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Abstract: Current research on anti-slide piles predominantly concentrates on single-row piles reinforcing
homogeneous slopes, while the reliability of double-row piles in heterogeneous slopes remains underexplored.
To address this research gap, this paper proposes an efficient framework for the reliability analysis of double-
row anti-slide pile-reinforced slopes, with explicit consideration of the spatial variability of soil parameters. The
framework integrates Sliced Inverse Regression (SIR) for dimensionality reduction, constructs a surrogate
model via Multivariate Adaptive Regression Splines (MARS), and subsequently employs Subset Simulation
(SS) to quantify the slope failure probability. The efficacy of the proposed framework is validated through two
case studies: a slope in Northern Sai Kung, Hong Kong, and a c¢- ¢ soil slope, where comprehensive
probabilistic stability assessments are conducted. Results indicate that the proposed framework provides a robust
and efficient approach for the reliability analysis of double-row anti-slide pile-reinforced slopes considering soil
spatial variability. Furthermore, increasing the length of the front-row piles contributes more significantly to
enhancing slope system reliability compared to equivalent increases in the rear-row piles. The optimal pile
configuration is determined as follows: the front row is installed near the slope toe, and the rear row is
positioned in the mid-slope region.

Keywords: slope reliability; double-row anti-slide piles; optimal pile location; surrogate model; spatial

variability

T A BRE UL b R U FE L B R R G R
Gt B WK, 2024 4F b [ 3 A K S 719
b, 3 316 R, G R 4 U8 A I AR At
E N I R E BB — 2. B IA E AR
Sy A TR U B 9 U I B 5 A )
PO AEAE Sy — sy DL SRS 25 K DR BT T AR D
Jon [ 50 B SO AR I R A

Bifi 5 300 3 TR RSSO AN 7 K, 6 A A o [ 7
R AR T, BUHE BT AL LA PO BE 58 L
=T o SR S 1 N I | =M e
K, 2% 2 TR 58 SUHE BT T b A o A A6 ) O A7 A o
A2 . BN, Lei %13 F A BR 25 43 1 6 SUHESL
T AT [ 300 38 Y A ME EAT 2 BT . Shangguan A
XFH A3 B T ORUCHE T U S AT A S M AR R A Y
PitER o Chekroun 2" 57 7 XUHE T HE ik 7F £
Fir 00 B AT S8 0 B AR . R AR g R A
e RUCHE BT T A A A A B AL A BT L+
AEIE it e rh 4 1 B 24 iy B 2= i B L1k S
B AR 2 ) A8 S M 330Ri v S5 G B T A 3
3 R M DA 2 SR A A B R Y

DLAE R 92 8 R B ML 3 5 v Ak £ IR S 50
73 ()78 S P, O 45 6 T 5 B2 43 A 05 06 6l 30 W e
HEATPPAR S SR, T e T A% Gt W] 5 B 43 BT O ik
THAR i W O RORE R T R R M R R B
Bt 4 Z R (Factor of Safety,FS) , /A 1ETHRBURAK
T R R K ) A A 2
R HHLAS 2 2 7 ik 3 T /0 R RE A ST B L3 S 8K
5 FS Z ] i B 55 OC 3, DT ab 4 1 AT R R ARE 1 34
e FS TS, B T A BE AR T B RCREY . I

AR L8 A 45 50 B 4 (Kriging) 4 2 B 28 ) 2%
(Convolutional Neural Network, CNN) # FR 6 J& $7
Ft (eXtreme Gradient Boosting, XGBoost) . 2 Jt H
& N[ FE 45 (Multivariate Adaptive Regression
Splines, MARS) 4§ . Hrfr ,MARS 7] JC 75 1l % 5 4
BEAVE X, a0 4G 45 8 B AR A 1 ) A B IR O
R TE R B Ay M AR, MARS 7k B BER
UEELAT RAF e it S5 1S aeR e, Sk, 7 AL H
BE B3 B e R AL 14K 2 800 25 ) 28 S Pk i, 4 3 AR
YY) iy N I A R vy AR HIASE AR Ay A2 A T U
S S O OORS BE T B H AR B AT R SR A
B R, DT I 5 T AR B A P S R, LR
U1 R 38 81 )5 J5 % (Sliced Inverse Regression, SIR)
XF e 4E REAILAS f E AT RELE O R AR TR SRR
Bl N R A o 30 3 LA R AR
I B 2K CRBAE R <<107) , 762k & G A BB
R TS T I W M| B VA, RO
B PR B RS S T S BO LN A

SRl A A N e (1 AR RGO 3 T
& —Fh il & SIR 5 MARS, I 45 & T % 8 0
(Subset Simulation, SS) i Hit ¥ AF Jin & 34 3 v] 5 B
M. H G, 4 Karhunen-Loeve (K-L) 2% %%
JEFF T A RSN L R S A A
DA BT A T 1] 340 35 RT e BE A STR-MARS-SS J5 i
N H 900 BR 5 4 4G, G0 5 7w v O DX G AR i e
UEIZ T R WA RO s e, B T 0 — PR/ R M i B
B S BT T AEAS R BE AR T S 8l & R WHE
AT T 320 34 1) 2 AAOE 3, O X6 52 i) - A4 s ] AR e
(1 2 B A T R 38 U AE 5317



% XX #

XA, A R AR SRR A R b 6 R HE AR AR T S R AT O ik 3

1 SR SH=EETZEZED

U T b R Y B B 2 B AR e A AR O
PEE, SR I AE G X BOE S BEL 37 21w 36 2R 01 ¢ 5N
FESEA o WS AR SR o WA RORAE L AR S B =
[F) 25 S P, SR T K- £ K00 I 96 A 40 4 A e 09 i J32
SO X BOE S RENL ™ TR 30 2L 1 A G eR B
e SR NP R R G, 1 T ZOM G pR BB - 1R 2
Bz i) B OGHE™, KRk N

|1 — a ’ ‘3’1_3’2’ 2
)

KA o AR R (2, 1) (22, 32) T EERL 3 73 Hr IX.
SR A TE PR AR AR 5 4, R 2, DR A 1 TE 2 4 (] TR oK F
e FLI B o KL 80U I 323 2 A O 2k
BN

fL:=exp{pM[+jiammﬂiﬂn<x,y>x”<§>} (2)

s 053 0 R BB AL 1 408 RS HE 25 5 010 58
1 Ry A G BE 2 B AL 37 1 B4 AN bR 22 |, 0, =[In
(A4 (o./ )12, s =Ing-0. 50y, 5 i 0 75 BB HLI 2
B OV R i AR SRR RN 5 A ST bR 1
IEZSBEALAE 5 509 Sy A ER 25 ] AL b 5 A, R A DG pR B
OGN B R AE AL 5 /e, y) oA X W B RRAIE [ 2 5 0 Sk 8
W30 45, R AL 3 09 B AR H R T e=95 %6 e
T DB T 4 11 o B 2 2 ) s () AR S MR R AR 5 AR
PRSI T DUORG B, A DB I A5 /N £ T B AL 3 2B AR
S5 5 B S AR S B0 G0 T 25 A AR e 22 5 48T T 8K
b s 3 A A R AR R O BT AR AR
B, RIS B REAS . DRt B e=95%% Sy ik U
W= e it RN

e:ix,./ixb,:i@/(lﬂl,y) (3)

S 2 A, LA K B ROR A A5 B B REAE 5 LA L,y
TRE DX IR g A P S

2 MPRIEESTAIE

2.1 YIREEEAE
STR J5 ¥ f& — P i T 78 43 e 4 B0 0 A W B
IE 4 BUE AR, v DIoBt i 4 [ 78 & 25 R4 2 AR4EF
23 Ta), A A5 5 52 Ja 09 % 4E 722 & Re 0% Of B8 505 Bcs b
5 RS R SR O R Y, (BRI R R A R
M 1 22 [] 8 OG22 R
Y—>g(yx) (4)
K A T B RS BB AL 3 5 0 At
SEAR A B AL S B Y e Ny &, 7R A5

(1)

© = exp

HFS,

SIR J5 il ad Y Xy b A7 o Al 31 5 — ALY
BI(E L K 0 5 22 6 B O X8 Bl J7 22 50 B R 47 4R A B
O3 . N E B A REAEYETE d, 5 A R R OCHK
M ¥ 48 B8 (Cumulative Explanatory Association
Strength Index, CEA) . %4845 R AL T HI 4> FEAE
] f B BB BN 1) 5 Y Z M GE 1T QA5 B B kL
i) o Sk o O B A 2ok 7 R DR BA G BT R R Tepa=
99. 9 06l 1 A 24k AE S ANy i i ek T RE XN

< ]

I(‘Ex—\:z N 1 (5)
1:1zij
=1

A N g REAR O 5 A g B T 2% S I 7 i iE
{8 o U o A> 45 AE AR IV 69 4R A 1] 5 4 8 7 1) [a)
T, R A B LE IS 60 bR B HLAROR g 25 BT
SHWR[7]. & SIRBEUESG KRN
Y>g(Bix.pex..Bix.0) (6)

A p=1,2, -, ) FELE IS B 0 B d %
HeJ5HEE 0 AL Bh .
2.2 ZUBEMOEAFEEE

MARS Jit — Fit 45 70 B 3w A4 g 09 [0l )3 44
RS, BAT AR UAE & [A) 52 AR R DG RO, T &
RA

(X~ a+ D a, B (X) (7)

K (X)L FS WU s Xy B 48 J5 36 B 5 a0 AR
UG B 0 JE Bl O B8 i, a, M B m S SR PRELY R
B, A0 38 o YRR A Y o RIS 3R 15 5 B(X) R
55 m A 5 R, AT E G N 1Y) 2 pR RO AR  Y AR
W7 £ 1 R BSOS A5 1)

MARS #5 7Y (14) 46 G W] 43 S 117 1] 3% £ S 1) 57
eI BR . i ) BRI AR BT 4R B P B A
B R B Al R N BR 220 R AR AL, &
FE R B A B i R BRG] A RO S Y
155 Y TR A

f(X)=~a,+ ia,,,B,,,(X)+ (8)
Apir11Buar 1 (X )t a,112B1:(X)
A B (X)) =max(0, Xj-2); Byii 2(X) =max(0, -
X5, N5 mA 1A B eR B ZR 8%, AT o X I 2k
FEAS ) e /N — I 0L A 3R A5

T 1) 3 38 o P 3 o AN T 5 | A R 0 0 A A R
X Y255t g 400 58 22 R /)y L 0 5 5 3O A ot
A NI FUI A8 7 R B o DR RE AT IS 1) 5 R D
B, 3 A B X5 48065 BT R A5 /0N 1) 5 R A, o 47 B
I AR R ZE 4L o i AR T 32 LRHIE(GCV)



4 AR5 xR F RO E L

HE PP A B HDZ AL R 71, GCV /NI BB g 1, W]
TNA

1 . 2 c(m)]
va:NZ[yi—fM(xi)}/[l— N :l (9)

A COM) AR AT 303 B A B3 for () S 2o 0
JR 1 455 0 £
2.3 TFTEHFEMY

SS & — AT FH T/ 2 A0 % T 0 9 7 M R
P A A oA A 8 o I R i
SR 2 8K B M S 1 T AL, T 3o 38 A
FEE T AR, BRI R B R

P,/=P(FS(x)— 1<o)=P<F1)ﬂP<F,\F,,1)

(10)

A o AR TS B B LS 5, AR 5T oy
A A A P AR S AL & s T AR AR A
JE8 FS()— 1 Ry T g eR B, FH DL Sz W34 3 0 £ e
0L, FS(x)— 1200, B hb TR R, FS()—1
<OWf, ¥ KA KR F={FS&)-1<C,,i=1,2--
shy R K — 2 v ) R R, R LA FS I Y
W T 5 C > C=> - > C5E Lo T ARG B 37 52 B 1
O MT AR AR MR ES BE . PE)A
S B L (Monte Carlo Simulation, MCS) B 3%
AT I AL R R P(FIF, ) R G o T
Metropolis 5 7 (1 H /K Al KB MCS J7 1 3K fiff , Bk
SR AR AP B A 275 SCHR[32].
2.4 BEARBEFERE

TE A FHAR B Y 2 iy, 5 S g e a1k . R
FH 475 #i% 22 (Root Mean Square Error, RMSE) ff
ks BEVEM R AR, BARRIR K

Ns
Z(Fss* FSP)Z
E vuse = = (11)

Ns

S, Ns b B R RE AR B 5 Fop 2 A0 B 7Y 357 300 7 45
FS;Feo @il iR e it BT FS,
2.5 HESE

SUHEAE 31 3 T 58 B 5 2 BAR AR a1 s
3TN e S A

DA & S8 s B Bk Rkt
SY 5 S R0 KL RRE Cln {8y 22 B BhE
FI4E) o

2) 8 FH ABAQUS K F % 34 3 1k A7 a8, i Bt
FAF R IETRAL, PIINE 17 29 o, R A vr e %
Jaia sl A0 . [ AR5 B2 84T i
i , [ B} 48 00 OQ S -, A5 BT o R B b T 0. 5~23
B , PRAF 5B SO “slope. inp 7

r WL A S G R, g, | |
| St SRR A HREAUI | |
%
| 4 5
g 7 |
| 5% [ s |
8 43 v
:ﬂ$’ | SR FILHS 77 R Y VI 5 A | |
v
| | R FIKLHUR T 7 B e Wit 7 |JI
—a—a—
I HEFAMATLAB, ¥4 &4 BHLI BS 51 R 5% ) 1
| RIMBE SR “Cumat” A1 | |
o “Faimat” I
| ¢ ;
| < L
| > (2) YR, RS R R REFS. | |
w
| 5 |
| & |
| M ASIREEAEE LA TERE, JFET A s | |
L FSHE R i MARS I A |
———————————— e = - —— — |
[ S LS bt IEAS B LR A
/& I
I A
| *g [ mitsIR-MARS B 5 3) e Bovnte | |
it v
| % | G TR B APy | |

B1 AEETEREE

Fig.1 Flowchart of reliability calculation

3) B T Hr T M Sz Jr #if A (Latin Hypercube
Sampling, LHS ) il U] 46 Bl HLAE A< 56 B . R JH K-L
PBRTIT B A RSB NL  ARAE R R T RN
JEE 45 £ I B AL 3 2 8000 ) 8 Cu. mat”“Fai. mat”

DI FEFEAR D) FS: 8 20 B8 3) b A il iy A 1 5
PR 2500 B R BEAL I S5 A, #i BRER T bl SAR AR
MU IRARL 255 28 9% 2) il e B AU v, 53 o ik ik PG 5
¥ H ABAQUS W # , & H & B2 41 38 1% (Strength
Reduction Method, SRM) 715 11 ¥ 19 FS. % 5 3§
HE NI, HZ A BEVLREA 20 87 58 1, 7T A3 3 N
A YIZRAEA XS B FS

5) 44 £ STIR-MARS R HLASL A . {fi ] SIR J5 2 %
Bl AL 2B R 0 Bl ML S R AT R 40 L 15 B 4 2 R
d R EHE I 456 F'S L BR #2811 250 A B0 4
T4 MARS B

6) 15 ¢ RUOME U LR i AR AR A 5 1 4
BT 455 15 Pro



% XX #

XA, A R AR SRR A R b 6 R HE AR AR T S R AT O ik 5

3 Bfl— FEARXILEBBE

3.1 BENBNBEES

B s 7 5T X AU AR A 3 R EE S 9 m iy AR 2
B, APOK K BN 11 m, FARE B y=19 kN/m3.
AR B B 100 MPa, JAAS FEIECO. 39, 3 i
JUART TR B o g 28 0 b 7K 20 Gn &1 2 s, Heep
P4 S ARPR N EQm, 7.9m). DA m, 5.5m).C
(6m, 4.6m).B(10m, 1.4 m),L J3EJE 2 I A 7K
SRS L U B A A KT R B L AR R A
ST E SRy A3 1) 2 TR ISR A 20 R . TR AT
FBCEE R 0.5~2, L4 0. 1338 , i1 I 4 2 53 #r
B 0 AR S B T ER AR W3R 1. SR A BR s ik it
PP B T P 1 FS o 1. 341, 5 Li 59

FRB p FAEFE fh 18] B BE AT Ry, =0, 46, THEAA
B B0 B0 YR FS Ry 1,386, 5 Li %44 21 Y
1. 381 7230, U6 W At 57 A 80 9 TE A 7

I
Il 5 B 1
(FS=1.386)

9Im

~.

~-—.

-~

R0 1. 330 AT . 51t BE S B 03 10 i | i
0.8 m, FURERLAL S B0 3R . R | 11m !
X SR AR AL ATE 5 A T 42 fh 1 %) AR AR FH RO, A 2 Efl R
Coulomb FE #2155 Y 1 74 12 ol 1r) (%) B8 462 R P, P 2R 42 Fig.2 Slope model of example 1
*1 THESEEITHERERS
Table 1 Statistical indicators of soil parameters"™
+RSH ¥y{H A5 5 R RiE=3il W B HAHRRE

T c/kPa 5 0.2 X BUIE 2 4,=10m./,=1m

e B /) 53 0.1 XA 25 L=10m.L=1m Prg=70:5

HF y/(kN/m?) 19

3.2 HEWEELERSN

K K-L BRI T7 1 3 I - BEBL S 147
BT, I T R A [ Al 2 5 i B AT 5 E 23 A 0 5
BEHLZ h AL 1 393 FTT, A% RS2 0. 2 m X
0.2 m, FEHL 37 WS 1 % 2048 L 4181 3 B | 5 Je i
WFE A oy — B R R 1T S EE N 5 o

9 c(kPa) 2592
8 Il S % 1
7 FS=1.437 343
E6 R 4.94
B i
o 4.45
@ 4B : 3.96
30 ARmmEEEEE }I FREPFAPERS, §
) N\ 3.47
1
% 1 2 3 456 7 8 91011
7K 25 (m)
(a) FHi®R i

BEHLI , FET 2 e=95% MITTHE T L c 5 o By 8 e
AL I 42,45 3] 84 > Bl AL AR & , 4 (K41 57 5 )&
S8 c 5 o BHLE— W S RSB I A1 RS T a0
3PN o TEIIE A 4 RAHTT S, W 76 18 3h T IR
1 2 BN B J2 5% W) 00 2 4 RABOT A R %
S

? »() g40.55
8 , Il v F T
71 h 7 FS=1.437 38.38
Ee o Tl o 36.21
= O HHHHERHHRHHSNAEED,
*ZI‘E ||} \\\\\\\\\ . /
%5 34.04
4
L 31.87
3
2 29.70
1
0

01 2 3 4 5 6 7 8 910 11
FKFFE B (m)

(b) WIEEHS ¢

B3 HEFEHIHILIH

Fig.3 Typical random field realizations

Ry E STR R 2 ) B A8 48 12, SR H LHS i B
300 H I 2R FEAS , I3 37 SRM 3840 1 19 S, %

WEALAZ 0 M 5 FS A 15 BIREAS I B fi A SIR U5
V5 vb AT A 3 A 4 B 6 N B R AE {1 CEA R



6 AR5 xR F RO EL % XX %
FURBCAE AN PR 4() 7 o PO S4B AEG A0 A 400, 2 AR TR0 EL A e 5 0 % g T it
17 21, /i 6 2 45 il B 23500 O 3. 07, 2. 06,1. 58, 1. 15, L8
0.791,0.402. M55 6 411 41717 Pl AT LU i, 45 30 Ll a
AREAEAE BRI 22 4.8 107, CEA i & #54% 7T, Sl pat
15 d=20 i th U453 OF B W T -8 B X £ %Ll A
Tn>99. 9% , 5 2N 29 A HHAE (575 T 15 FS 4 1 /
Kl EEAEL L P, AR TON 4 R 2 29, =
W i 2 R T 75— 25 7 B 1 T

AL IR A BB 2 (08 U JE £ 1 i . aoriesn
GRS S N 8 O3NS P Tt e L -

0

WE Y Eruse=<<0. 05 I, BV AT 8 5 I 2R e A e, Sk
T LHS#EH 1 000 H YN ZRFEA , K YI 2 A EAS /N
T 260 B, RMSE i &£ & 1, J B Equse=0. 032, it
AR ME A iR

10t
3.07 =9=0=0=0=0=0-0=0-0-0-9 {1.0
206 55 1 ;
oL 0.791
10 ’? I 0.402 ey 00875 0.0788
IBED 082
! § H H 6
10 B 8
+§ 5:;1 s ‘ ‘ ‘ 4.8x107 i~
3 0.6 =
2| 7 3}
EH 10 / W% 2w s 2 3 \"ﬂ\j
fm B L i®
1oy a0 [ HHEMAEME {04 o
== ST %
=
Bk

=
o
N

AN

0 10 20 30 40 50 60 70 80
B LA 4k d

(a) REAEAEALECS BT R STk i i

0.20

016}

o
[
N

o
o
o

RMSE=0.05

¥R IRE ZRMSE

o

o

5
T

0.00

200 400 600 800 1000
PIZREEAHNsim

(b) AN R YIZRAEA BN N ) RMSE
B4 EHH—RESTE

Fig.4 Error analysis diagram of example 1

9 56 3E STR-MARS 48 B A 8 75 85 48 i 5 P4
B v i v B e 0 A LHS 36 B 260 26 Y1 iR AR 1 2k
FRBEAEARL 55 B 200 2 AN SRR A, 43 0 R A BR
JG¥E AR B AR R T 3 FS, W X F 45 B 5
Fis o HERIA, 5 A B0 FS B A UT 4572

l. 1 1 1 1 1 1 1
10 11 12 13 14 15 16 17 18
%4 R B (Feg)

Bs5 RERHXILE

Fig.5 Comparison chart of safety factors

e, B HL 260 440 4R YN 4R A T b @40 B
BEAY IF R LSS J5 1 H 545 BB i bE i [ 3 3 0
AR 1,099 X 107, 45 R 5 Li 5 i 52
55 (1.566 X 10") A3, 5 UF T SIR-MARS-SS i1
W RTREBE Sy BT T L AE R . AETH SO AL Y
AT R L 3% 07 B AL T7 260 AN BEAS B n] 4% 15 45 i kG 1
() Pp, 8 H 3% SS 1LY 1 000 M FEAR R £ 41 70% Y
B2 NI T = R S S SR T

4 BT EE/RMN T

4.1 BEWNBNBHEEDH

JEE 45/ Bh Ve b Bl B v 20 m, WA O 457, b A
PEBLE E=100 MPa, A L v=0.3", ZiR 1 c=
30 kPa, W EE#E M1 =17, H & y=18.5 kN/m3"",
il FH U Y 5 = A T8 WA 6 300 3 AR kA7 &) 4y, PR
JER/NEE R 0.5 mx0.5m, 153 12 780 N IE )y
BB IT A 404> = T BT, S Tl 4319 B0 4 151 6 i
TN o TR R SR AR S Sk TR A 3 1] 2 B DG 4 2
L 3 P AR E M A M T T A AR S G T R AE WL SR
2o i A BROTH IR AR, 3 T SRM #EAT A2 M 43
Mro WaEITMABEENO.552, K018
BB RFS 1,05, i B BROF 45 k1T A
BB FS 1. 06, & THE 45 400, U Wt 7 A
A IR
4.2 WHMBHAERANAKAZESIHER
sEA

6 Hr 3 BE ol 457 3 20 m Ay 4 5L B RS
AR 85 K, B0 RCHE DL A i 3 RS B 7 A
BEWME 7R, B D AREEAR, LoASE B
JED IR ARS8 B L Ly Lo 3 ) Sk i HEAE S HEBE 2
JD 8 KOS BE B, Ly L 43 3 R HEBE RS HERE S S
AEHERIEE . PO BE SO R 3. SR SRM TR



XA, A R AR SRR A R b 6 R HE AR AR T S R AT O ik 7

L
40m

L F 45°
ke 20m
\: T i
S e
i

% XX #

20m

IS
=)

H~—p

b
[=)

3 B (m)

y
| 50m 20m ! 30m

7 B ZEE/FELEENERER

Fig.7 Diagram of pile reinforcement for c-¢ slope in

0 20 40 60 80 100
KB B (m)

Be6 HH—hEEBILMRTE

Fig.6 Geometric dimensions diagram of slope model for

example 2

20 R K-L G IT J5 3 X I3 - BEHL 3 2 AT
B il R REHL Y B RS B, ¢ 5 o B0 BT 0 4
U89, T #3178 SR ALAL B o — Y it B ¢ il
B REAS S B B e 5 1 % T AN P 8 s o 3 T334
— P R R U T A IR E o A 4
JE , AR s RMSE [ (i 5 Q3R B I 2R e AR %
AT AFEIE . BT LR SR AE R RUHEBE T [
/B L S Ay AT AR B AR A

®2 HAE-L@&SHEITER

Table 2 Statistical indicators of soil parameters for example 2

example 2

FS, #rml R Ao 5 4. T R4 — 2. W
T AT A A R [0 B R A A 07 B O 5 BUHE BIE U
F1% A B0 0T 20 5 ] 5 JEE A S
FEHEAT WAL B AT o 5 o B8 53 R B HLAH
IR ZBOM I 3 i B A SCHRL9, 391, AR S R &

BRI 1 SN 5 5 R AR 2 A % 3 TG R
Fh® 1 c/kPa 30 0.2 X HIE A [,=40m.[,=4m
WEEE f1 ¢/ (°) 17 0.2 Xt BIE A L, =40m.l, =4 m Pep=05
i y/(kN/m®) 18.5

x3 H{l_mBmEOESHE™
Table 3 Statistical characteristics of anti-slide pile
parameters for example 2%
HPERLE E/MPa MLy A E y/(kN/m’) B A D/m
28 000 0.25 25 1.0

4.2.1 MERMA YT EEGH "

SRy A AT A Xl SOCHE A o T 370 33 2k 5 3R 1Y
), A i HEAE 5 05 HEAE 3R T B AR TR AR 10,
12,14 .16 (18 #1120 m , ALk ] BE 35 € 4 LAY 0. 4 4%,
B HERE AL B L, /L.=0. 35, J5 HEWEGL & K L,/ L=
0. 750 3R e oy BT i, e Fow AE A 5 B 2

c(kPa)g 51.37
10 - 43.61
~ I EREE | 3585
E FS=138
= 28.09
= 2033
220
L=
0
0 20 40 60 80 100
KPR (m)
(a) FER I

% 58 B T AN & AR BT VIR IR . RS H S s A L
T2 PUHMESHONF 3. B REUR 1=0. 22,

TG 30 I T R AT K ) 3 3 0 AT AT
I3 Hr o it SIR-MARS-SS A8 H A 1 350 A 5] B
XiF IOE B 00 35 O SR R IR 9 BT AR o AR BUHE R 5 WL
Hem K B L A5G, 10 m 3 21 20 m i, 2 4%

HEF N 6. 41X 107 U8 /N & 1. 82 107, i 2 [
Ko 333 B X 300 33 o 1 AR S ) L AT
FE 2 A1 Ay il 25 K 0 386 0, 30 ke P 1 i R T 2
UK/ i1k BT Be StN I N 25 I SR i w2 N
W PO F1 3N, Je RO R BE 2 0]

(") g 25.74
. 21.47
40 EEREE TN (S
s e FS5=138 )
7 \ 1291
& 8.63
20
i
0
0 20 40 60 80 100
K HE B (m)

(b) WEEHE A ¢

B8 THSHpEHIFHEATH

Fig.8

Typical random field realizations of ¢ and ¢



8 AR5 xR F RO E L

% XX A

10°
?
E
102 \0
3 \
10* >
o \
o r 9,
Tl
10 9
E
10" F \
>
i
10%

1 1 1 1 1 1
(10, 10>(12, 12)(14, 14)(16, 16>(18, 18)(20, 20)

PR (Lo L) (m)
E9 BrEtE S EHEVEK B ER DR MR8
T
Fig.9 Failure probability of slope with equal lengths of

front-row and back-row piles versus pile length

Ry i — 20 BRI BUHE B AE 7 28 RS AR (R
B X 1 3 % MR R B s R L B E AR T .
20 m B 2 3T i BV E T RS T B RUR B L E K
JE R RS IO AT T8 43 R HE B AR 0 3 5 (R )
Tk X FR 0 B X L RS HERE A R A AR Y 5 ) 22
So HAR B aTHEE K L=20 m, 22 )5 HE
MEMER L, 10,1214 .16, 18 F1 20 m ; [# & i HEAE
BE L,=20 m, BUB R HEAEAE K L, o 10,1214 .16,
18 A1 20 m, KRS ik —3 . & E 5
S5 AN 10 i 7, A HEAEAE 4 9 A2 Ak 2R RAOE A 1Y
SR AR 2T TR HE R B ) e AR X R SR R 1) 5 )
AHXS /N o YRR 10 m 39 0 %) 20 m i, 1 HEAE
SE P A R 7 AN B G, TS HERE X R

FEE(Ly,Ly) (M)
(10, 20)(12, 20>(14, 20>(16, 20)(18, 20)(20, 20)

102 | —o— [ & A HEdE (L,=20m)
r —%— [ 58 JEHE(L,=20m)
10*f o =
N
— r N
o \,
M 10%F s\
= \
& r AN
® 10°® 1 ¢ O\O Y~ _
— %
i A
w0 o\
.
-12 1 1 1 1 1 1
(20, 10)(20, 12)(20, 14)(20, 16)(20, 18)(20, 20)
*EK(leLz) (m)
10 AiHES EHIERK ERER B R RBEHE KN
T

Fig.10 Failure probability of slope with unequal lengths

of front-row and back-row piles versus pile length

PR A Ak 3B . Ah, i 18 10 AT AT, 2
T HERE A HEAE A BE 22 AR [, A R B, P(E
AN o B G Y SE EE E AT 4y Sy 3 T B OAR « A A%
J1AE AL 5 T, BT HEAE AL TN BT AT 2, HiES
5RE S A H B 0 AR b BE 08 AR b -BERE A 1
FH DT X A R P 77 A 52 S HEBE AE T HE A
5 TR AR B 52 ma T A A HE 4 X 28 ey 4% 3 I AR
1R 52 W A XA B 5 Ak 8] 4 4 O T, i HE A 5 HE B
ZRVFEFE A AR ZBON , A7 HE A B2 AR fb B2 0 A
() 4% T #6542, 3 SO HEBE (04 i [ %500 AH X 5 55 5 AF
PRS2 3 RRAE 7 T T HEAE 2K 32 T RS R 5 i ) A 2K
AR Ak A B 8 U B B b AR I RS 5 IS HE
BE 19 52 7 53 A5 A R 43 1850, % K B AR b i B P
BAKH,

4.2.2 AL AT EEWH @

o RS AT A5 X6 SUHEATE 20 33 FT 5 BE Y 52 ) 1A
FHE AR S HEAE A BE 388 18 m, MEAE N 1 m, A HETR]
FEoR LAY 0. 345 (S=0.3XL,)., MifiiitnzgE4 T
LTS o AN 1L AR, Y P01 3 TR Bh
R SO 238 2 YR/ BB K, SR A 7 Sy i HE B £
BHL,/L=0. 1 J5HMEAL &N L./L=0.4, K3
HEZ K 8. 38X 1072,

LolL,
1003 04 05 06 07 08 09 1
10
10

a”

@%{_

2107

=

EY

10—11

10—13

0 01 02 03 04 05 06 07
Lo/Lg

11 HEBE S=0.3L,AF, a3 R MR AL T (L

Fig.11 Failure probability of slope versus pile position at

row spacing S=0.3L,

¥ 50 30 3 AE AN )RR T 0 58 0 N AR 2 R
120078 o S HERE AL T 300 3% T F0 e, o % 1 S B
HH 3 AE 3 TR S5 HEAE 2 (R], 98 M AR o I An R 12
(a) (b)) FF7R o 3K 2 Y T i HEBE AL T 35 I Ak 1 Vs 72
T T R IXC L 0 A D Ak A Y 9 AR TR
IAVE N AR ERAENAE R T o FSAERTHEE AL B
K L,/L=0.1. )5 HEMEAL BN L,/ L=0. 4 B ik 5]
i KA o UGB, B HERE PSR 2 N8 T, 5 HEdE 2y



% XX #

) I, B R AR R e W HE AR YR AL T T R ik

9

W R AR X EBHENEWE 25
HEAE 2 18] 5 /0N S BB DX 3R, 1 A% 1T 5 A R0 Hl kT
Wifi 2 Pe T8 B o7 B AR B T 1) RS By, W AE U Bl Y S Pk
TG X B E Y FS B 2 k0N, 1w = AR 12(c) Br
NS SERAEIR T 2 . B e, S W HEDD I R A
F ik bR E, 28 N AR A B A R B R
FHARAELE M, R A FEHEFS M. X&H
T A A7 376 5 33 R0 ERE B B X B A ) 24 R Y e R
RO, R W LTl R A B0 bsy sE

KA
SRR GEAS [FIAEHEFE T 09 e D0 A 7, 328 BRCAE HE 1]
Fs=1247 I
£

(a) L,/L=0.L,/L.=0.3

F5=1.383

=
=
B

(b) L,,/L.=0.1.L,,/L.=0.4

F5=1.372

C LERNEN |

(¢)L,./L=0.2.L,/L=0.5

- FS=1.215

| HREEN |

(d) L,,/L=0.7.L,,/L~1.0

B12 FRER TR ERBEEERE

Fig.12 Contour maps of equivalent plastic strain of slope

under different pile positions

B S=0. 4L 1 S=0. 5L FF J& 5 #1 , X 7 59 AH X A 3z
Bl I AT T 25 T 3(%4) . MhEHEE
FE S=0. 4L, . W5 HEBE 35 A 8 F Bl 0B I XS 30
3 I B R B AR Kb T AR K, BLAE FTHERE AL B
L./L=0.1)J5HeWEN & R L,/ L=0. 58, K3 A%
FIRF e/ ME 1. 09X 107, an i 13(a) s . 4 AEHE
FE 34 R 2 S=0. 5L, Hil HEAE AL T 3% AV BT, 2% 250 %
0 A, AL 13 () BT 5 B 25 A 57 322 ¥ ] 33 Ty
] A% Bl , R S50 HE e 5 B30 Ui H , 7E W HEBE 07 N
L./L.=0.2 J5HWeA: B K L.,/ L.=0. 7 I [ 2 /)N
{B 7. 55X 107", & W b o) 5 iz p o7 2 45 AR T 2k
FRALRE 5 SR, Wi 25 Wk A7 40k 252 1) 33 T4 % L R O HE R
BRI K

T4 AEHEEMWNHEEMCRR
Table 4 Double-row pile layout schemes with different
row spacings
M3 S 7 A 6 A 57
) BIHEAEL,,/L,0.0.0.1,0.2.0.3.0.4.0.5.0.6.0.7
T4 15=0.3L,
JEHEMEL ,/L,0.3.0.4.0.5.0.6.0.7.0.8.0.9.1.0
AiHEREL,,/L,0.0.0.1.0.2.0.3.0.4.0.5.0.6
T 2S=0.4L,
JaHEREL ,,/L.0.4.0.5.0.6.,0.7.0.8.0.9.1.0
HiHEMEL,,/L,0.0.0.1.,0.2.0.3.0.4.0.5

T 3S=0.5L,
JEHENEL,,/L,0.5.0.6,0.7.0.8.0.9.1.0

T AEHERE

BEHERE S=0. 3L, .S=0. 4L, #1 S=0. 5L, %} ¥ (1)
I R O SR B AR AR 1] 11,13 (a) L 13(b) i/ , il
TS AN, S L, /L=0/,L,./L.H7Ek
X RO A B S . Horh Y S=0. 4L B X
37 B 4% R A ] A T S=0. 3L M1 S=0. 5L, T.% .
HE— 2043 A7 & B, 7E 3FIAEHERE 3% &, S i HEE AL
Tl SR XK A, S5 HEAE ¥ i B b X i
S G RORE 2R Y R I 2 SR /IME o AH LA AL 1 98 P
A% 7 PG 14 B 7, B P 14 R UL, 224 i HEAE B
L./L=0.J5 MmN A L,/L.=0.30F, )8 55
E DI SR AT TIER R AT i/
W, 300 3 B2 M 2 WEARE S . S HEAE AL
L./L=0 J5 HEHEMEANL R L0/ L =0. 4 FRGHEREAE AL
K L./L=0J5HEHEMEA A L, /L=0. 50, ¥ %
75 DX ASE T3 R, 8 A R T 5 R R B AR R TR B i
Sryg R . WK 14(b) (o) T T, bl 2 I HEE 7]
Ty 1 RS B, R A R DR TR L X R
B & A HE B 00 38 K, B =2 (T BTN A2 B AR 2 R
R DX, S SO I AL AR A R W D AR R R R
A BT YIARTE | B8P 1 A8 DI D 1) 35 A P A e
4.3 TRRAHFHEFAEENZNE

SRR AR S B R R RO AT A B Y 5
M, e £ S 4 B RSREE S8 COV 4l &, JF il COV



10 R 53 4

% XX A

10t

101 i i i i i i i

(a) HElE S=0.4L,

L/Lg
0.5 0.6 0.7 0.8 0.9 1

10
wpo

oS

RBMERP,
\

200 fpooeieeenee O\O/ ,,,,,
I' ,,,,,
L e e e
r,,,,4,,,,,,,,,,4,,,,,,,,,,1,,,,,,,,,,€ ,,,,,,,,,,,,,,,,,,,,,,,,,,,
10-13 |
0 0.1 0.2 0.3 0.4 0.5
La/Lg

(b) HEME S=0.5L,

E13 AEHETRAMEREMLETHER
Fig.13 Variation of failure probability with pile position

under different row spacings

51 0 HEAT AT SR BE A A . BT HEREAESL A L, /L,
=0. 3 G HEMEMERL N Lo/ L =0. 7, 85K L,=L,=18
m, HAx B AR FIRER 3R B 25005 S — B

BEE COV M COV, 1Y S, 2k R 3 fli 2
B A S E 15 Fros . XAl RE & COV
(BRI 5T 5 B 2 80y 22 B ARV 1Y F'S
5 25748 O BIAE W/ DT 5 B RO S R
h it — 5 COV F COV, X i 3 An [ 5 S 1 52
Wi, 0 ) 22 1l COV A1 COV, YA 1k, 25 S A R Bl —
TR R WE 16 fian . 2 COV HUE 0. 15
BF L RRAE R A 1,17 X107, 24 COV. 3 K 5] 0. 5 A,
KRR Ny 4.97X10%, HZAM I, COV, #2846 %t
XUHE A 0 [ 300 3 A% 8 M R R B 3 B &
COV R 38 A, e R 5 S 0 i b TS 3, et

(a) L,/L.=0.L,,/L.=0.3

FS=1372 I
1.

(b) L,,/L~=0.L,,/L~0.4

i
Wne T

F5=1.330

[ _BREEN |

(¢) L,/L.=0.L,,/L=0.5
El14 AEHETHRENEENERE

Fig.14 Contour maps of equivalent plastic strain of slope

under different pile row spacings

413X 10N 1. 2107, XFBEHEEH,COV,
8 S T S P X T W AT AR AT R E R X R R

whee T T

- i i i i

E15 mMEMSEHRMEERE COV.fCOV, E2HmMME
HIER
Fig.15 Variation of failure probability of reinforced slope

with equal increases in COV, and COV,



% XX #

XA, A R AR SRR A R b 6 R HE AR AR T S R AT O ik 11

DAL JEE 8 #5520 )Xo B
VIt B 0 STk AT BRY . 76 2 BT AR S 800 R o e
B, PR JBE 488 £ 119 225 1) A8 S M iy i o T A DR TE XS 42 o
4.4 EIEEI B A EENFIG

R G B PR i BT A B Y R 3 O

10"
-9
r [* 10
10} I N
! L
o
10_5 ” */
107 /
g1 '/*
9
g 107} s
AR A
R /
10-9 r * K
/
F g —*— COV,=0.2; COV,=COV
100 | -@-: COV,=0.2: COV,=COV
r
10

0.15 0.2 025 03 035 04 045 05
cov

E16 MMEDEKHKRUEERECOV.MCOV, ELHIFR
Fig.16 Variation of failure probability of reinforced slope
with COV,_ and COV,

10°

f—*— L,/L=03,L,/L.=0.6

{—o— L,/L=0.3,L,,/L=0.7

f—A— L,/L=03,L,/L.=0.8

E—o— LxllLS=0.2,Lx2/LS=O.5/é° N
& *

—

10°

SRAIERP

10-15

e e B Rt et B Bt B et B Bt

10-20

(4, 20> (4, 30> (4, 40) (4, 50) (4, 60)
A, 1) (m

(a) KPP sl il 4, ) A2 1k

IF] 4 7K S 313 B 4,(20.30,40 .50 .60 m) 5 5 B 3%
B L (2.3.4.5.6 m), T R 4 i 3% Ok R
o MK L=L,=18 m, §i HEAE A7 & L../L A5 HE
e & L./Loor 5l i #4 : L,,/L=0.3.L,.,/L~=
0.6;L,,/L.=0.3.L,,/L.=0.7;L,,/L.=0.3.L,/L,
=0.8;L,,/L.=0.2.L,/L~=0.5, F#& T F ik
)R ZE AN & 17 s o I 17 (a) AT Bl 4,
R 1E R L R OE SR e 1 KR B i ks TR . |17
(b)) W] 58 7R, 2,36 R B 2R B ME SR R B2 Pl B, ok 2
A S SA B . i R e R Y T R R T D Bl
Bl (1) 728 Ak 25 B ol 28 W TR i B B% AR R R ) A A
5 EEREAR A, HL LG K V- 2 4 [l 0% 728 A0 T 45 5 AR
oA 3Z AR, PR I X6 300 35 2 A% 5 e T Ry
() b, 2 38 3 T % 728 A 2% B8 AR 32 ) 4% 3k %
7, S ECES 5 w3 By 0 o A 5 B X BR
P DT 3 2500 3 2k A 48 B8 45 by 2 T B 2 3
IR TR N R U 312 B S N g E1 /) 8
T BT A A8 A AN £ 50AR WA B e P AT L X — R
AR T PR —2.

10°

[—x— L,/L.=0.3,L,/L.=0.6
l—o— Ly/L=0.3 Ly/L=0.7
f—A— L,/L.=0.3L,/L=08

~—o—L,/L=0.2,L,/L=0.5 -
1 x1/ s x2/ bs %;

=
/

*€ b

N\

e B e By B B B By B B B B, R M R

K A
b 4
w0 ¢
*
10-20 ? I I " "
(2, 40) (3, 40) (4, 40) (5, 40) (6, 40)

A, 1) (m)
(b) I B Sl 2,1 22 4k

B 17 0 K B R R R B B B R LR

Fig.17 Variation of failure probability of reinforced slope with fluctuation range

5 #i¢

Fil 58 WUHE B 9 A X AE 347 52 2 35 1 o [0 4k i e
FEWFE AR T X b BT 30 3 2 Rt 3 5 SR A =K
A SZ M, 4 T — A T T o0 A RUHE ST 3 A 1 1 e
B 7, I 30 3 A v PG o7 X bR B 50 E T
e AT RE FE A3 BT AE S8 Y MERA Pk o T RE AR /R ME 1 Bk
BERY, E— 20 e T OSUHE ST 3 B A3 A 7 B 1 A P O
LI R T S8R . FESSRWT .

1) SIR-MARS #5784 0] 7 iff 447 g 00 HE A o [ 322

e A AT 3y 58 BE B RS FS 2 M) 10 56 & L f#1] SIR %
Y Jm A% PHAS Y b A Ok B BB A5 BE G0 B A 4E JE OME
B4, SIR-MARS-SS ik i H i SSH £ 4
70% WYBFE] TSGR T W A ERAMET
YT RERE TR T — SR N B .

2)) ol FH SCHIE AR i [ s 39 A, i B A K B8 £ 386 i
FE 4 T1 30 W m] 58 B Oy O S HEAE s 78 RO PR R
AR AT EE T, 30 HEAE K B A B R AR 3 B 2k
ROME AR o 2 SCHEGL W A £ 394 B0 1o 39 191 % 2 i, 2k 4k
MR 2N RS, R mE RN



12 T ARE Fx ¥ TREFIROP E L)

% XX A

B HEAE 15 8 T 3 BB T, 5 HERE A & T P

3) BUHEAE i [ 340 3 1) Ok B R P COV, il
COV, 3 finimi 34 K, H.COV X} P 520t 58 T
COV,, T B 30 36 X P 52 i 3% & T K SF 5
1], EL % B3 PRl A0 28 P AS e 28 OUHE AR (4 F5e I A7 <

T IE T R AR S s W) AR S M
HEBU 18 BE 0 [ 320 3 w7 &8 BE S A, A8 AR 4 B R 45/ %
0 o & VAN i N o St 3B 4 RS P S T
5 UEGA M s AEX T2 AN A A8 (i 7R ) BB 8 K]
B (IR 2 R ) LA M 2 HEBE -4 20 5 55 5 2% S
S5AE 207 1 0 AE I PEAT T Bk

S % ik

(1] B&K g it R B X% i %04 [EB/OL]L [2026-02-08].
https://www stats.gov.cn/.

of China. National

Statistical Data [EB/OL]. [2026-02-08]. https://www.

National Bureau of Statistics

stats.gov.cn/. (in Chinese)

—
Do
[a—

L1 T, Chen G. Analysis of factors influencing anti-slip

pile support in tunnel landslide systems for tunnels with

different burial depths [J]. Transportation Geotechnics,

2023, 42: 101079.

[ 3] Shangguan Y L, Xue D S, Wang G, et al. A study on
soil arching effect of anti-slide pile considering different
pile arrangements [J]. Frontiers in Earth Science, 2023,
11: 1195552.

(4] WILER, ILSC, ff B35, 45 . 5 B4 1) e P 25 ) 78

T 30 3R] S B T [T] bR 5 BRI TR A R O 3

), 2024, 46(4): 60-74.

Ming S C, Zhang W G, He Y W, et al. Analysis on

slope reliability considering anisotropic spatial variability

of soil parameters [J]. Journal of Civil and Environmental

Engineering, 2024, 46(4): 60-74. (in Chinese)

FERAT, R, TR, 5L T K-LRITEH R L

TR 2 s )48 S W 1) A SO0 T 5 32 43 A [T ). 7K A

=4, 2024, 55(12): 1417-1427.

Wang Y K, Shao L L, Wan Y K, et al. Reliability

analysis of earth rock dam slope considering spatial

—
wl
[a—

variability of soil parameters based on K-L expansion
method [J]. Journal of Hydraulic Engineering, 2024, 55
(12): 1417-1427. (in Chinese)

Chen K J, Jiang Q H. Stability and reliability analysis of

—
[op}
[

rock slope based on parameter conditioned random field
[J]. Bulletin of Engineering Geology and the Environ-
ment, 2024, 83(8): 306.

XS, 482, WREL, & KNI T H R 2 S8 A
A% S 0 A AR AN PR R A AR AT RE B AT (I). A T
Fagdl . 2025, 47(7): 1410-1421.
Deng Z P, Zou Y, Pan M,

—
-3
[

et al. Time-varying

[8

[i—

(9]

[10]

[11]

[12]

[13]

[14]

(16]

[17]

reliability analysis of unsaturated reservoir bank slopes
under water level drop considering multi-parameter
spatial variability [J]. Chinese Journal of Geotechnical
Engineering, 2025, 47(7): 1410-1421. (in Chinese)

UFE, Ak, BRGW . JCE BRI A S b A
KT HEATE AR A 336 X LG [T, 7K S BT T AR 3h BT, 2025,
52(3): 91-101.

Tang K, Zheng D, Cheng R S. Comparison of horizon-
tal push-pile model tests between non-beam double-row
anti-slide piles and single-row anti-slide piles [J]. Hydro-
geology and Engineering Geology, 2025, 52(3): 91-101.
(in Chinese)

JiJ, Yuan X Y, Liao W W, et al. Importance sampling-
enhanced reliability analysis of double-row piled earth
slopes accounting for soil spatial variability [J]. Interna-
tional Journal for Numerical and Analytical Methods in
Geomechanics, 2025, 49(11): 2604-2619.

Jose D, Kolathayar S, Nayak S. 3D finite element analy-
sis of anti-slide pile performance for slope stabilization
[J]. Geotechnical and Geological Engineering, 2025, 43
(2): 74.

Liu C Q, Bao H, Lan H X, et al. Failure evaluation and
control factor analysis of slope block instability along
traffic corridor in Southeastern Tibet [J]. Journal of
Mountain Science, 2024, 21(6): 1830-1848.

Let HY, Liu X, Song Y J, et al. Stability analysis of
slope reinforced by double-row stabilizing piles with
different locations [J]. Natural Hazards, 2021, 106(1):
19-42.

Chekroun I E H, Boumechra N. Static and seismic
stability of a slope reinforced with two rows of piles [J].
Engineering, Technology &. Applied Science Research,
2023, 13(1): 9955-9960.

Bao H, Song Z T, Lan H X, et al. Analysis of the
mechanical effects and influencing factors of cut-fill
interface within loess subgrade [J]. Engineering Failure
Analysis, 2024, 163: 108488.

Song Z T, Bao H, Lan H X, et al. Mechanical response
characteristics on loess interface during micro cone
penetration in borehole [J]. Measurement, 2026, 258:
119087.

Jo 2%, ILSCR, BRa®, % . & T Chebyshev-Galerkin-KL
JRETT 14 2 B3 3 8 E T A M (0], Ak AR AR
2023, 45(12): 2472-2480.

Gu X, Zhang W G, Ou Q, et al. Reliability analysis of
soil slope stability based on Chebyshev-Galerkin-KL ex-
pansion [J]. Chinese Journal of Geotechnical Engineer-
ing, 2023, 45(12): 2472-2480. (in Chinese)

XA, REA, K5, 5. BB HEH % b s
[F) 725 S5 1 ) 30 3 R 78 TR A 3 43 AT (7). b BR R 27, 2023,
48(5): 1836-1852.



% XX #

XA, A R AR SRR A R b 6 R HE AR AR T S R AT O ik 13

—
—
o)

[t

[22]

[23]

Liu L L, Liang C Q, Xu M, et al. Probabilistic analysis
of large slope deformation considering soil spatial
variability with rotated anisotropy [J]. Earth Science,
2023, 48(5): 1836-1852. (in Chinese)

Hoke, e, wkith, 55 B8 AR 2 R as () ek
My O Ra IR E AR [T]. AR 1%, 2018, 35(1):
136-147.

Jiang S H, Yang J H, Yao C, et al. Quantitative risk
assessment of slope failure considering spatial variability
of soil properties [J]. Engineering Mechanics, 2018, 35
(1): 136-147. (in Chinese)

Chen F Y, Zhang R H, Wang Y, et al. Probabilistic sta-
bility analyses of slope reinforced with piles in spatially
variable soils [J]. International Journal of Approximate
Reasoning, 2020, 122: 66-79.

Jiang S H, Huang J S. Efficient slope reliability analysis
at low-probability levels in spatially variable soils [J].
Computers and Geotechnics, 2016, 75: 18-27.

MG, B, KA, L LIRS EERTF R BEPLI R
B =230 e v AT S B oy A (0], 5 £ 557, 2025, 46
(10): 3243-3252.

Deng Z P, Zhong M, Jiang S H, et al. Efficient
reliability analysis of three-dimensional slopes with
nonstationary random field modeling of soil parameters
[J]. Rock and Soil Mechanics, 2025, 46(10): 3243-3252.
(in Chinese)

Zhang W G, Goh A T C. Multivariate adaptive regres-
sion splines for analysis of geotechnical engineering sys-
tems [J]. Computers and Geotechnics, 2013, 48: 82-95.
Deng Z P, Pan M, NiuJ T, et al. Slope reliability analy-
sis in spatially variable soils using sliced inverse regres-
sion-based multivariate adaptive regression spline [J].
Bulletin of Engineering Geology and the Environment,
2021, 80(9): 7213-7226.

Li K C. Sliced inverse regression for dimension reduction
[J]. Journal of the American Statistical Association,
1991, 86(414): 316-327.

LiD Q, Zheng D, Cao Z J, et al. Two-stage dimension
reduction method for meta-model based slope reliability
analysis in spatially variable soils [J]. Structural Safety,
2019, 81:101872.

LiD Q, Chen Y F, Lu W B, et al. Stochastic response
surface method for reliability analysis of rock slopes
involving correlated non-normal variables [J]. Computers
and Geotechnics, 2011, 38(1): 58-68.

Phoon K K, Huang S P, Quek S T. Implementation of
Karhunen-Loeve expansion for simulation using a
wavelet-Galerkin scheme [J]. Probabilistic Engineering
Mechanics, 2002, 17(3): 293-303.

LiD Q, Jiang S H, Cao Z J, et al. A multiple response-

surface method for slope reliability analysis considering

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

spatial variability of soil properties [J]. Engineering
Geology, 2015, 187: 60-72.

Laloy E, Rogiers B, VrugtJ A, et al. Efficient posterior
exploration of a high-dimensional groundwater model
from two-stage Markov chain Monte Carlo simulation
and polynomial chaos expansion [J]. Water Resources
Research, 2013, 49(5): 2664-2682.

LTI, BEF), BRUKEK . BT 200 H 3& 1 [ AR 55 109 5
i e B TN RN =28 [ U= E AT SR O
2019, 47(4): 359-365.

Zhang W G, Hong L, Li Y Q. Analysis of multi-
dimensional geotechnical engineering problems based on
multivariate adaptive regression splines [J]. Journal of
Hohai University (Natural Sciences), 2019, 47(4): 359-
365. (in Chinese)

Liu L L, Cheng Y M. Efficient system reliability analy-
sis of soil slopes using multivariate adaptive regression
splines-based Monte Carlo simulation [J]. Computers
and Geotechnics, 2016, 79: 41-54.

Au S K, Beck J L.
probabilities in high dimensions by subset simulation [J].
2001, 16(4):

Estimation of small failure
Probabilistic
263-277.

LiJZ, Zhang S H, Liu L L, et al. Probabilistic analysis

Engineering Mechanics,

of pile-reinforced slopes in spatially variable soils with
rotated anisotropy [J]. Computers and Geotechnics,
2022, 146: 104744.

Griffiths D V, Lane P A. Slope stability analysis by
finite elements [J]. Géotechnique, 1999, 49(3): 387-403.
Wang L P, Wang T, Hu Y N, et al. Reliability analysis
of pile stabilized earth slopes using weighted uniform
simulation method [J].
2023, 162: 105623.
Duncan J] M, Wright S G, et al. Soil strength and slope
stability [M]. Hoboken, New Jersey: Wiley, 2014.
TR T ) 4 22 4 . TR T (M. 5.t
AU RS T R AR, 2018,

Editorial Board of Engineering Geology Handbook.
[M]. 5th Edition.
Beijing: China Architecture and Building Press, 2018.
(in Chinese)

Sun Z B, Huang G X, Hu Y N, et al. Reliability

Computers and Geotechnics,

Engineering Geology Handbook

analysis of pile-reinforced slopes in width-limited failure
mode considering three-dimensional spatial variation of
soil strength [J]. Computers and Geotechnics, 2023,
161: 105528.

Cherubini C. Reliability evaluation of shallow foundation
bearing capacity on ¢’ ¢ soils [J]. Canadian Geotechnical
Journal, 2000, 37(1): 264-269.

Liu Y B, Liu B. Monitoring data-driven updating post-

assessment of the effectiveness of anti-slide piles for



14 T K5 ®E £ FROP E X % XX %

colluvial slope stabilization [J]. Bulletin of Engineering Geotechnical and Geoenvironmental Engineering, 2015,
Geology and the Environment, 2025, 84(5): 246. 141(2): 04014096.

[41] Jiang S H, Li D Q, Cao Z J, et al. Efficient system
reliability analysis of slope stability in spatially variable (%H#  XXX)

soils using Monte Carlo simulation [J]. Journal of



