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Reliability analysis of soil slope based on upper bound method of limit analysis
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Abstract: The upper bound numerical method for reliability analysis of soil slopes is proposed, by combining the theory of upper
bound limit analysis, finite element discretization, stochastic programming theory and Monte Carlo method. Firstly, three-node finite
element is used to discrete the soil slope, and then shear strength parameters of soil are set as random variable. According to the
upper bound theorem, kinematically admissible velocity fields are established to satisfy the plastic flow constraint conditions of
triangular finite elements, the plastic flow constraint conditions of velocity discontinuities and the velocity boundary conditions. The
objective function is established based on the internal and the energy-work balance equation. Then the upper bound limit method
stochastic programming model of soil slope reliability analysis are established. The Monte Carlo method is used to solve the upper
bound stochastic programming model. At the same time, an estimation method for coefficient of slope failure risk based on velocity
field of upper bound method is proposed, it is especially suitable for slope risk analysis with multiple failure modes. Finally, two
examples of soil slope are selected, and the results prove the correctness of the method.

Keywords: soil slope; reliability; risk analysis; upper bound method; finite element discretization; linear programming

1 8 = FE T, AR AT 5B A ik B A
2 SRR W ST AL PR Tisas0-2;

T RA I RSN e W — R sk RIS T N BT SR e A AR e A T

F, ShEESRRMNRER 2, MHEEPRZH  EEEEFEPREE: WIERIRFERE (LEM) B,

RAEAAFEEMEEILE, A SBOAEKREE  ARETE (FEM) BB LEM 75358 ARR:

PE AR — A S A2 BNV B RIS EER R MERIE, R R LR T

A R, U AR R SRR . 2k, IERE SR AT R AT AN R, KA

Wk H1: 2017-09-14

BETH: FREARRFAEEIH (No. 51564026,

This work was supported by the National Natural Science Foundation of China (51564026).

WEEWAN: SRNE, 2, 1981 4FAE, WLHEIUAL, YR, BN TSR T A AR L. E-mail: 8246603@qg.com
WIRMEE: 8, 5, 198144, ML, Rl#dR, EENFE T TRTImKAHTLIE. E-mail: lize999@qgg.com




%5

HRANESE: BT IR R M b BRIEERAE (9 - B T EE EE - Hr 1841

TR T 1) A RGTE 1) REKR A s LEM D75 B T
A THRCR = O N T TR, AR
BTy (FEM)  BEAT Ak [R] B3 2 & 70 P18 2%
AR SR A RN ASA OG22 5 W SRAS TS A B )
REAR AT, FERT R B TC I B 7K SR AR 2 4 R
VSR Is-14, BT FEM J5ikn] 38453t LEM J5v2:
e NiNpvb GRS x T S

eI RS B ik, I — R 15 R
ayirid, B MR ER 1] B35 FILEN VTR
FE R K A 2 AR R BROIRZS 1) R AR H PR AR,
H T ZESIRAR R, HAPERE . F AR .
TERfE PR M, BRBR BT EZE TR T =280
e BEVERR IR AT AR 3R Ie) T2 R B AR
PR AR, T4 PRGBS AR SR 43 A 4 5 i
1821, jrapck, PEEFENAEERRIERS, A
A B 7T B BUB AR R 2 s AR I VR 87
RNV AT BE S R T Rl RE, T HUE BT
W BR 7347 5 i ok s B B A . 7 A FH AR B 23 B 2
WHHAT A AT SEFE A 5T, A2 8 R AR 43
AT BRI 3 (0 AT SERE AT 7 2P R AR
WFSE AR, IXLCRF 7T B PR T 5 E ) B IR
gy Mrik ek 22-24, A P AR SR o A E0 e 7 VR AT i
I AT 5 AT R AR /D 25261,

BT, ASCHRBR BT BRRERS . A RIGE
B AR . BEHLR B IG AIS2 IR B D 45 Stk
& HH — b o 23 T S A ) B RAE T

2 B AT AR B ) B ) Th e PR AR
HRFCYA

N SRS LB PR A B 7 AR, AN
B LI AT S B H LKA BROIR S B A0

Z=9(X)=9(X;, X5, X,) L

e g(Xy, Xy,eoe, X, ) A IRBR 3 (X, X,
o, X, ) ARBRARAS s B B AL AR B, A S L
At LARIEER T ¢ FIEERE M 0"

AT B AR A T 3 (A PR A i 2, R
SRARILIE AN F3Aur % R, PIRRPRAA F, , 8 UM T ER
R

J.=F,IF, 2

X A LIS EE ARG F, ISR
G F, VI 2 AT Se PR I 2, A A
i AT LA L, AT DA AL AL S AR AT Ab
ViR

5E SUIABE ) iR P A 26 2R BN R
Ay =C'/c" =tang" /tang" (3

Arbe 4, RILBERIER & REG o L o Al
AR AT iR PR F 6T R 5RO AN P B R A ) BE AL
B ¢y @ DN AREEAT R AT I DL R SR
TR BERE A I RE R L

FETHSRR IR AT 38U 51 AT S B BEAL
B Mo, WANIEE R AR5 A
@  HRKIBENLE A(c",@") » I ADRERBRARZS 7 12
X (D BE R TR

Z=g(X)=F(c ¢ )=%(c".¢)F, 4

e (", ") N5 AR EEE T EHL & o AEEH
BEHLE o MRIE B R BEENLE; F.(c'0") N5
AR IR T BEAL R o R A BE AL 0" AR
R B AL B

3 ERIA AT EE L o A i _EFRVARE
HLIRLI A A

B e B A SR A T AR A PR AR AR T 1 R AR T
A, ERREREEE: &l Erplsh v E
Yy, " ANEEIN R — N IMT R, N A £
AR I B IR BR 7 3, BT Ll R BRI — T
VAL — AR N BRI . B
BRI EE ARSI LR T LLE, iR
e HARRINLB Y R 3 AR S e i, 3T
AR TTE Y ERREE T AR Hd
A PR TC B BUA Ak, SR E A A R I 2 B oG IR
PRSI R A I A DB R B 2 R S AR
T LA SRRV B S, R R PR AT i
9 B AR R AR b BRVERCEE IR, e 2 m R i
15 3 B PR e 2 1 PRABRSKT B (ISR LAY . A SR
FH2RALSCRR[19, 20/ 77 3 3 57 4 I 3% AL 3l i
CIpES:37 R
3.1 A HRRIEEL

N TR A NS R S, AR
AT S = A A PR ek B A Can & 1(a)
1)), FH LAY SR B AR AN, [FIR R vEAH
LB LT [ A7 (s BE (AT, ROAH A B s 2 [ ) A 3
R FEAESL T, W 1(c)Fin.

3.2 =R TEMREAREH

W A2 R B AR I R M R IR B SRR
BNEN], 0] AR T iR 2% A5 3 AR 73 B % S5 T
FH ORI BN DA Jee R 2% A A5 B B B AR 2 43 1



1842 " L+ Af 2 2018 4
N I:'j:
po TS 0
| 0 T¢
u®=[ uagl ng U33 ug4 ]T
[ sin - —sin
i) o _— sing), CFJS g, -sing, c.os Hg}
. | —cosf, -sing, cosd, sind, o
= HIA PR G AR b) = MABR P ICAILTT AR r
(@) = FREIE o (b) = JEAFET tan (ﬂ; tan ¢é 0 0
1 -1 0 0
Azg = r r
0 0 tang, tang,
0 0 1 -1

(c) FHAR=AIE 2 18] 24 JKid0 o 1 [k e

B1 tE=AFARATER
Fig.1 Numerical discretization of triangular
finite element in soil

O = A4 T BT 2672 RO B R 24 SR A T 2o
T

A”"AJ'=O} (5)
A=0
/\EP:
bb 0 b, 0 b O
1
Af:ﬁ 0 ¢ 0 ¢ 0 ¢
¢ boc b ¢ b
A A - A
e (6)
A=|B - B - B,
C, - C - C,
T
;f{gf A8 ,1;]
ut=[u; u; ul’
X e=@-,n): n NEER=MILAREITHRIT

A A N=ABRITTIER: A (k=1---,p) N
SRR ITHIAR OB T p FEEIR-E R Rk
AN SMEIEZ TR EG u v ug ug 7390
NEMIGETC e 3T R M & by o A
AN =MIAH R ICHITE R R
3.3 MAREIT F A A B R B AR R A
N T RN VAT RS, AR b R e BEAE A
WA IR TT A I ERIAES: R D)) B 1]
W L AT 5 SR HRR S HE N, A SEAPR¥EIC a. b
Z RV ASL g WEBIER AN A AT R om A
ASUS — AJA® =0
P

¥P)

w2 o 27
A g=(n,), 2 RATAKBEMTT, n, K
kb = A R A SRR 60, AL
VA G TE); ! A SEIA g F A BB A i
HLEE (I a b 55T P RS A BH LR RO MED o
3.4 =MMBITTEEILRFME

9T i AEMUBD VR TT 4, SR R 47 6
JE EI I R R AR AT L= A 2T
B 2 A ST x A 6, AT b, R
5 P A L I PR T A I A2 DA R 7

AU® =B (9
Hr:
AD — cosg, sing,
-sing, cosé,
(100

vl wl

T
b =1 gl 72 2
B =[ub,vb,ub,vb]

s b= (L) Ny R AR = TG TR
W 6, NN TA R O, v, 4
it G F 7 2 R 0 P
35 MRS T A IIThR LR A M

I DX R P A = A0 A BRI T
W, AT F

W, =3 (C°A°) (1D
e=1
Ak C*=2AcTcosg' [l - L - 1]
FHABER T Z [ AL I N D) Th 2w, , A
W,, = 3 (C94%) (12)

g=1
Arr: CO=05¢l,[1 1 1 1] cf NEARAILIAM
BERIIBENIE (B a. b BICEER I BEHLE IIH)
i 1) NAILAHIKE .



%5

HRANESE: BT IR R M b BRIEERAE (9 - B T EE EE - Hr 1843

bk B A = AT R SR A 2D
AWy N

W, ="221(Geue) (13)

X: G =(-7,A/3)[0 1 0 1 0 1], AHHILH
HLE = MG IC =N R BT RO SR A B )
B oy, NEITTMBIE L.

Hhial GAFM . 1% fEHo
WRERE (SRR LTI TR W, A

We,o =le(|:aeue) (14
e=1

e Fe=[f, f, f, f, o fo], Wk
AMATEAE = A IE 5T 3 AN i LB RS R B
HlE; (fy £, (1=22,3) A8 A RT3 D5
R R B0 Xy TR B

FH MR Th SR A, A B BT TR A i
KETHITh AR Y BEAEICT AN, T8 IR
FRH A, TR REU T Th R 540D TR
GIEE SN

Wlnl +Wln2 :WExl + A‘FWEXZ (15)

EAR AL TR, N 7B R AR
PERRI A8, BEW, =1.0, B 28808 AT
Mg ERIEA:

W, +W,, =W, + A (16)

W, =1.0 (17)

3.6 HirEH

AR SCHE B H A SR BRI AR PR AT 2
DR PR A PRVEAR BRARAS T FEIT 41 0 3 R 3L
BN E RS, IR B bR R B R /ME . ARTER
(16), HireREAI 5 R

Minimize: A- =W, +W,, —Wg,, (18>

3.7 _LRRVEFTEEEREHI AR
RPE PR R (b, Birgst (18),
AR R (5). (T, (9. (A7), WHERRMEL
JoR 123 ] 5 E ) b BRVEREH LA R AL R
Z=F/(c".¢")=4(c".¢')"F,
Minimize: 4. =W, , +W,, —-W,,
Subject to: A’u® —AJA°=0; e=(1---,n)
AU -AJA =0, g=(--n,)p (19)
AW’ =B" b=(1---,n,)
W, =10, 1°=0; 1°=0

X (19 B— AR (0" MBEHLALR] i
R, AR R = AT A PR TT T A R R AN R
P+, KRN EFRZ: AP SEIBENAL &
(", ") KRG IRAT I BENLE F.(c",0") -

4 AR AT FEE o B A KU DA

FEAR G T WA AR IR -2 B0A R T L
BT SEE oyt — RO T SR P R P i PR
SRR 8. 15 241, RIVs A0 457 10 5 s 46 R R SR
PRI BRAR R R, T ) s e A 2 R B =
1IN A RAEE ) R4, I 5 %
FRH < 1O RAS CRARRFD, B
RN RERREAN T -

{0 if A,(t)=1
Iz(t): .
1if 2,(t) <1

(200

A t=0- N) s N ATHEREARREE.
YU 35 (R BRI RO A T 4 a5

1 N
Pz =220 21

TSR R SR SSOX R R B R
R=P,C, (22)

W C, NIRRT R UG R R,
IR G R R BN RART R R 1) A A

3 (22) )2 N T3 RSB T 5
HEABAE AR, i &, X (22) B
e T I B A R — R, X S
Z R R SRR 26 HR, LEM J77E
SRAGRT T BRI R, BRI R A —
SEFEELUSERTE AL, T FEM J7ik— % R BEE T
AT BT R - AR S AT, 1035 1) 22 4 SR 3
Il S T A7 B 75 A 5 A3 s B 7
EFERAS, DRIt 4 RECFIVE TH AL B A 2 58
AUERAI, AT S 2 LEM B FEM 725060 5 3% a5 g
RAEFD AT G A EA B e R, % T Uk,
AR, HuangPO%E 854 tH 1 2T 2 4 Bk X
3 I OARS: R

Nf
R=Y PC, (23)

i~
i=1

A BOE | NRAARAIIR MR C N5 i
R R ARG RAHG N R R
HH

KM (23) LSRR, & ES
AT R, ART, ERR LEM 5E



1844 = +

J oz 2018 4F

& FEM 2%, 76T RGBT R0 R H R
B4 BN Y BAE R FEAR S [ AT BT B3Ik
IR MEAR, HAHAEE VRO B35 LU,
HAR 4RI, SCER[26]R#E = (23) 2 /AT
BENLA R G (RFEM) (1) -1 5T 121 35 mT 458 BE AR BR 2 A
%, FAE N IRVEF R K RETEHEA R T iad
RABRE R TR FARBR 7 B B v 50, #RYE R
BR e B EAR B0 0 R IR AN T 3R, R, 7ELE
5 PR 2R 0O ST SCHR[26] 507 v K S AR A i
R R UE R
AR ERREME V47 G T LEM A FEM
TS BRI, I ORI SR A T [R]IN $RAF L
W22 4 BRI LR S (RBSAALAG) . T
0 (22). (23) FAEMIAE, ASCIRH—FioE it 2
T R BRVEH FE S I 13 RS RS A . R
i ERREES, R TT R AR B R S IS AR X T
G LT e AN B S IC e T AR ARG . PRI R
PRV SR A5 31 ) R U O R B2 v, 248
HEERT 0 AR M R BB IERE) (REO.
HHPTTHESET 0 BRI HL TR KA B B
(4. Bk, & X ITHR IR R T
IG)Z{Oifu§G)=0andﬂm<1O
) 1if us(t)>0and 4, <1.0

(24

A t=@N): U AHIG e MTBOIREE, X T
—“AEARFIC U =W +ul +ud /3.
Y3203 RS BT R SR RO e T 4 N A
AR
A B, AHIG e MRBMEE.
WRIEEEAS TR B, AT RLK R REAN 3
£ 2 BRI, R

ny
R= E_;P:‘,ece

(25)

(26)

X C, NHIT e FIRAUG R AREL, Mt e K
FERRYEN (24) THEAR], B (1) =10, HiTe
ARG R R C, BUR T AR AR

X (26) MR TR (22), HEE T Likfg g
TR AR AT R, AR R R —11)
KB RN, HIxFR (23), HHEHEEA
FICHIRBMER, A2 — LG T 10 R 305
i, W T KEZERMERmERITH.

5 _ERRIABEHLRRIAR R Rt s
BRI REA T (2 (19)) [IRARRIA

Jiird: AR R SR AL RO R AL SR A B PR A7
Bl e KRB HCARE. WECE BoRE S 50 (19
FE SRR R BE LSRR, BB BOL B
FasE BRI ITE, A SCERH — R 55K
it i A NS AR AT KRR, BARDIRIE:

(1) i LESHIIE p 225 2506 Ahr
% o, K LSBT S BB E B HOY N DS
RS (HOHED A SRR REN LA

(O =M PRI T B BEL 3, iR (19)
e a2 H AR A 20 AF a0 L sia e B IR
IHBEN IR

(3) K EARPUBI SHEEHLEN 1 2N 7534, 12
AN (19), BRI (19) AR — AL HFERE 2
SE E A 2 P I Kl ) AL, AP R O R ik
(SOCP) FIERTIRAAAT ZIXF S (0 AR PR Ay 3 B 22 42
S8

(4) R BEH UL SR A 45 RARAMRBRARZ 5
e, gt I e R BB A R
RPN R

AR A Matlab 245 7 AHRCTHSERERY, R
FeAfE 3 AN ATACERIE . THERIA i Ab 2
e, BARKBUESR R E L 2.

|6miiﬂiﬁﬂﬁﬁ¢‘ TRAHIES MG ’fﬁlfwﬂ‘ﬁ%‘éﬂ‘

v
| F SRR RGOS Rl N RS |
=1
"‘
y o
N > — 7 4 — | ;/ v ﬁ
[y |[wocniony o] [
' ' ' WEHC(L) .
' o)
it RIS IRIRAS 1 Z = F (¢, ) yy
e S RAE A (1)
YIS AR A A,
b e A SR AP R A, = F0
STEAPELAKN, WIRETA%s | [=]
WA /Y
SOCPAVEK 571N w
reyremy R T L
HZEOR FETT b3 —
ﬂﬁ&%wwmm_’%ﬁﬁ&§ﬁ4m__*gizzﬁéiﬂ
3,50 t=N 2

y
TR LSRR AGTHE, ARRAE R R
B bR SRR R

K2 ERETEESTHEFREZEER
Fig.2 Flow chart of reliability analysis using
upper bound method




%5

HRANESE: BT IR R M b BRIEERAE (9 - B T EE EE - Hr 1845

6 Gl

N T BAEA SO R IE R RN 2, T
PN BRI AT T i B
6.1 HMB 1HRIBEEE ST

B3 an il 3 Frow, B 8.0 m, BT HE
FEN 4.0m, BN 1:2, TVE A AT P
W8 2 5 N IR AT I Ay TS 281, 2y =0, =
0 I, SBTH PR A B Ao B A7 2 T BRFT B R AT e
TR ERRAEST RN E AR B =2c(1+
sina), P, =2c(l+a), a AYETHLERELNK
f CanEl 3 fws, BRI o EAHEACIRES FEK
+AkEER F1c, =55.0 kPa, [FRIFTELy =0, ¢@=0FH,
T8 A5t B TR AR BRI P =
205.3kPa. P, = 2252kPa . ASCRH 437 ME IR
PRGBS HOAY, ARAE AR S IR AT e A
AR IR ATECN P, = 233.2 kPa , 5 _E IRYEEMT
filt 1R 72 )y 3.54%.

0=
o
&
:>
=
N
9
->

\/\/
%/

\S
Vavaval’
AN AVA
VAVAN

\/
X
AVAN

2
ILYAN
K

00
X0

B3 561 TRIBoREE AL m)
Fig.3 Sketch of soil slope of example 1 (unit: m)

MEUER 1, =55.0 kPa. 225 R, 4N
0.1. 0.2, 0.3, FFEBEEREIIAMNEIER 0 FHEA
HEIUN =3 000 Ifvi5545 21 1) 4% FR 2540 far 28 1K) 43
G E 4 f5R 1 s, AR R A, pEEAL
SRR, BRI B bR ZE . YA
K, AIEEREFRARIZ DR/ AR PRIIAE fa 20 TR A
FEARNBER 5 RE AR AR, B AE A
N, BEEEE T e E TS RN, XS
BR[25]F0 458 AR E B, RIS T Hi 8T S HUR M EZS
CEONHO A 3, A% PR s B E L 5B 5
BRX. 2R, BRDEREALE N
HU 2 000 DA 35y mr3RAGECUF AN 2R . TE TR
B b, AT ARSI VERAT — U PR S5 A7 Ao 2 1 SR
FET 5 3.9 sSCCPU #& Intel i7 2.8 GHz, 74 12 GB),
3 000 BN SFERT 3.3 hy A SC[AHS 3T Matlab
Hathl] 7 HATIHEAR T, WEA 4 > CPU 04T IH

S, ERMTHER R )2 1.3 s A1 1.08 hy AHELKE
T FEM PRI R] 52 B2 TH A T V0 S8R A T,

10
0.8 — 5c: 0.10
--- =020
3 06 —— &=030
1:‘_-}1:9\?’
=
= 04
=
Y
0.2 \
\
- \\
OO 1 1 1 i e | 1 1
0 100 200 300 400 500 600 700
PR A4 42/ kPa

B4 HE 1 RIS RS E S
Fig.4 Distribution of ultimate load of slope
for example 1

R1 HEH 1 REHHIHRGA
Table 1 Statistical table of uniformly distributed ultimate
load for example 1

S ol e Ty CIRARETAR EIECSAR SR
& ke ey GEELRAR) B2 HiAfiR

/ kPa /% | %
0.10 242.02 24121 2412 10.03 225.19 7.47 7.11
0.20 244.99 240.22 49.76 4.92 225.19 8.79 6.67

0.30 252.64 240.88 78.10 3.23 225.19 12.19 6.97

fic,=250kPa, y=18.0kN/m®, ¢=0%1F
N, TWET 5 AR R RECRE P ARG R R
By Ak ASCRAWE 2 Bis FEAE L
I (BB 45 R B 48 1 — 0k AR AT AR5
SEIIEAR 9 IREP AT IR — AN IR i & R RIS
TR T, ASGEAT THET LEM HVERATEEE
T, PIROTERTHE S R E 5~7 FK 2 Fis.

HHE 5 A, &R IR e REGEROK, )
TRIEAE S R M BT 22 . BB, 2k
R IR 5 ZE0N 0.10 9K 0.30 B, B it % &
B EIRARIIAREZE B 0.15 BINE 0.47, MME 218
M 1.46 HEMZ 1.52, (HHERFEAL Ch 1.47).,

. 1 — §=0.10
251 il 2 — 5=015
il 3 5=020
iy 20 2 4 — 5=025
s ¥ 5 — &=030
e 8
£ 0 G4
03 N
UU . N 19 R T N N . ,
05 10 15 20 25 30 35 40 45 50
Tt & R

K5 54 1 RS RERRE K
Fig.5 Probability density distribution of strength
reserve coefficient of example 1



1846 = +

J oz 2018 4F

10
1 — &=0.10(UBM)

08 I 5 2 — £=0.15(UBM)

3 — §=0.20(UBM)

| 4 — 5.=0.25(UBM)
%‘f 06 5 — &= 0.30(UBM)
3 6 - &=0.10(LEM)
B 04T 7 ——- §=0.15(LEM)
8 &= 0.20(LEM)

02 | 9 === 5= 0.25(LEM)

10 = §,= 0.30(LEM)

00 | 2 . . ,

0 1 2 3 4 5

SR BE Rk R AL
B 541 mEEERBRTBREL A

Fig.6 Cumulative density distribution of strength reserve
coefficient of example 1

300
250
200
150 |

Bk

100

50

0
00 05 1.0 1.5 20 25 30 35 40 45 50
SR fih £ R HY

B7 Hbl1BEFEREDHETTE(S, =0.3)
Fig.7 Histogram of strength reserve coefficient
of example 1

R2 HE L EEEEREGTEST

Table 2  Statistical table of strength reserve coefficient
A3 PRVE(UBM) NI BT i (LEM)

)
© YOME PAAE bRz AT RERE /P:)‘/Z YE AL AE ARk 22 T SRR P'O'Z
b | %

0.10 1.46 147 0.5 10.04
0.151.47 147 022 6.66

0.00 143 142 015 953 0.10
0.40 143 142 023 6.22 104
0.20 148 147 030 4.98 283 143 142 030 4.76 4.40
025150 147 039 396 6.53 144 142 038 4.66 9.35
030 1.52 147 047 324 1037 144 142 045 3.79 14.39

R TTFAT EAT B (150 B i 2 R A IR T35
EH K THFEZLME T H LEM 7kt ERsE, &
& BRI 6 L BRVETS I 1) BT
LN T LEM TR R 7, PR e U,

AR —ADAHEACRE N ¥ A, A3
FPRVEAN LEM 77235 RA8 245 B —Fh e Cln
K 8 i), MFER (21) i EFRVES B L ik
KRR Py, W&/ T B LEM J7 3545 51 (1 25 U3
ASCREEAER 70 (22) Aat (260 T
R REL, PRI VE IO BB G 45 3
W 3 Fiame B9 SR 7 T3 1 B 70 2 R 2 S
2k, nHEE EMHE H 3 R AL R
e B A SR I RV RO 25/ T LEM

JHERIEER, TS TSR b PRI AR SR RXU
FHOKT LEM JHERISR, IREVIE 2%LLA .

—= R
— LEM Jikim St 2m

Fig.8 \elocity field of failure mode of example 1

R3 HHLREARRESG TR
Table 3 Statistical table of coefficient of

failure risk for example 1
X (22) HEER

X (26) TS

7Y
ks Piz/%  Cy/(m¥m) R /(m3m) R / (m¥m)
A BV 1037 86.60 8.98 9.29
LEM 7775k 14.39 63.30 9.11
KRB %
8 117115113 111109 10.7105 103 0.0

A03; 10.3

0 2 4 6 8 10 12 14 16 18 20
X/m

B9 1 BTRBMESHEL (HhL:%)
Fig.9 Contour of failure probability of element
for example 1 (unit: %)

6.2 2 IEIETHRTEE T

e85 L3 i 10 Frosle 15 260, ARSI H 1)
SERTIG A ST XS TAFAE 2 R s s 3 1) vl 5
FET SR 8. 3 b NRE L ARHEK PR
5 211 3 I B 80.0 kPa A1 120.0 kPa, 25 5 R %)
4 0.3, HABR B BY 5 FE 1R Bl WL AR B4 0 BOEAS 73
fis WETARERE R EE, WA 19.0 KN/md. i
PWILEHON 922 =ML HIt, TREERISEN
BEHLAS 2 25 #ON N =3 000 ZHAEAR .

40 32 18

|.
+

o
1

I
SONNNNNNSNNNNSNNN
'AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV‘§>

/\
111 a v N
A WAL 922 A
P 7t

] S D1
— ‘E ¢, =80 kPa, ¢ =0, §=0.3 5
CSSNSANNNNNNNNNNNNNNN
\VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA
vy ivlv vy vy vy B T o
. ¢, =120 kPa, =0, 5=0.3
—

10 5Hl 2 LFASRRE ($hm)
Fig.10 Sketch of soil slope of example 2 (unit: m)



%5

HRANESE: BT IR R M b BRIEERAE (9 - B T EE EE - Hr 1847

Bl 11 RASCOET EAR R R G 5 R
oA, A, McRAEN 2.97. fe/MEN 0.69.
Yl 1.53, FAifE A 1.51. [ 12 ik 4 45 T A
XiES LEM JiEmxTthas . BRI EAS E
EMENE AT LEM VEMISE R, ERETFEARI
PRAEZES/N T LEM VAR SE 3, (HR et .
SR A A R A SRR A it 2 ) L PR ARG AR T
LEM J5 %1

200

150 |
= 100 |
=R

50 F

0.5 1.0 15 2.0 25 3.0
SR fih £ R HK

B 11 Hpl 2 SRR & R B AT

Fig.11 Distribution of strength reserve coefficient

of example 2
o T
0'8 \ N
— AR
ol
= 04
0.2
7
0.0 L Cd 1 1 1 1 1 1 ]
00 05 10 15 20 25 30 35 40

SR BEfit o R AL
B 12 HHl 2 REEE R R IHBRD A

Fig.12 Cumulative density distribution of strength reserve
coefficient of example 2

R4 B2 mEEE R EST

Table 4 Statistical table of strength reserve coefficient
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Table 5 Statistical table of coefficient of
failure risk for multiple failure modes

Mk R Ci R\
e N 1% / (m3/m) / (m3m)
M 1 41 1.37 294~325 4.08
ik 2 1 0.03 670 0.23
] 25 0.83 876~887 7.31
ik 4 5 0.17 889~902 1.49
5 10 0.33 939~959 3.16
i 6 10 0.33 980~1 016 3.35
i 7 3 0.10 1049~1 064 1.06
i 8 12 0.40 1065~1 095 432
SR 107 3.57 24.99
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