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Abstract: The prediction and stability analysis of landslide disaster have great engineering significance and application value.
Machine learning algorithm is mainly used in landslide displacement prediction, but is limited in landslide stability analysis.

Therefore, in order to more accurately analyze the stability of bedding rock slope under cyclic seismic load, the strain
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softening process of sliding zone soil was obtained by combining the research methods of indoor physical model test and the

comparison of discrete element numerical simulation software. In addition, a landslide stability prediction model based on

machine learning algorithm is proposed by taking advantage of the nonlinear characteristics of landslide deformation. The

results show follows: (1) The gradual reduction of shear stress promotes the strain-softening process of soil in the sliding zone.

Although confining pressure of soil in the sliding zone can inhibit the increase of cracks in the sliding zone, its inhibition effect

on strain softening is limited. (2) The ARIMA(1,1,0)(0,1,1) model with the standard BIC value of 8.160 was established to

accurately predict the time series data of the slope stability coefficient. Based on the field observation of the slope stability

coefficient and stress field, two possible landslide-triggering mechanisms are described. Mechanical learning of time series can

accurately predict the variation law of slope stability coefficient under cyclic load.

Key words: machine learning; landslide; stability calculation; time series; engineering geology.
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Table 1 Calibration microscopic parameters of PFC3D
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Fig. 3 Schematic diagram of the cyclic loading process of numerical model



BCAS T 25 35 T Box-Jenkins HE LRI 1 4 9l 5 P 500 4070 1993

5
5000
4000 -
@ 3000
=
2000
1 000 - -
— BB — YRR 2k
m SIS TN — By RAR 2R
04 [ ]
T T T 1 T T T T T T T T T T 1

2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
P4 2 P o G 5 S B 0L A A5 Ay 2 il 0 e
Fig.4 Comparison of strain curves between direct shear test

and numerical simulation

(2015) £ i1 19 J5 22, B 3@ & 1F &2 it 5 J 3, SR
FH A s e B8 AN 6] 2 8049 31 09 45 R 47 1
2253 M, 4k R AP R O B AT RS B 2 8L,
e BOAE N T N e N S S A5 R 1 R
Uf UG FC 0 P& 4 BT R R E 9 RO S Boin & 1T
7, i i B4 AT DU M B AR A R R 5 A
HERH 2 A K, BO(E B LAE 20 0 2 80eT DL AT e
er 3 4E R R AR oAk o R R AL
1.3 E T Box-Jenkins & & 1 B [8] FF 51l £ =4 B

i 1] > 41) 4 B AL 53 Br 38 5 >R ] Box-Jenkins
Ay ik, fd 1] Box-Jenkins Jy 3% B 5 AY A TR
T (Pinzon - Hassan et al., 2021; Ratshefola -
Lerefolo and Mpeta, 2023) :

(1) 35000 e 51 B A /Y A0 OC & 0A D fF
MOERE M RATA —DHEATE S 2 0, Fe AT 7T
LAt REA R 7 22 n X (3) B (7) fros

_ z;’zlx,

pRpII 3)
n
" (1‘17_)(1‘/7_)

52:21:1 H oM , (4)

n—1
Y= 1/n2;l:kAl(l‘z_/«l Wz py—p),
o (5)
Ox—"5>

s
P R REAR T IR, I, SR TT 2y,
ST 2% o s FEAS A DG PR

X=0yx, |+ Ppx, ,+ o+ Dy, ,+ u, (6)
H AH DG oR B 1 B A 18]I &R SR R 1Y = 51 BR
B AR a2 WG 2,5 a  Z A
AR R o, B W H AH G pR 2L .

(2) BT - A S Bl A A 19 07 51 1 T

G0 T I R AR 58 . A R 8 S A P AR I TR
FEI, I A R ( ARTMA B R ) 9 FH ol e, ) 2
TSR FH o 2 S YA A (ARMAA B8 ) R A A

(3) WG BB S 801 AE B R | i e
X 80 AR R 18 i R Y 5 RS R AR Y R AT AR
B 21 =5 B B 45L& FNRS 56 . A 1R 22 b v mT T A AR
lerf ARl FZEHE T U0 R 2L

(4) 5(p’):nlog<r/5;2r)+p’g(n), (7)

A, fert BB 2 3R 2, ZH WA, p 2
W, R p AR 2T 2 WAL p g (n) =
logn I A DU - 307 15 & #1 48 (BIC) , % {E /)N, T
T 00 A Y

(5) UhE 10 B2 ARG 58 - X AN [l R 20 3 47 0 LU A
IS 72 B 12 ) o il 5 AR R

(6) L5 A6 5« K & 05 02 50K 3 19
Ji k075 B AU G RS N i RE 4 BBOUL I {EL R 51 v
R Z B AR A A5 B, BV 5k 22 1 310 i ol 1 I
PSR AR B A AT A 8 B D B 25
4 T ARG 6 A R — A R R T A A
T 3 R FH e 28 T AR R 368 K gl ok A T

2 Al A g A o A

2.1 RTHRUHENERCE ST

S5 1E AN 5] 98 B fF 2/ 0  BUE B ALY PoAE
Wit 0 B o 2 vk B0 B Ak W B 5 TR L AEAS SR
FRATTIN R 5% 114 R 42 fok B AR 2 (B Po=—5% ) J&
R A2 B i 68 38 2 19 B K PR (Ttasca, 2014). %4
YRS TR B N RV i - B S TR L a2 DU 23
5, e A0 5000 A8 £k 30 ik sl 32 28 Dt DR Sk T IXC ek
Shy [ 78 AN AR B T ERC(E B TR AR SE AT 0 A o7 2K 28
Aef, R (B BT AR v 4 Ry 2 R A e s B — 1Y
AR LB T 20N 208 5 BOsoiE 1 B sh
ARAE 55— 5 T, S A6 BRI 2R N 7 EAE N 0.5 em/s
WF, P W) 46 25 A6 A 88 3 1090, 3% & i T X J& — 4
AR /N T 2 e, Il B A v 1 35 3 ORL A5
By, R Bl 2 0 B0 028 0 18, P A8 fe B AS 1 3
[F] BF >4 08 B 0 2 7 g B A 0.9 em/s 5 A #) 2.2
cm/s B, P B AR S5 320 7 88 . o8 T 58 H A0 38 n 2%
A AR A R B SR B R Bk 12
000 Y B, B 6 H (1% 100 % & AR B &R T A4S [
TR A W i P HAE 43 0 7E X R 43 B
RN AN, S W A A BUE B R 50 KPa i1



1994 HIKEL http://www.earth-science.net 48 &
570 157 (b) 2]
(a) 10 o]
SENE 57 S
g & ~log <
S -5 3 -151 5101
& & 204 & -15
i -10 A Mo 251 —a—V=0.5cnv/s st
~ —a V0.5 e > 301 —er=09cmss 2~ 207
B -154 —*—r=09cm/s & 351 ——r=1.5cms B -25 4
& —— =15 em/s ]/ 40 Tr=22cms T 5]
=201 T r=22cmss & 451 &
= B2 501 = 351
251 551 40
— -60 +— . : . ; : : , ; : - - - -
0 4 000 8 000 12 000 0 4 000 8 000 12 000 0 4 000 8 000 12 000
2 000 6 000 10 000 2 000 6 000 10 000 2 000 6 000 10 000
TN R RY €3 TN R 07 €3 (TN R RY €3

PS5 SRAEWE A Lo 72 i e H0E 1k
Fig. 5 Coordination number changes characterizing the softening process of sliding zone soil
a. 50 kPaj b. 100 kPa; c. 200 kPa

LR R B N #k N ) E A 43 5 1.5 em/s il
2.2 cm/s B, 0] LA 20187 4 0 B AR Fpe o R R 6
Y P 34.8 fil—53.0. 5 — 5 1, B 6 1] LB
A 08 BRI ER N ) R A ) B A A B Y
FEP R WG [6] 0 80 T 0 {8 X 2L 48 P 52
Wiy, Bl Sa~5c¢ o AS R0 28 5 1 R AE T 1 PofE A
ME & B A+ 2L LE NN ) R AE R 2.2 em/s B
A X Al O R N ) i AR Ak R R, U8B A
IR0 28 N 7 W A K, A A 2 ok Bk £, - AR
7 AR I A B Sk 1 B A B N 2k N T R (E X
W 4 1 2 A= (O A8 BRI R BB ) B AT e M1

Sy —J7 W, B A b AR S R B R
R A /% i AL 50 kPa 38 Jin £ 200 kPa (4 & 5a 1
&l 5c JT 7 ) ASXE & B, 24 0 4800 3 i@ {4 0.9 em/
s BF, B JE 43 9 R 50 kPa £ 200 kPa i, P8 43 51
Jp—16.6 f14.12, th LR THE AT A, 2 R G 4
fiE, 2B 1 T 4 f% {0 W %2 B Sa~5c¢ B, i 2%
IvADA N (=R | R e N SR E i | SN = L)
(IS I e i e ol S I < /T D 1 2 <
S I (5 /0 AR o A 1 (S S S O E 2 N
2N 77 W (E 2 AR AR Ak g O B TR
22 BEINTRUSENN S

C, 1 75 Ak J2 A7 B0 o7 248 F0 90 2 )RR VR T W
077 R A R T R S B i Al AR RO R
PE AR AR T PR BT U0 N g AR Ak R AR R AR AR
Fa ) E 500 B 0L v A5 B 0 e sh A B N ) 9 AR fk
TS T R [ 1A RS [ 40 20 A 2R BT
i Bh £ B R AR LR, A 7 A 8 B, H
Hhor (o 2 aE i S Ak (5% Ol BT ) 2L 4k

M7 AT DL W A e (BT B 9 R
F TR A 388 i 348 K T Vi S e % 07 AR R 10 AR B B

ke -22.5
- =0.9 cm/s
B -5 e
Bl 22 e

200 kPa

100 kPa

-53]

50 kPa

-60 =50 40 -30 20 -10 0
e AL B AL E 53 HPe(%)
L6 i K 4y LA L
Fig. 6 Comparison of percentage reduction in coordination

number

A B A7 4300 J7 1) 3 R AT A Ay 288 U A 3
TG O A0 P 0 A8 R 7 e A AT (A B 2
JE/N T 85 T 1.5 em/s) B, 35 i - A9 4T 57 5 2 0 ek
DL SRR 55 A 80 o = RIV R 0 B 0 3 i as AT,
A B AR A T M A R B 1N ) 2 s T
TE B B A BRI 0 R (O R A R R #)
2.2 em/s) T, WAl b 19 g 2E 2 808 2R B B i
B AT AR B R AR A X R SR Wl -
T2 Z R S AL A P B B AR5 1 B, BEE
PR BEAT WA A PR T A X R
& %W B e Sr R0 32 B0 HO BN L RS
B, W B 2 B 1k B Wl IR A PRV L B
18 B i A8 U K B4 1 B A B AT W AR AR G R 8 a
TR B9 AL ANHE A B, BT 5 DDA 9 58 a5 Ak e
BT —TH R EE X0 i T A PR A,



551 K 48N 45 - 3 T Box-Jenkins Bl HILAR %Y 1% 3 335 A RE P F0 00 A5 U 1995
300 7
350 N Al —m— V=0.5 cm/s
—m— V=0.5 cm/s N o— /=09 cm/s
300 k}\:»‘ o V09 e 250 —A— V=15 cmls
Y N \‘\\ —&— J=1.5 cm/s - V=22 cmls
250 \‘ - \ v V=22 cm/s 200 A
= - :\\ BI &
= 40 W - = 150
R TR NN RS
Bl 504 v e = cl
= - Cl1 Z i
N i 100 S |
s TN =
100 \ - A .
- a4 50 1 :
504 % . —l i -
- - v v vy (b TI v v v T
O 0 T T T T T T T
0 2000 4000 6000 8000 10000 12000

T T T
0 2000 4000
B ER IR EL

t T T T
6000 8000 10000 12000

VA 3 UCH

F7 ANTRVAE B 3000 T T e 09 U0 i oy 3 A L 7
Fig. 7 Evolution of soil shear stress under different cyclic loads
a. [l = 200 kPa; b. [l Jk= 100 kPa; c. [l k= 50 kPa

T BY VIR A 22 A PR s [E) BSE DA— 2 0 B A2 Bl L X R
M P22 B BRI A B A G as 3, 1 A
i ol BE 2 R Y - B 0 0K AT K S 32 B,
AT ] 2 K L B B by L R e 3 a1 8a IR
M) AL T AR 25 5 i ke B, 4 4 1 3 — S R 7
T B A B2 AL YA B 2k kB i £ 6 000
U, BY T & 45 Kb s IR 24 A R 1, [ e,
B A7 AE 10 AL B G5 A ) BOE AL A rh IR, X R
P T (AR TR e S8 A %) B HE R RS Bl R A
TEAE B0 fir 209 7 T, B0 45 B kL 1~ 22 [ 79 AH
AR ke R 2 1 R A2 B B for BRI AE T, B
TTAH .32 8l 51 v 3 B R 0 2 LA 9 8508 . A
I, YA PR 48 0 B R 12 000 B, 35 4 B0 AR R
T S 4 R O AR B I, RS P o B0 4R X, AN K
8a It 7~ 1 C1. o5 — 7 T, A0 ¥4 o 28 10 g i L 1 348 K
WAL HJE T 1 2EE M5 5 . BT 8a B 5] 8d A Mk
B 6 FR 0N T A AR W A IR AT R
EH S AR R 2, DR DR RO R R A R
T LA 4 DX BB A . Y A0 B 0 458 B 4 AR 1k
0.5 cm/s #| 2.2 cm/s B, H(E 155 R o 24 20 i) 1 K
R MK E R, H e 2 38 BT i i SRy AR
B XEHTHEEMENTXSFET FHI&
) 3 R A — 2 1 iz B 00 B8 3 B, DT B0 B U
B4 I 28 6T T T R A 0% 5 e 3 LA RR L BPTC I8 R B
S TR RN BRI AR AR v ) W 2 Al 1 JIURE /N Bk
Y bt 25 4% sl B 0 m 2k, R — 2 i AR A BT
A5 Ak B AE O 200 kPa B9 4r A A0 Y R R A )
100 kPa Fl1 50 kPa. 2& JC %€ 0] , Tt & [l Hs B/, %

PBE M R A R RN T A o A
10 384 T s B A B9 A e B AR R R R

3 T YRR E M A AR L T

3.0 BEREMHRBMNITE

TE AT W A 0 30 B A R O B s R,
B9 i, Heh (B 5 i e o R 454 1+ 9 R
JEE AR X ¥ 5T W A AR N TR B B BY iR S8
NGNS IS BT - il o W [ 5 B B = Wt
PE2Z D8] ) 56 F 1 UM R SF 5 43 AT % P Y Sarma
i g W N [ =N OB B A R =l N o3 el I
FG AT 1 AS [0 A in 28 v 4000 17 7 (e T 30 B R
pek o e A o Rt TR SR A= ) i w2 = B 5 S
FIE A V8 78 W R g X 43 Sk SR v o T A
R4y R 8 AT H AR N T AT RS R 1~8 Sk
ESHRMAAEME, Hh & &AM E NN
466 kPa, B M1 o0 29°, W A 0 B S HUR ik 2.2
WHE ORI YRR E TR & T
AN T I 28 VR BRI AS TR) o 3 i E T 1 B R
P ZR B AR A B, AR AR B T B 10 R

Wi o I 7 e L RO B o 28 ok B0 35, 341 B 1
FaE ZBOR/N A 9 it 2.2 3B AT A FE A
I far B AE T, W AR A R A R 9 AR L B N
1B A AN AR iy A B 5 | A A T LA B 2
JOL T3 % 4 HE P R A OGS L RO, A I BY N
14 3 7 /N IF R — 8 0O G IR AT A L
MR KRG FE B2 4R bl AL BR K R T 0 3R K



1996 HERFF=  http://www .earth-science.net A8 B
3501(2) Al b
- 350 (2{§1
3001 " 300
3 o z S
% s s £ 250 .9
o - < 200 \_ B1
21 200 2 150 B
= = \.
150 S 100 \.\9_1
~Cl -
100 ‘ : : ’
0 4000 8000 12000 L ) 006‘ 02%00 81%0800 1200
2000 6000 10000 prE
BIN (AR Bl Lkl U
3501 (c) 350 1(d)
Al =
~ 300 3 300 \ Al
£ 250 = 250
R 200 fi 200 \x\
5 \ 2 150
= 150 \Bl 100 \
100 —— 50 SNBLL o
50 -Cl | .
0 4000 8000 12000 0 4000 8000 12000
2000 6000 10000 2000 6000 10000
Bl TEI A B EL ¢l PEI A7 3R EL

P8 AN [l 41 B 4f 28 A T i b B 200 v 2R 4 1 7 f

Fig. 8 Variation of cracks in the numerical model of soil in sliding zone under different cyclic loads
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