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Abstract: Existing theoretical analysis of the deformation and internal force of anti-sliding piles are mostly designed for single-
sliding zone landslides, while most of the accumulation layer landslides in the Three Gorges reservoir area develop double sliding
zones. Considering the difference in material composition of landslides with double sliding zones, a generalized model for the
interaction between landslides with double sliding zones and anti-sliding is constructed. to study the internal force and deformation

of anti-sliding piles. Then a calculation method of landslide thrust under double-layer sliding condition is proposed to derive the
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equations of deformation and internal force of anti-slide pile in landslides with double sliding zones based on the foundation
coefficient method and the finite difference principle. Numerical simulation method was used to research the distribution laws of
landslide thrust and verify the newly proposed approach via the Majiagou landslide as example. The results of the theoretical and
numerical simulation methods well show the sliding characteristics of landslides with double sliding zones. Meanwhile, the
distribution of the deformation and internal forces show a great regularity: the displacement of the pile decreases gradually from the
top to bottom accompanied by reverse bending phenomenon, the shear force and bending moment of the pile exist two maximum
values and one minimum value, and the maximum values of the shear force are located at the sliding surface while the maximum
values of the bending moment are located 2~3 m below the sliding surface, and the minimum value is located in the deep sliding
body. In addition, the distribution of landslide thrust and the vital design parameters of anti-sliding piles are important factors that
affect the mechanical characteristics of the pile. The proposed method can provide a theoretical reference for the design of anti-
sliding piles of landslide with double sliding zones.

Key words: landslide with double sliding zones; anti - sliding piles; deformation and internal forces; finite difference theory;

distribution of landslide thrust; numerical simulation.
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A} % (kg/m®) % 71 (kPa) P 511 (0) WRLE(MPa) B YIHE LR (MPa)
EEWRWA L) 2110 35 27 905 611
VR AR (0 T e ) 2 450 45 42 9506 6310
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Fig.7 Numerical calculation model of Majiagou landslide

with double sliding zones
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Table 4 Characteristic value of landslide thrust comparison

P,kPa) P,(kPa) ¢l P, (kPa) P,kPa) ¢2
801 111.3 190.1 0.54 40.2 482.3 0.64

ZH2 1.2 191.5 0.66 15.6 506.7 0.66
2803 89.7 206.3 0.57 55.5 386.5 0.63
284 97.8 217.2 0.56 52.4 389.8 0.63
ZH5 441 192.7 0.60 10.4 501.2 0.66
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Fig.9 Fitting curves of landslide thrust
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Fig.10 Displacement diagram of anti-sliding piles in landslide with double sliding zones
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a. MES RS R 5 b HES R A 4R

JE VT 1 B HE 7 53 A0 8 ORI A S5O0 N
T35 A IS
41 BEENSHEXAHZE

TEAE 98 XU T T 3 i 4t 0 o A St il T
TR P AR B AR RS HE O 8 Bo U
A, A5 9 2 0 4R 9 A X Az gl R R 32 N B
I e D7 A W TR UL JLAN A B L D AR
WS TSR HE ) 20 A5 08 O e & N 01 5 AR T /5
Wi . Al PR BRI R K X FE=3 m X 2 m, HESIE
A K .

i 13 AT & 1, A 6] 09 4k 77 20 A5 JE 2R Hi i Ak
2 JTRROEARARL . 8 A T A3 A B 2O B B B o7
AR AR A — 22 15 M) < R U2 R b e A 04 2
M KIEER/N EAE - ERENREHE, H
rh o3 B BRI 4 1 23 A 8 X 5 R B e K TRV 2
TR BT BEBE B A7 RS 8 4K I X R B
>BEIE > B AR > & > = e S RO
7] 4k 71 43 A JB X F A 247 7% 43 %1 o 8.8 mm, 5.1
mm,4.6 mm,4.5 mm F12.7 mm.

XF T ARG 5 BT HE T 43 A, b 1A 0 i B
T3 AH b H At 43 A 8 R, T 7E 0~12.5 m iR i
Y [ N AR B BT ) 52 5 1 R s/ P R, R T TR
2T S AL IR B RAE . A FEIE AR
6 I8 T 43 B BB IE 4 77 43 A 2540 BE B 85 01 B R
{8 (4 %F {8 ) 43 B2 T 12.5 m 6.5 m .25 m .25 m Fll
25 m4k .

AN TR HE 8 2N BBk B A A3,
S A5 KB (A8 WHED) S 6 T 2 M T S1F 7 2~3 m.
X Tl W 4T 5 Y Sy A, BE B R A O E
{8, A AEFER /IME 55 3 AT A A (HAE B

R AL T HEHT 32 e S 32 PR
42 HEBHEHERSTHE N

FE W 5B BE A R SE R RE B N ) 5 AR T Y
S I, 3 HE ) SR o B BB OB A AL BEE S H
Sk

H P 14 AT A1, 0 A A TR ST X 0 B N )
A o3 Ay B AR 5 ) /N 6 S #% (BT ) RS AR B B B
ALK N R S AT AN W N 1 R DA BT S TR
JIN AT B 4 T RO R K el N AR A s 2 K
R T B R 0 A [RD E RE B W T S 43 i) e /)N
5.17% F114.85% , AT UL 8 10 vE B 5% e BE K . [ A5 i
& P PE R E 3 R, R R TR B B R

F Pl 14b RT D, BE & B A RS (0 38 K, A 5 59
WIBZS. TS NI VAR N (- R VA 0 N s o 1 VA R
JZ ST 5 U W E S2 4 1 BT 1 BN Y TR
BTG B e S2 A i A R AE B B I 2K F ST
A P A KA P 85 0 ) A7 B S5 K B 7 9 48 R I
B R ST BB 55, B 26,190 F$ % 0.8%.

F Pl 14c AT 01, A B 25 40 I A RS A9 3 KR
A S AN W 348 R A R 34 TR) B e R B 25 R A T TR
e K, i 28.6 m i E 29.8 m, HA R TR
T S2 /9N T 5 Bl BE AR RO 3 R R R AR
RN e N R B Lo T A NOT(TRZ Y =i K N
Tk B 57 25 1) 3 R o K
43 MREIZEREZHNZ

BU W B A VS SR S 1 5 e TR B A AT A A AN
R T S RN XU AR B R R R O, TR B 5T OR
[F) AT RS S 7 S A N P iE e N ) 5 AR R RRAE LA
B S AE W RN SR S AR B N T 5 AR TR



8 1 BT NAE < A B 25 40k B4 U A O BB R B 52 0 SRR AE 3247

HE 2 I (m)

7 #(mm) B9 J3(kN) 5 H(kN « m)
-10 1 23 4567 8 910 0—1000 -500 0 500 1000 1500 0—2000 0 2000 4000 6000 8000
T 7 T
I
1 5+
I
h 10
\ &g ENEEN, NSNS N
= 15} -
g g
¥ 20} K
A X
it +
7= ¢ TS ————— = Rl ..~ - O ——
( —— iy Lk —— Pk —— ) L
35t — B 35t L 35t — B
—— B AT —— S B R —— S BRI
4oL 3 40L . 40L o

P13 S [ it 25 5T X2 3l 1 B e o Ak 1y A2 00 A g A

Fig.13 Displacement and internal forces diagram of anti-sliding piles in landslide with double sliding zones under different founda-

HE 48 7 (m)

A 3 7 (m)

tion coefficients

a. LR b, BT 318 s e B

iz B (mm) ] J3(kN) 255 (KN + m)
-10 1 2 3 4 5 6 7 8 9 0—10000 -500 0 500 1000 1500 ~3000-2000-1000 0 1000 2000 3000
0
T T T T r T T T T T T
I
l 5t 5
|
1
. 10+ 10
___________________________________ S1
154 ~ 15
B &
¥ 20t ! = 20 .
| s S )| EEE =
. —
30k Za ] 30 ——15mX1m! )
——2mX1.5m ——2mXI1.5m ——2mX1.5m! 4
35k ——2.5mX2m 35k ——2.5mX2m 35k ——25mX2m
——3mX2m 3 ——3mX2m 5 —3mx2m
——3mX2.5m ——3mX2.5m ——3mX2.5 m$
4oL 40L b 40k H

P 14 A [ AR R 39 L2 9 A5 2 S0 47 0 A 1) A T A0 1A g A [
Fig.14 Displacement and internal forces diagram of anti-sliding piles in landslide with double sliding zones under different size

a. PR b, BT J7 & s e B A

AL #%(mm) BY J1(kN) (KN + m)
2 3 4 5 o -1000 -500 0 500 1000 1500 *30000*2 000-1000 O 1000 2000 3000

1

20

BEHE IR (m)

HE 2 7 (m)

25

[ (R S | ——— Y

30

35

—— [ & Xk
40L 40

P15 N T A B S 2 A7 T U)2 90 ol 90 Bl e 0 Ak 14 A2 0 1A g 2 A [

Fig. 15 Displacement and internal forces diagram of anti-sliding piles in landslide with double sliding zones under different bearing

condition

a. PR b, BT S35 e B

KW I 6 35 4 7 SR 23 BB TE A, BT BE AR FT I 15 AT AN [ AR R SR 26 T i 32 i B

o

RS 3 m X 2 m. AL BT 5 N 1 LT B 2800, (5 4k 18] B 22 ) 45



3248 HERBL2E  http://www.earth-science.net

51 %

KB 29 450 2 I H SR B BRI L B8 A T fA
% T 88 3 R 5 ] SR BRI L BS TR R T
i [ B (0 A B 5 F7, 3 BRI S 2R A% R R B 7 S e
ANR BRI G K AR R H SR,
BEJEC BY 38 2%, T 24 A I 249 3Rk 458 S 70 R e 32
AR BRI BY A I BLAE S (80D Q e
= Quse > Q gy s SFIHE K SRS AF T ik [ B (b B 25
B N R RN A S L RE N B K
AR AR B T, O [ SR B BE IR S R
A .
5 58

(1) A S HE T A% 50 10 T A 4 00 1%, % T8O )
A 2 1) A A B A FH 48 H T ORUJE i A U 3 A A T 3
BT TG T P S 0 T B A O B eR

(2) Bt T 1% 58 Y s b b 6 R BT - % IR U2
T TR W T A 22 RS B RRAE 43 ST 2
i B R [ B 1) B il o0 O B O R A PR 25 40 1k
SR gt A0 W AR AT — T A 052 A% R P g [ S 4 R
AR S B AR A R

(3)FFH FLAC3D A BR T BUE 43 HT H2 802 W
A T 0 4 B SRR TR HE ) A A A, R )2 AR
WA HE I EVE, 40 1 719.45 kKN/m 3 198.24
kN/m, & 7178 F 8 4 0 6 25 43 BBk 14 1505 0.554,,
H0.6370,, Chyy A1 1 3 500 1 F P BE3Z far AE 4 ), AT
i o 0 W A A O A A ek R, B A5 R W A BT
FEACA B HEA TP AN 1A

(4) B3 1 5545 2 0 BL T AE 2 3 FRAE A L 8K
(B BE 400 235 S o3 A P A R AR — 330 Wk B 57 8 VIS B TRLAE
BN PR R G B B ) S R
HA AW KA, — AW /NME 2 B 3 B KB AL T3
TAT AL, 725 R A AR T ¥ TR 7 2~3 m, BY ) f A
J R A /N Y5 7 T %2 A v L e BH R S IS
TR R AT AR A, B8 B A A ST U W A U B R
T BE Y 32 JTRHIE

(5) W B #E 1 o A 8 =M AE 3 E S 8
T RS WIS SR % ) 2 5 W 0 BE 32 )RR AE 1
IR FE R R B 5310 T 205 52 bR X 50 4%
K, BE B 32 J3 w22 AR . R, 76 047 B0 T Ak 4
Wit EA B E B S5

References
Dai, Z. H., 2002. Study on Distribution Laws of Landslide-

Thrust and Resistance of Sliding Mass Acting on Antislide
Piles. Chinese Journal of Rock Mechanics and Engineer-
ing, 21(4): 517—521(in Chinese with English abstract).

Dai, Z. H., Peng, Z. B., 2002. Finite Difference Method Based
on “M-K” Method for Calculation of Internal Forces of a
Whole Stabilizing Pile. Rock and Soil Mechanics, 23(3):
321—324, 328(in Chinese with English abstract).

Dai, Z.H., Shen, P.S., Peng, Z.B., 2003. A New Mode for Cal-
culating Internal Forces of Stabilizing Pile. China Civil
Engineering Journal, 36(4): 99— 104(in Chinese with
English abstract).

Dong, M.M., Wang,L.Q.,Ge, Y.F., et al., 2017.Mechanical
Characteristics of Anti-Sliding Pile Considering Compre-
hensive Foundation Coefficient of Sliding Bed on Com-
posite Inclined Rock Mass.Rock and Soil Mechanics, 38
(10): 3000—3008(in Chinese with English abstract).

Gui, S. Q., 2005. Design Method for Using Stabilizing Piles
with Pre-Stressed Anchored Cables in Landslide Reme-
diation Works. Earth Science, 30(2): 233—240(in Chinese
with English abstract).

Gui, S.Q., Ym, K. L., Luo, P., 2003. A Study on Applica-
tions of Stabilizing Piles with Pre-Stressed Anchor Cables
in Landslides Remediation Works. Rock and Soil Mechanics
(S2): 239—243, 248(in Chinese with English abstract).

He, K. Q., 1998. An Analysis on the Multilayered Slide Law of
the Large-Scale Accumulative Landslides. Metal Mine(7):
15— 18(in Chinese with English abstract).

Hu, X. L., Tan, F. L., Tang, H. M., etal., 2017. In-Situ
Monitoring Platform and Preliminary Analysis of Moni-
toring Data of Majiagou Landslide with Stabilizing Piles.
Engineering Geology, 228: 323—336. https://doi.org/
10.1016/j.enggeo.2017.09.001

Ito, T., Matsui, T., 1975. Methods to Estimate Lateral Force
Acting on Stabilizing Piles. Soils and Foundations, 15(4):
43—159. https://doi.org/10.3208/sandf1972.15.4 43

Li, C.D., Wu, J. J., Tang, H. M., etal., 2016. Model Testing
of the Response of Stabilizing Piles in Landslides with
Upper Hard and Lower Weak Bedrock. Engineering Ge-
ology, 204: 65—76. https://doi. org/10.1016/]. eng-
2e0.2016.02.002

Lin, S. S., Liao, J. C., 2006. Lateral Response Evaluation of
Single Piles Using Inclinometer Data. Jowrnal of Geo-
technical and Geoenvironmental Engineering, 132(12):
1566—1573. https://doi. org/10.1061/(asce)1090 - 0241
(2006)132:12(1566)

Liu, D. Z., Hu, X. L., Zhou, C., et al., 2020. Model Test
Study of a Landslide Stabilized with Piles and Evolutionary

Stage Identification Based on Thermal Infrared Temper-



%8l

BT A B T PR 22 G vk 1 B2 Al R S A Y 52 0 A 3249

ature Analysis. Landslides, 17(6): 1393—1404. https://doi.
org/10.1007/510346-020-01355-0

Li,S.L.,Xu, Q., Tang, M.G., et al., 2020. Study on Spatial
Distribution and Key Influencing Factors of Landslides in
Three Gorges Reservoir Area. Earth Science,45(1):341—
354(in Chinese with English abstract).

Li, Y., Yan, E.C., Li, Z. C., 2008. Research on Real-Time
Stability of Hongshibao Landslide in Badong of the Three
Gorges Reservoir Area. Rock and Soil Mechanics, 29(S1):
412—416(in Chinese with English abstract).

Ni,W.D., Tang,H.M.,Hu, X.L., et al., 2013.Research on De-
formation and Stability Evolution Law of Huangtupo
Riverside Slump-Mass No.I. Rock and Soil Mechanics. 34
(10): 2961—2970(in Chinese with English abstract).

Qian, T.H.,Xia, W.C.,Chao,Z.G.,et al.,2011.A Calculation
Approach for Frame Anti-Sliding Piles.Earth Science, 36
(6):1143—1148(in Chinese with English abstract).

Su, A.J., Huo, X., Wang, J. T., et al., 2018. Three - Section
Method for Calculating Internal Force and Deformation of
Cantilevered Anti-Slide Pile. Chinese Journal of Geotech-
nical Engineering,40(3):512—519(in Chinese with English
abstract).

Wang,C.T., Wang,H.,Zhang, Y.F., et al., 2020. Model Test
and Numerical Simulation Study on the Mechanical
Characteristics of The Anchored Slide-Resistant Pile For
Stabilizing The Colluvial Landslide. Rock and Soil Me-
chanics, 41(10): 3343—3354(in Chinese with English ab-
stract).

Wang, G.H., Li, C.D., Chen, W.Q., et al, 2019. Mechanical
Characteristics of Anchored Slide-Resistant Piles Under the
Condition of Composite Multilayer Sliding Bed. Chinese
Journal of Rock Mechanics and Engineering,38(11):2219—
2230(in Chinese with English abstract).

Wu, R. Z., Zhou, H. Q., Hu, Y., etal., 2015. An Improved
Method for Calculating Anti-Sliding Pile with Prestressed
Anchor Cable Based on Finite Difference Theory. Rock and
Soil Mechanics, 36(6): 1791—1800(in Chinese with
English abstract).

Yang,D.F.,Hu, X.L.,Xu, C.,et al, 2021. Model Test on the
Deformation Evolution Characteristics of Landslide with
Multiple Sliding Zone. Bulletin of Geological Science and
Technology, 41(2): 300—308(in Chinese with English
abstract).

Yang, H. F., Xing, B. C., Jiang, H., et al., 2022. Analogical
Model Tests on Repeated Surficial Failure of Dry Granular
Slopes Confined by Retaining Walls. Frontiers in Earth
Science, 10: 973205(in Chinese with English abstract).

Yang, Y. F., Xu, S. Q., 2003. Finite Difference “K-K” Method

of Calculation of Anchor-Stabilizing Piles. Rock and Soil
Mechanics, 24(1): 61—64(in Chinese with English abstract).

Zhan,H.Z.,Wang,L.Q.,Wang,C.S et al.,2014.Study of Me~-
chanical Characters of Anti - Sliding Piles Considering
Different Foundation Coefficients of Sliding Bed.Rock and
Soil Mechanics,35(S2): 250—256(in Chinese with English
abstract).

Zhang, J. H., Hu, X. L., Xu, C., et al., 2021. Mechanical
Characteristics of Anti-Slide Pile of Multi-Layer Sliding
Zone Accumulation Layer Based on Physical Model Test.
Bulletin of Geological Science and Technology, 40(4):
171—178(in Chinese with English abstract).

Zheng, Y. R., Zhao, S. Y., 2004. Application of Strength
Reduction FEM in Soil and Rock Slope. Chinese Journal
of Rock Mechanics and Engineering, 23(19): 3381— 3388
(in Chinese with English abstract).

Zhou,C.,Yin,K.L.,Cao,Y.,et al., 2020.Landslide Susceptibility
Assessment by Applying the Coupling Method of Radial
Basis Neural Network and Adaboost: A Case Study from
the Three Gorges Reservoir Area. Earth Science, 45(6):
1865—1876(in Chinese with English abstract).

XX 5% Tk

B ML, 2002. BL WG AL 3841 3 RO AT VAT ) 43 A L G F
A A TS TR, 21(4): 517—521.

AN, ARG, 2002, B BE AN 1S MK TR Y A BR
Zorik A 1%, 23(3): 321— 324, 328.

AL, A, AR, 2003, SPEHT I N 1T R A
K HABR 220 ik . LR T3, 36(4): 99— 104.

WG, TEW, Balk, 55, 2017, % EN K E S ALK
A R R B PO AL 2 )RR S . A 4 4, 38(10):
3000— 3008.

HERESR , 2005. TR J) 4 R P AE S5 K 1155 5 1% . i aRk Bl
30(2): 233—240.

FERSE , BEBOE B, 2003, TN 1 4 3R Bt T A S EE I 3 0
AT . & 4 J124(S2): 239—243, 248.

BT, 1998, KAMEFRZ M0 Z 2 @B AT . &m0
1(7): 15—18.

ZERNPR, VEER, VAT, 45, 2020. IR X 9 b A E) & T A
B KT MR BEAE , 45(1): 341—354.

ZR ZE, ZEVE R, 2008, = A X I 2R 41 A 4 U RS
PR 3T . A 10177, 29(S1): 412—416.

fRT3A, FEREWD, WIHTEN , %5, 2013, 5 b3 06 71 15 13 4 A7
TE B PR AR ZY . A+ 1%, 34(10): 2961—2970.

BRIANE, B SCA, IR, 45, 2011, 2 oS [A) U R AR FAE 4 X
B AR k. MR, 36(6): 1143—1148.

TRETE, RIK, AN, 4, 2018, B R BN I E R =
BOE”. AL TR, 40(3): 512—519.



3250 HERBL2E  http://www.earth-science.net

51 %

Folizm, F, sk EF, 5, 2020. FEZRPUHDEAN E HERUD B %
952 I3 R AR R 0 5 BB 5% . 55+ 002, 41(10):
3343—3354.

FAe, WA O, 5 2019. BAZEWIK A TR
HUOBAESZ IFRHEDISY . 25 A )02 5 TR, 38(11): 2219—
2230.

SR, JHMEE, B, &, 2015, JETOR PR 2243 B A TN )
BRPUE BRI A 1% 36(6): 1791—1800.

W35, W, IR, 25, 2022, BT A BRI 1Y £ 2 T
A I BT WAL R AE . b BB E A, 41(2): 300— 308.

W e, AR, W52, 45, 2022. 1455 KL s 25 Hok: (A 420 bl 3 1
FROERI RS . MR AL, 47(3): 974—986.

Wtk VEREE, 2003, SR TTHEBEN T3S BR2E 4y “K-
K"k A+ 1%, 24(1): 61—64.

LR, Tanig, TR, 45, 2014, % [ W R A R H 3k 2 800
UM HERZ TV R RIS . S+ 1%, 35(S2): 250— 256.

IRASEE, W, REE, 4, 2021, BT W BRI 00 £ )2
H HEFR 2 W B — B 32 ) RRAE . M TR A, 40(4):
171—178.

AN, B, 2004, FAAT B 058 BT 0k oR e (0 ) S 4
SERRNIN T A 1S TR AR, 23(20): 3552—3558.

JEME, B, O, 25, 2020, HE TR A S AR R 2K
SR IR I =R X0 S B R PR PEAN . Bk 45
(6): 1865—1876.



