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Tab. 1 Similar ratios of each parameter

LUBL SN AHALEL LB R AHALEL
HEE(p) 1 I (g) 1
KR 30 A A (¢) V30
HEL/N =AY 1 FERI1(c) 30
RS () 1 R RS () V30
AR (E) 30 M i (o) 30

T ARR ) 22 BT 2 Ja BESSH, SR DK PR BRI A . A5 90 B AR LU 25 IR = e A DX\ ) AR
JEHTSEY B TR A AR ST o TR B IE - S RIRARIVE MR A R X SR R AU 117,
HAEAIRIG H AN /K I DU SRR B i A A S B, BOFR M%7 . AlE T, R 60% 32k
5 40% TR L RIS A RHELDIE A, BERERLIIIE A A IE K1, SCREBLII A BRI DTSR AL . 3 SR
2 em, W G ARI A S RN 2 Bk . BB AHCSCRRY, PURHER AR ZEa A4k, rh fag S50k i oo
PR o R AL T AT B 6 ARBCALAE, [RIFE 20 cmo BERUAEMT I R ;KB X BEEE=100 mmx70 mm, #E
£ 41200 mm,

x2 THFYENFSH

Tab.2 Physical and mechanical parameters of soil

I HE/(KN/m’ ) FH% J1/kPa RS/ (°)
TR TR 19.4 21.0 30.0
TR 18.9 12.0 30.7
- SR 19.9 17.6 17.0
- 17.5 0 20.0
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Fig. 2 Monitoring sensor layout scheme
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Fig. 5 The process of change in volumetric moisture content
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Fig. 6 Pore water pressure and pile top displacement variation process

Il 6 E—2 AT LU Y, A B ) FLBRK I g S A T A% 2 [RIAEAEAR SR B A G . AR ¥ Terzaghi $2
HH A B R A 200 7 SR R R A T 32 B )RR )R] D A RO ALK R PR A, RIAE
SN IR EOUT , LB S A R0 ) Z [ Al A B 5L . BRI K B i A LM, 58 R LB S
(8], (i 753-AL K I g T, 3008 S B A A B RO sl I, S T AR AR e AT B 6 B2, 8 i 35 4 6 IR
LEAh, FLBRAK S 7 B3 A FEARR 1 e PAORE ] (4 BE 82 BT, 2 — 2P (e s A 3l . FLBRK S 7 938
FEURF TP IR SN EBGEE, KRS RS, AU R AR S IR i R



M AR, A AR S-S AR G T P HLERIE S 7

34 EEWH

FETTR F AR A 7 PR, Sl th B IR {E R 1.20~1.70 kPa, T 7EAE A3, SEi
FH 125 T4 (W) IR FE B S WA E 4 ) R 2.19 F1 2,70 kPa, B S T T, T3 Ab A% 3 R W IR 1
(1.38 Ml 1.33 kPa) . iXJEH T 12 5 J4 (i FRIZSHRX, YR R BERR R TR, dhmits T
A IRIZ T ORAPUB SR o DA 1 B ], BT g 1o (30 Ay i AR B R ) 5 AR B 7K g iy s ] —
B, B AB IR EHEIR T, R AARE S KSR, JEFTW ) B2 0N o L T T R AR ERE R B B
B, e Byt e sz 1R/, AETRAL RS ARy 0. PUIE ik -AE ARSI G B 3P 1A 38 0] 78 00 & 43Tk 1133 1 7K SCak
IO, B R AR T

1.8 ¢ — 30 —
161 ——J2 2.7+ ——J2
141 4 24 T4
12t J20f
g 1.0} g 1.8¢
o8t R1L5r
= Kol temewss
=00 Eool
0.4 - g
02l 0.6+
ol 0.3 -
021 | . . . . ) 03 . . A . . )
0 50 100 150 200 250 ’ 0 50 100 150 200 250
[ /9 3 s /min [ F 5 /min
(a) ZEMEILHE (b) A=A

K7 R AR e e
Fig. 7 The process of matric suction change
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Fig. 9 The failure process of bare soil slopes

F 10 AZSdimirad iz

Fig. 10 The failure process of ecological slope

5 % iE

FET ik 7R DX SRS RRUZ I, S N ORI AR, Xof LU A 1 B — S AP R R AR (b ) 5
A ZS-SAP AR S A R RSO TERE A S R P 38068 L A S B ez ) | A8 A

BESS S R AT AL, 150 LR 258
(DB RS W HEKRPE R, PR AGE, AR 3 AR 7K 3 5 FLBR K e B



10 KoM oK B8 TOB ¥ iR

]R3 e T oAk . AR AR K ER T3 EAB Z 50, b FF e K o i i i s B s B

(2) SAE 123 382 B4 B R TS A% (L (9.89 mim ) 28 K FAE 251355 (2.89 mm) , EL AT 123 352 B4k THUS7 % ) i 37
I a] S T AE S Wl AT EFLBUR PR T R B i Al LR LUK ) BT A R0 I eI, S8
3G, DR AR FLUK T 7 S AT AL 22 IEA DG Y 2L

(3) PIRRI BT A By SRR 5 “S” o0 A1, ALY 25 R Bt A R I ) SRBRGZ T o PRI g IR A
[FIRTE B, AR h BT AR A R 2 (15.26 N-m) KT A8 (6.22 Nom) , SR A= 28-S 25 F K5 4
PR ZARBET B — S S R A T S B

(4)120 mmv/h SEFEFR PRI, 2ERER 5 R SRR A P22 57 o Al 2 3¢ S SR B 0 B2 b o
5136 PR R PSR SR I B IA, RIS SB MDA e U 5 A — i 22 0 1R U AL A A T3 B 3 3B (Pt
BERT) AR SR IR o A= AT T AR WL R AR B SR, R WA BEAR R E b W s b 4= ol o) 2 e -1
ko

& £ X W

(1] % 3. =0 X HERRZ i B R e o 5 10 F4i F 9% (D], 37 A [ Hb B K%, 2013. (TANG Luosheng. Research on
stability and prediction for the colluvial landslide in the Three Gorges Reservoir[D]. Wuhan: China University of Geosciences,
2013. (in Chinese) )

(2] Bl BRI RTC 1 i 3t DX 350 0 A R AE B T2 B84t DN SR 0t (0], /R SCHB i TR M T, 1997(1): 19-22, 32. (XIA
Jinwu, GUO Houzhen. Exploration into the distribution characteristics and main control factors of landslides in the upper
reaches of the Yangtze River [J]. Hydrogeology & Engineering Geology, 1997(1): 19-22, 32. (in Chinese) )

(37 SRAESR, Rt BT BRE K LB A AT B BB IR\ 1T SRR e il (0] &+ 557, 2011, 3208 T 1): 476-482. (ZHANG
Guirong, CHENG Wei. Stability prediction for Bazimen landslide of Zigui County under the associative[J]. Rock and Soil
Mechanics, 2011, 32(Suppll): 476-482. (in Chinese) )

[4] LIU X, WANG Y, LEUNG A K. Numerical investigation of rainfall intensity and duration control of rainfall-induced landslide
at a specific slope using slope case histories and actual rainfall records[J]. Bulletin of Engineering Geology and the
Environment, 2023, 82(8): 333.

(5] Ruk, SRAESE, Whisl, 5. Femi /R R D o inf 1 e s il 5 0] KR ZKGE TR 241, 2023(5): 113-122. (WU Bing,
ZHANG Guirong, CHI Cheng, et al. Physical model study on the bank slope of thick sandy soil under rainfall[J]. Hydro-
Science and Engineering, 2023(5): 113-122. (in Chinese) )

[6] ZHANG L L, ZHANG J, ZHANG L M, et al. Stability analysis of rainfall-induced slope failure: a review[J]. Proceedings of
the Institution of Civil Engineers-Geotechnical Engineering, 2011, 164(5): 299-316.

(7] Py, JiEge, W M, 5. K H P22 e BUA Y B f A B ISR B 5 D). KRR 2 TR 241, 2023(4): 98-106. (LUO
Qifeng, TANG Hao, TU Guoxiang, et al. Experimental study on the rainfall infiltration process in the accumulation with two
interlayers [J]. Hydro-Science and Engineering, 2023(4): 98-106. (in Chinese) )

(8] LHS®, B, ¥FOCAE, 55, JE T ABAQUS YRR 2% 14 T SR ZR B i b £ 1l 23 A (0], K FK G2 TR 24l 2020(2): 46-57.
(MA Pengfei, XIA Dong, XU Wennian, et al. Analysis of collapsing gully erosion mechanism in southeast Hubei under rainfall
conditions based on ABAQUS software[J]. Hydro-Science and Engineering, 2020(2): 46-57. (in Chinese) )

097 i, ik, AR, A5 s A HERUAT RS 0F5E (1], 4 + 157, 2023, 4406 1) 1): 234-248. (WANG Bin, LI
Jietao, WANG Jiajun, et al. Model tests on accumulation landslides induced by extreme rainfall[J]. Rock and Soil Mechanics,
2023, 44(Suppl1): 234-248. (in Chinese) )

(101 SRR, ZuCi, Behh e, 25, T ISR 1 f) J52 22 S AR 2 T i o Ak A ML) [0). HBRAE272, 2023, 48(10): 3912-3924.
(ZHONG Yuan, LI Yuanyao, YIN Kunlong, et al. Failure mechanism of thick colluvium landslide triggered by heavy rainfall
based on model test[J]. Earth Science, 2023, 48(10): 3912-3924. (in Chinese) )

[11] MIAO F S, WU Y P, TOROK A, et al. Centrifugal model test on a riverine landslide in the Three Gorges Reservoir induced by


https://doi.org/10.1007/s10064-023-03359-1
https://doi.org/10.1007/s10064-023-03359-1
https://doi.org/10.12170/20220322003
https://doi.org/10.12170/20220322003
https://doi.org/10.12170/20220322003
https://doi.org/10.12170/20220322003
https://doi.org/10.1680/geng.2011.164.5.299
https://doi.org/10.1680/geng.2011.164.5.299
https://doi.org/10.1680/geng.2011.164.5.299
https://doi.org/10.1680/geng.2011.164.5.299
https://doi.org/10.12170/20220402003
https://doi.org/10.12170/20220402003
https://doi.org/10.12170/20220402003
https://doi.org/10.12170/20220402003
https://doi.org/10.12170/20181228004
https://doi.org/10.12170/20181228004
https://doi.org/10.12170/20181228004
https://doi.org/10.12170/20181228004

M AR, A AR S-S AR G T P HLERIE S 11

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

rainfall and water level fluctuation [J]. Geoscience Frontiers, 2022, 13(3): 101378.

s, KHEIE, BTENAE, A5, S AR I BE K MR A A T AR B iR 5 (0] 2540 a2 5 TR AR, 2023, 42(10):
2427-2440. (ZHANG Qiang, ZHENG Yanni, JIA (ChaoZhao)(Jun), et al. Centrifugal experimental study on accumulation body
landslides under complex reservoir operation and rainfall conditions [J]. Chinese Journal of Rock Mechanics and Engineering,
2023, 42(10): 2427-2440. (in Chinese) )

IR, SRS, AR, A5 =0 A DX Bl TR [ AR 2 P R AT S R (). NIRRT, 2024, 55(1): 127-134. (LI
Xinran, ZHANG Guirong, LIN Cheng, et al. Research progress on landslide engineering reinforcement and ecological slope
protection measures in Three Gorges Reservoir area[J]. Yangtze River, 2024, 55(1): 127-134. (in Chinese) )

A, XS, VPR, 4F. FERE A PF T HUI R e E T L] b R HBUR F 5 B4R, 2018, 29(3): 38-46. (LI
Ning, LIU Guanlin, XU Jiancong, et al. 3D numerical analysis of the stability of a slope einforced with piles under rainfall
conditions[J]. The Chinese Journal of Geological Hazard and Control, 2018, 29(3): 38-46. (in Chinese) )

Zeie, FRgE. SR E AR 2 35 b i A R v g i F ISR LD 25+ J37%, 2016, 37(7): 2119-2127. (LI Longgi,
JU Nengpan. Model test on bedding rock slope under rainfall conditions based on fiber grating technology[J]. Rock and Soil
Mechanics, 2016, 37(7): 2119-2127. (in Chinese) )

FRIG T, BEOR, RIEE, 5. [R5 R 75 A T O T AR Lt 2 Lo L. 077, 2023, 44(7): 2073-2094.
(ZHANG Zhiguo, MAO Mindong, ZHU Zhengguo, et al. Analysis of nonlinear mechanical response of anti-slide pile induced
by landslides with intermittent heavy rainfall[J]. Rock and Soil Mechanics, 2023, 44(7): 2073-2094. (in Chinese) )

2R AR AR5 S M AR 8 T 2B 28 ey 17 L R AR ) ) RS AL 1 K LR R AL AT 97— DI VL = e e X HE AR I
WFFEFERE (D], 5 F ST K2, 2008. (LI Xinzhi. The research on physical model experiment of the load-unload response
ratio pattern and its failure mechanism of debris landslide induced by rainfall: selecting the debris landslides in Three Gorges
reservoir region of the Yangtze River as the research foundation[D]. Qingdao: Qingdao Tehcnology University, 2008. (in
Chinese) )

XK, Ty AR, 75 F55iR, 5. =0 P DXREAR IR BT B A8 T8 A S LB —— LA UH 2 1 T3 3 49 () s 7K AL 3 5 7K R
B (FPFE30), 2020, 18(2): 135-143, 151. (DENG Maolin, YI Qinglin, LU Shugiang, et al. Study on the deformation law and
mechanism of chair-shaped soil landslide in Three Gorges Reservoir area: Taking the landslide of Baguamen in Zigui as an
example [J]. South-to-North Water Transfers and Water Science & Technology, 2020, 18(2): 135-143, 151. (in Chinese))
ERE, KA, W, . AR SRR BT AR ) 5 AR i BRI ST (1), s SR A, 2022,
41(6): 262-277, 315. (WANG Guihua, LI Changdong, HE Xin, et al. Physical model test on the effect of different anchoring
methods on the mechanical and deformation characteristics of anchored slide-resistant piles[J]. Bulletin of Geological Science
and Technology, 2022, 46(1): 262-277, 315. (in Chinese) )

Boe)a, B, R AL B SN A (M. bt H ECRIZK L Rk, 2008. (LUO Xiangi, GE Xiurun. Theory and
application of model test on landslide[M]. Beijing: China Water & Power Press, 2008. (in Chinese) )

X3 A, B8, & Rl M- R G R e MM ik IM] . b R E SR Tl s ikt 2015. (DENG Tongfa, GUI Yong,
LUO Sihai. Stability analysis method for vegetation slope system [M]. Beijing: China Architecture & Building Press, 2015. (in
Chinese) )

7 U, BRI, A [ ik AN TR B HE R A T SR AR A 9T (D). b TR, 2015, 37(7): 1319-1327. (ZUO
Zibo, ZHANG Lulu, WANG lJianhua. Model tests on rainfall-induced colluvium landslides: effects of particle-size
distribution[J]. Chinese Journal of Geotechnical Engineering, 2015, 37(7): 1319-1327. (in Chinese) )


https://doi.org/10.1016/j.gsf.2022.101378
https://doi.org/10.11779/CJGE201507020
https://doi.org/10.11779/CJGE201507020

12 KoOF Kk BB T M Eitd

i

Study on the joint protection mechanism of ecological-supportive

structures for landslides

LIN Cheng', ZHANG Guirong?, KONG Yang?, WANG Zhangchun?, ZHANG Xian’, LI Xinran®

(1. Institution of Water Conservancy and Hydropower Engineering, Hohai University, Nanjing 210098, China; 2. Nanjing Hydraulic
Research Institute, Nanjing 210029, China)

Abstract: Considering the typical material composition of accumulated deposit landslides in the Three Gorges
Reservoir area, landslide models were created using a mixture of cohesive soil and sand as the sliding medium, with
artificially introduced weak sliding surfaces. The study investigates the stress distribution, deformation, and moment
distribution patterns of the ecological-supportive joint protection system during the deformation process induced by
rainfall infiltration-triggered landslides. It also examines changes in the slope seepage field to elucidate the stress
allocation mode between surface-level ecological vegetation protection structures and deep-seated anti-sliding pile
support structures. Under continuous rainfall conditions with a duration of 8 hours and an intensity of 18 mm/h,
ecological slopes protected by the joint protection system of ecological-supportive structures reached overall saturation
later compared to pure pile slopes protected solely by anti-sliding piles. The vegetation interception and "film" drainage
effect on the slope surface weakened rainfall infiltration, thereby delaying slope deformation. Increased pore water
pressure near the slip surface and reduced mechanical properties of the slip surface were identified as the dominant
factors causing slope deformation (manifested as pile-top displacement and pile bending moments) in the later stages of
rainfall. The final displacement of the pile top in pure pile slopes was significantly greater than that in ecological slopes
protected by anti-sliding piles. Moreover, the maximum bending moment in ecological slopes was significantly reduced
compared to that in pure pile slopes, indicating that slope vegetation mitigated part of the sliding forces induced by
rainfall and formed a dual protection mechanism with deep-seated anti-sliding pile structures, thereby enhancing overall
slope stability. In extreme rainfall erosion experiments, the tolerance and failure mechanisms of the two types of slopes
differed: pure pile slopes experienced complete failure after 60 minutes, exhibiting localized shallow sliding failures
caused by torrential rain erosion, while ecological slopes experienced partial failure after 150 minutes, manifested as

collapse failures in the lower part of the slope.

Key words: accumulated deposit landslide; rainfall; ecological-supportive structures
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