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Abstract: In practical engineering, due to the slope stratification or the spatial variability of soil properties, the slope will often
fail along multiple potential sliding surfaces. Considering that using a single critical deterministic sliding surface or a critical
probability sliding surface to analyze slope reliability will greatly underestimate the probability of failure, this study uses the
weighted uniform simulation (WUS) method to analyze the system reliability of slopes. Four multi-layer slope cases are used to
prove that the WUS has good applicability for system reliability analysis of slopes. High accuracy is obtained for multi-layer
slope problems under high-dimensional and implicit limit state equations by this method, while the sample size is greatly
reduced from 10* samples required by the direct Monte Carlo simulation to only about 500 samples under the same accuracy
requirements. By modifying the original WUS algorithm, when the sample size is sufficient, the modified WUS can efficiently
obtain the system failure probability and effectively abandon redundant failure modes to obtain accurate most probable failure
points corresponding to multiple failure modes. Furthermore, the representative sliding surfaces of the multi-layer slope can be
effectively and automatically identified, which provides important reference value for the later maintenance and failure
prevention of slopes.

Key words: slope stability; multiple failure surfaces; weight uniform simulation; system reliability; Monte Carlo simulation

0 3 3 EES U E P T LT S N SUE
TR SRR E A TR RS — o

SREEFITT AR AV T AR gl e R0 MRRRSREILA (e, s,

Gt e e AT v, e o] 52 B b VAR BT B WESER: 2021 - 01 - 07

SEEMEE (E-mail: yfgao66@]163.com)




W, SF ST WUS BER S B RGEIA I IR E R TS i 1493

8
I RN R 5, BEWE T8 BLST P il 3 22 4 Pk
7K,

e L TR TSR A, O L ] S
WA — Bl S BV (the first-order reliability
method, FORM). @M AT FEREVE. N HTE. F4EFR
WEAEHL (Monte Carlo simulation, MCS) %8, Lowl?hiz
Fi FORM X} Zr HELUR— Ab o B A3 4 i 1 T Stk s 3%
ILEEPIZH MCS 443 3 B L0~ — kb AR
IR MRS s 01 SRR IR 46 75 [R) Hh 3 24 T HL-RF i
5% FORM (11 2 B2, #2710 e AR BRARAS
77 RT3 ] S B A 1) T A A A A

FESCPhR AR R, T35 B E RS0
AEMESE RN, AR AT AT 2 2 AN R AR
AEIRES), BIAEAE 2 AR, S SR A B — I 57
TiF P T S A S T X 220 3 m 5 FE AT o i A
SRR HRAL R MEZ . N T BRIRX R 22 W,
WA R FEE R CE B, Low PR —FmT
SEREVESE A Ditlevsen [ 1 NRIEX 2 B LT R
Gl SERE AT 3 SRR T R R, IR EUARER
A T A S N e ST 7 A2, FESR A FORM 45
4 Ditlevsen b NRVEHAT RS0 5EE 3415 Chol'”)
KHZ s — M Al FEE % (multi-point FORM) 115
W RS EEE . FORM T B — R AU A 113 mp
SEFE ST HTRE BE A% HLCR s, (RS TN 22 R s =Y
v I 7 AE R E 2 A e v] R R AL MPPst

(most probably failure points), {5 FAH*S A X, HXT
T EA S EARZME R PRIRAS R 2 &, FORM Kfif
Al HE R RS A S

T J7 T, W AR B 400 AR R A B A A
/T FORM HTHHE 245 35 2 it —BE(SORM)AH 4
M RG R ITT ENGE . 8 B BE 73T
SBT3 5 4 W] S PR 0 AT U0k AR A I T
W7 2R A S 7T R BB T 2
HIEMN, THERGRIMER, IR AR
T TH -

1 REFFREEREUAE WUS J&
1.1 REREEIL (MCS)

SRR (MCS) J&—Fh3E T K% A i
B, FOR AT A 30T R RO AR ST TE A A
AR IR, SRR, TR, AR E
R R B 1) AT S E FR AR o

WL MCS A 75 B R B IR AT A M i
B, UIHARTETHXT MR IR A R, TH R ERCR .
TR I i ) R O R — R 10°6~1073, B
K FH I MCS BEAT 70 B A4 75 22 10%(10/Pg) BA L 11)

FERBEA REGIETT FRE . M MR S TR TN
W PBR P A W FR BN B 2, B 1l B s X
WRRE TR, WEEENTEAERE, FEMTA
BRICAAI T AT, 10% (OREA B &5 K B KI5
=0, sk, B HFERH T & MCS Bl
J7i%: Ching 516Nz A 8 B4 #7775 (Importance
sampling, 1S) 7 K & 7 T8 Bl [ 36X i1 3 n 42
FEAT T BBl s SRARE SR BT 87 bt
(Latin hypercube sampling, LHS) 77548 % MCS HIBE
BUHARE, 25 RE3 2 578 S M AN DG 1 AT 133 mT
FERE S HT: Echard SEUSIHE HY 3 Bl % 5] AT ¢ B 0%
AK-MCS, ¥ BE&MAE MCS 454, el 1] 4
JEE T SE0RS B I 2% Bichon 25U MR W T 4 24 R Al
SEFENNTITIE, A et g T R e
ARERBERL, o RO R ARG 1A 1) P S B 25

Xof 2 R R A 1 AT REFE B, MCS B
RAFHE A YE . Fauriat 25RO T AK-MCS R H % &
RGATEEE RS AK-SYS, #E— B4 7255
R 1) P3G P o /K RS IR F B AL 7 TV
44 Hermite 22 T MCS 5 2018 5132 3 A 2 v g
AT A TR . sk KR EPI5| N T BT 8%
IR A (ARBF) AR ERASEAY (1 /55 3o M 7 v 45
A MCS THE A R GRS . XT MCS & £ 2%
RO QR AT SR B ) A, IS R A T O
it —B9/N MCS tHE &, JUH SN AR
DL S B 2 A BRSP4 23 BT IS s @ el A5 28 1 e i
Wi Z A KA, AR A B0 R 5
SRR SR A BEESHE L
1.2 WUS R ZENELRE

Rashki %5 H 7 WUS (weighted uniform
simulation) MEZZEEALE L, & —FEud i MCS
AEEFETSE VR, AERMT MCS I35 0 AR
B BENLAR B R AT BGEAT IR, FEAR RUATRATR
TRATH A s ) At PUdhEr MPP R, TR
HAE RS BRSSO, KRR m 5
G <o = R S 1 = o NI 5 R B 21N ¥
A EASE] MPP AT BB, 8T X jn) A7
BE— BB AT, XL MCS B JGiE 58 U .
MR FH 7T, Ghohani Arab 2524152 B 1% 2 346 184 HY
EIX [ RZEFTFIFEAS G R MPP A4 %R
D5 WUS VR T T oulE, BBt E TR
*,

BT B E AL FE I, WUS 3220 Hrb e 7 20
BRI S AR, SRR P S

P I[ (x)f(x)

WU(X)dX ’ (1)



1494 =

+ T B % ik

2021 4E

X, U RIS LR A, FE AR AEH
DX AR, MR B o 1 B DB X R B I(x)
NAEAR B, Y x FE R RORET () 1, TEZ AT 1(x)
N 0:
1
U(x) = Z (xe D)
0 (xeD)

A, L B S HUE X A

T B A T B0 E B @it FORM 3k
UL R i KR T i 5, JF AL B S 4t
v N A7 R AERS], WUS vkiz F 545 R s i o AR,
W EEER AR B ZAEEE R YR g, B
k5 R

2

Lo > I(x)f(x,)
H=L%L2anmw=u—7f——, 3)
B I
Forbt, I MOABEHUAS BB X K R e, N
AREASE, XHN

L, <~
IAWMH{L%LZMﬂ&qﬂ’ (4)

BAMHE B A
L X)) 3G (x)
CHE S e XL )
Aol f(x) A MR R R, 2 R R
HP ST,

f(xi) :f(xli:xzia'“:x/v/i):fl(xn)'fz(xzi)'“f/v/(xm) °
(6)

g

, (5)

1.3 WUS ZENEZEILE
(1) 1IZH MCS BIJREE, F=A KRR = 7
AT R, PR R 7= A2 KB RE AU X ]
(2) FEREARBUEIX A A, $EHREBEHLIY 5] 70 A 8
A I BV A M ABERLAS &1 N AN BELREAS 25
(3) 5& BN SI 3 A FEAR IR R W N

BEAFEAR ST 2 AT A BENLAS B (1 X2, -5 xan) FORER
T BRI fi) A«

VVi :fl(xli)'fz(xzi)'“fM(xMi) ’ (7
A, =1, 2, -, N, j=1, 2, -, M,

(4) R Pe MSE ORISR A 51
B A FE 2 AN 5 23N T FEA sl R R T2

AT EEAR -
" w
P = zi:l !

D4
1E WUS i, B n] Bedeb s MPP I AH N 4% 52
SUNSRRGIX AR, BE KT Wil i KA S AL,

®)

1.4 RRMEBEIRA

FR /NS RTIRR L T 1 a1 B T ) T A L A
T3k, ReMAT RO RE 13 b5 A 6 T ) 18 7 ) 23 A7
fiEe ABIRE H 22 MRS oL, #f
B, AT EENE S A AR AR LA B AT e R AU
MPP AT et HTIRRIE I8 H I 587572 2 W 56 17
AR T, I LA gLl R FH v 7 [T 55 7
FOATEERE, MY MCS AT AE A AT HEE, FITRAIR
AR I T BE 2 028 T 45 ] S b iR AR R4,
46 WUS ¥ R RS54 MPP, B RU R — 2k
WK, ToiE il i 2 i R o i)

AW TR R4 WUS VRS2 it— 0 W
LA, K P AT R BOREAS p i R [ 1 W KN
FEAEA o AT EALE R T Wi B R HIREAR NS —
A MPP 24, ARIBERCER T Wi L, HERIH
HEVNIFEAR FUR AR TR RN, it — kb it
HUHL, BOERT UM ER T W BlfE e,
BRI R i 2 ANEBIM LR, RIAS R A R
BEALAZ AW AN R, HAE R Wi 3G A SR X
Ao WAEER R ENER T W BB ¢, N BE
BT 1007 w2 B, 0T JUH 2 AT AR B AN S 2 51
B RBEAIBOREL], AT AR by /> AH B EEBLIR
Ho TR LA K W AR BRI R BREA 1, R
#i Li PRI IS, ttRELE
EAMRER MPP A SCHE REL R RE AR
RERE p, N 0.2, 1ERE E—A MPP miAHKIF
PR, BRI RBORT 0.2 I, IZREAS S
IATUAR R, %55 B 3 xS RS 245
HERINZ A MPP A, BN 2 AMRE M T
1.5 HERRE

AR VB B b A BT BT 9 S5 3h 7 i EU AR Bt
Y15 S5 s I R HAESE L F,, (B2 REF, K
AR Z A5 00N R R AR BRARS TTRE IR A, B T
U, AP EUE AT BO A A, R A R T iR B AT U
A BRTCIE . AIRZMESE. FERA F, B ARERIEAW
TEOLT,  JLIBREE 73 B AR SRR BR B8 5 SN

gx)=F -1 o )

IR WUS BERIEM, fEFEA R EWS T
AL, MBI WUS RE & R As 2] R 4028 80 251 H.
A R 7 TCAR R B T 45 BB HER 1) 22 R0
AP R Z A4S MPP mi. 5T Excel VBA P&, &
SCHF T A EE R AT R e A i, BT
jupyter notebook V- &, #4T WUS [f] python X445
python 5 excel R U4f 15 1 AR I = AUk Bh#2 it
TAER], BARRREME 1R, REDRM R

(1) Jupyter notebook V- A= it A& Z HFE 1AL



8 W,

S5, T WUS WU EERUER AR IR E R GE AT SEE AT 1495

TR U X 8] N 38 50 00 AT IR AR R, ORAT i xIsx A% 2,
HEN Excel VBA %5 L H AT, 1Bk
VBA AR5 i 4 R Fy B THE H R AT B
Foxlsx ¥

(2) WUS FRFIRARFEARR T Foxlsx, )
IS FE A A5 ) BEATLAR 5 PR AE 236 5 R 5T AN L R 7
Wi B HARBRARS B g(0=F—1, BEmitEia RS

(3) &5 T R SRARAS PR B g(x)=F—1<0 IR RL
FEA s, TR RAUE N T w5t SR P HES 1, e A EE A
T Wi B R IREAR BUNESE— A MPP 55 xp=1(x 1,2, )
T S HI B P HER TR AR IR W KNSR T
SERME &, » FF O 2 A R P BUR AR s S
Z TR B MPP 15 x,(x1,x2,++, xar) FRIAHSCME 250
Prq (p=1,2,+,q)s WIRFTHHIKNEREL ppg #/NT
EBIE p,, AR UATHEASSSZAIREMWITE
MPP s #SAMG, dFZFEA S, EEITEEZERT
HeF AL B F W N T3 RME ¢, -

(4) SERRASFEIREA R ) WUS 143 2 48 7] 58 FE i
R, HERARIE.

FriR
Jupyter potebook
Pythonf:
Excel VBA / Ezy ey
/ kA
:—77——77——77——77——77—‘—77_——77—' Jupyter notebook
[ o | fmones]
I e LS R s :
i BRVBAZARS [RE YL :
oo ——_______ 1 | HEEREARSM
ISR Tk A prsh ke e BEETW RHMR
RA BB g (v)=-1

i }

R R RERHEERTW, F%J?ﬁliﬁﬂ
EbS 4

15@]%—4\MMPXP(X1 X2, 5 Xpg)

Tl‘ﬁanXTfLﬂ‘J#ZFﬁ 5z
HjE]"ﬁMPP)}EX (Xl X, )(M)E
HIXHRED,

[MPP & IN— 4335, p=p+ 1 |—

e
E 1 f&1E WUS ES MRS REMNITERZEE
Fig. 1 Flow chart for system reliability analysis of slopes by

modified WUS

2 Eflath
2.1 BAEAHKIEMFTIARK

B 1 il 2 fow, i@ AEE WUS ETHERE
AHEK AR LI A KRG TSR, WIERR I
TR 22 R A A O 3 & I Ji 280 Low

409 Ching 4501, J4/KHAR, by 5 A0 )%

AT T R GEATFESE T o

| 32 |

24

1,=19 kN/m® =

R‘ﬂ‘$ﬁ7:ﬁ
2 MEF DR FRMEE
Fig. 2 Representative sliding surfaces of two-layer clay slope
PR 2 575 FE R AR BT R B A B AL AR
&, AWMSHnE 1 . 57T Excel VBA T&, &
o T 5532 F 157 0 58 1 38 k0] 451 2l EAT REAS BN
100~500 (3R & LB 30T o i e AR 3 i i
T python “F- 5 [1] jupyter notebook F2JF LR, [F]F 2
TEEF, KtELRE 8RS A TFT &
1E WUS "JEERE T, 1SEIANRIRE AR T W] 5E L fE AR
B VAR B v RE AR MPP 25 SRR 2 i
R1 ETHEMERESE (EH D
Table 1 Uncertain strength properties of soil (Case 1)

BEANLAS A Y)ffi/kPa AR R
FHt1c SFHOER AT 120 0.3
Ft2cu SFEUER A5 160 0.3

% 2 MPP SPEREABETLIER (BH 1D
Table 2 Change of MPPs with sample size (Case 1)
FEA ATSEEARER

MPP (cui/cu2)

B B

100 2.25 (47.24,251.34)  (76.39, 71.19)
200 2.69 (44.58,160.79)  (102.70, 49.77)
300 2.59 (50.34, 125.51)  (72.45, 52.79)
400 2.66 (48.96,119.39)  (77.43, 57.43)
500 2.68 (47.95,177.87)  (75.67,61.73)
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Table 3 Comparison of different system reliability analysis results of slopes (Case 1)
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Fig. 3 Change of reliability index £ with sample size (Case 1)
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Fig. 5 Representative sliding surfaces of Congress Street Cut
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Table 4 Uncertain strength properties of soil (Case 2)
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Fig. 6 Change of probability of failure Pr with sample size (Case
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Fig. 7 Representative sliding surfaces of embankment resting on

soft clay foundation
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Table 5 Change of MPPs with sample size (Case 2)

FEARS TSR AR B MPP (cui/cuz/cu3)
100 0.32 (43.33, 36.05, 48.72) (110.10, 47.72, 24.05) (38.60, 44.87, 39.79)
200 0.37 (63.01, 34.28, 37.86) (40.18, 41.04, 39.92) (34.67, 36.44, 53.61)
300 0.35 (58.15, 31.30, 44.63) (46.62, 52.08, 36.64) (29.65, 35.54,70.51)
400 0.38 (49.28, 36.93, 41.30) (34.53, 46.96, 35.31) (39.55, 37.42, 71.50)
500 0.34 (42.38, 36.90, 49.77) (39.05, 44.96, 34.13) (14.86,49.61, 48.61)
xR 6 NEFEDFNAG AT RELRIER (HH2)
Table 6 Comparison of different system reliability analysis results of slopes (Case 2)
HTTE KRB Pr MPP (cur/cur/cu3) HEAKE KVE
(42.38, 36.90, 49.77)
WwUS Up =34%,0, =2% (39.05, 44.96, 34.13) AL
(14.86,49.61, 48.61)
Slide V6.0 MCS +36.76% — Ji &
A3 JE T N TV {31.22%, 41.84%} — Ji ZE(8]
Ditlevsen I T BRi% {27.4%, 44.7%) — Chowdhury 27
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Table 7 Uncertain strength properties of soil (Case 3)
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Fig. 8 Change of probability of failure Pr with sample size (Case
3)
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Table 8 Change of MPPs with sample size (Case 3)

T
T

I T BER AT MPP (¢ s/ s/ C 212)

100 0.24 (8.58,11.88,31.60), (11.42,16.04, 10.80)
200 0.52 (10.86,10.45,29.99),  (11.57,15.35,9.98)
300 0.46 (9.68,8.07,36.63)  (10.10, 15.90,13.09)
400 0.37 (9.68,8.19,44.93)  (10.68,15.03, 10.97)
500 0.35 (9.29, 8.53,41.68)  (10.04,18.34, 13.65)
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Table 9 Comparison of different system reliability analysis results of slopes (Case 3)
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Table 11 Change of MPPs with sample size (Case 4)

FEASE A AE TR B AT BESE RS MPP (c1 /1 / 2 lp2)
100 2.14 (14.27, 3.49, 12.33, 4.84) (8.56, 5.74, 10.68, 14.30) (8.65, 10.73, 8.77, 9.04)
200 2.12 (21.40, 5.47, 12.84,2.27) (4.34,4.32, 14.77, 7.80) (5.39, 10.53, 5.12, 4.37)
300 2.16 (20.50, 4.60, 11.40, 4.62) (6.58, 5.26,23.17, 5.83) (6.14, 6.02, 4.33,7.55)
400 2.12 (21.56, 7.20, 11.27, 4.95) (5.22,4.58, 18.31, 4.46) (12.23, 5.54, 6.04, 13.98)
500 2.17 (17.73, 4.93, 10.58, 7.91) (6.54,2.21, 28.87, 5.85) (9.38, 6.92,9.56, 12.29)
* 12 RNEGEFOIEN ARG AIEELSERILER (BEfl 4
Table 12 Comparison of different system reliability analysis results of slopes (Case 4)
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