1 ARV AN B i i P e IR T R
BT RS & - K EFAE B 28 (soil-water characteristic
curve, [AFK SWCC), $&H T HE—AR oA iR 3 i



5554 O BRI AORE AR S Rk o iy B A% AR 1345

(1K= FI R & S A AR AR Y A2 TR ] DA HEAA
VR PR S A — B - 32 fo i B U7 9 2 5 4 g i R SR
PEERISENEL,  RENS H R B D) A8 P Ao 6 v 2 i o 45 4 1
i P i BR 1 AR FRIR A, 3 T DA B R R e Ak [
BIUIRE P K- TR S AT AN AT AL L 5,
L DXL S AR B BT FUR B R it 1
SEHIDE

2 B AR AN B i T AR

S DT A PR T G 3 i i 28
TV 4 B 7E 35 mm BUBTEI DAY, 3
REAPRAIE 1 Fir. Bfol . ol o) S HNE
. RFREFRANAERER S 1)« 7.2 1, 505
MBI LIRS s of M RERI A+ Ak
A BT R BT AR A B A R
BRI AL, 7, =0, 7, =0, BHAEHE-
AT 35 AT 1 1 5 U A8 T LA T AR
B e L AR, 2N g
B AR RS RS, B L kB )
(R 255 F 2 FT PR B 5

T

B AE-dREAE A N RS R B A

Fig.1 Schematic diagram of stress distribution at
pile-unsaturated loess interface
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