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Abstract

This work studies the reliability analysis of a slope that considers multiple failure modes. The analysis consists of
two parts. First, significant failure modes that contribute most to system reliability are determined. The so-called barrier
method proposed by Der Kiureghian and Dakessian to identify significant failure modes successively is employed. Second,
the failure probability for the slope is estimated on the basis of the identified significant failure modes and corresponding
design points. For reliability problems entailing multiple design points, failure probability can be estimated by the
multi-point first-order reliability method (FORM), Ditlevsen’s bounds method, and Monte Carlo simulation. In this paper,
a comparative study between these methods has been made through example problems. Analysis results showed that
while a soil slope may have a large number of potential slip surfaces, its system failure probability is usually governed
by a few significant slip surfaces. Therefore, the most important step in the system reliability analysis for a soil slope

is to identify all the significant failure modes in an efficient way.

e X
2 AollA= v FAREE 3 AP AlZ| Ao thsto] Atttk siAle AA & FECRE U
A HA, Der Kiureghian} Dakessian©| A2}t barrier method S ARESFo] A|AH] AT 27 FgFS 1) ZIL =Q
HHHES A&52 07 GAsto] Zoplith EA=, ol $8 mH| Lt} oo s HANES
o) mhalshe AR, e TR 2 Ae] ARl el SalsEe 13 LAAIER, Dilevens]
T R Bl ABdold S8 olgate] By 4 itk B ATolAe o7 1S Bato] o5 uhSe
Bl ATE eelolr. Sl AT EARIEO] B 4o) FAfHel shino] ZAjg 4 AN Abwe] A2 wiy)

SHEE 220] 5 sfalol oo AMEIct s mofE. uieh EAAS] A48 HelEs e Sl Y

8% dA= T8 BAEES Ga2Q JWlol s gAlste AHsh= Aol
Keywords : Slope stability, System reliability, Failure mode, Multi-point FORM, Monte carlo simulation

LME gk wh] ol = Abwlo] sk EIcks ojnjof 4 F4:gt

NHEE 7= AEA|AE(series system) O 2 & 4=

APROll= 5] B A A wh o] EARITE otk 2 AFEQFY Ao QofA], AlAE AFE

olo] 7 A Ql wty|H-E et WAYsH= waE | n (system reliability) & A3Fs}7] AASH= A 79 &7}

cebm shu AlSHY BAL AAAQ Baw F sht Salth ek A48 HalskEe Brkelr] el )

1 43¢, stAusty E5QHH$E 389 Z WS (Member, Assistant Prof., Department of Civil, Safety, and Environmental Engrg., Hankyong National Univ., Tel:
+82-31-670-5149, Fax:+82-31-678-4674, drsecho@hanmail.net)

R el dig BEE dske 9 20149 39 319704 2 W8-S IR HulFAlY] vEUth Aze] AR e 3 =26l AAste] =uTh

CE MHIZ2EE st AHHS| AIAE Al2loid 71



A QAT Ee] haistEe A o WS o
afiRo] that shaerE S| e 2 S 1At
= 7H4& vig o2 st Chowdhury and Xu, 1995).

PRl S AR 2 Aol 3
R RS ol EALALE A1) o432t

= 2314 olgle] a2l So] 4|28 BaizIEol 7
ofshe v W 42 2> ek Comel, 1967, 1211k
Comell(1971)0] St whe} o], A4 shal S A}
ole] Aol 2A] ke wolliz Apde] HA] ThaieE
o ofugt faFe e e Hastg R 2 &
oIk, weh W GAEE ol Ao BuuEe i
Ao = ApHel AlA”l AREE s3It

Ditlevsen2](1979) +-7138lH-2 SHA|g g Hof| oJgt A
O] A|2d] wjeEo] ALt Ee] ARgE o] tHOka
and Wu, 1990; Chowdhury and Xu, 1995; Low et al.,
2011; Ji and Low, 2012). Griffiths and Fenton(2004),
Huang et al.(2010)-2 3-3tQ Aol 9] AFHO| A AH]
&5 ALK 98l MCS(Monte Carlo Simulation)
£ ARE514 ) Hong and Roh(2008), Cho and Park(2009),
Cho(2010)= ®= 7Hd ghHEo] tigh 24QhdE&2
T ALY AN E Fote =M APHO A
AE A =5 o2l Ching et al.(2009)-2 Fellenius
RS ol8sto] ds wpyHof thgh AP S| HHshE
= A eg Anxlelr] f15to] F8 == (importance
sampling technique)ol] <73+ B S A|9tstl on
HEWES I #3H= First-Order Reliability Method(FORM)
o] Azfete] v E31o] FORM Az} vzl me o
ol el NSRS Fausle 4 dtkn A
A)31ek. Kim and Kim(2011)& A% Al oje 2
52 olgelo] o shlmso] ofet Al A4l gt
HehEe AT U glom, Cho2013) T Sl
5 1Hsk= e A4 = (multi-point FORM)
of oJsto] ApHO] Al AlZ| =S thQIT Zhang et
al.(2013)-2 AFH O] A|AED AlF] 542 9{5)o] Hassan
and Wolff(1999)2] HIFHE o|&35lo] £Q wyrc s
A9 ol5e AXE S RESe ojgt wrew
(response surface)S F4J3}al ©]& 0]8351o] MCSE =
Watomu) g AAT BES P,

1 AP NE il R RES Tejshs Aol
Al alof thsto] =3tk & AFtollA g s Al
s & AR A ETE WA AL A=
A 71t S8 RES AA5H] f5te] Der

72 E=RELESE =28 H29F M9

Kiureghian and Dakessian(1998)¢] #||A|$} barrier method
£ AREsto] T8 SR =S} dshe AR S(design
points) & Q1440 2 BRI, oS B S0 Tajw

=5 olgsle] Ao} whjska e Bl Slet 4zl

28 2305t thgeo] AA-o] Aty AlFws)a] A2
73~ 13252 multi-point FORM, Ditlevsen®] <7135

MCS 5ol ofsle] Bkt 4= glon] B ATelA o)
2 B3jo] o5 WHES] MmATE AL

&l'
>

2. ZEEH AHHEY oM

A7) SN Bl ot el o) ol

Skt 4 9l A4gkete] Fhgo] Woln), oo} e

1ol et ofe] shapol Alokw g,
AAFRYL A3kl HAEL AVSHIA ok

ALS i QAEhES Z uho] delA A
e Ap5o] WY o] Yrk. B ALo| A= Bishopo)
7ol diehA A3k 7S Aesto] 95 AT

He gast 4 QlEe st
Azl FPFRENS 2] 97 HA 547
Bl okt o] LEhd 4= 9lrkKim and Lee, 1997).
i F e,y R) (M

o71A, F= tA(EATD), 2.9 v = Y5TEH
o] S, R TP THIEEHe] R0tk

Fig. 104 K= vie} o] 9% 7ME-gH2 oA
3719} Sl ofsto] JojE o ok By A
SAor VMR EHE AFHE e 49 2y
—%E FdE= AdEe] A= ek 92 7MY

5ol et A () 22 vl 2 ASREAY] siE
Z7) flsto] & AFollAl= A skl
9] nEgel WA EE ek W F 1 ;QLO/HO]

gz ¢21% BFGS(Broyden-Fletcher-Goldfarb-Shanno)



(@, %)

Fig. 1. Circular potential slip surface
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Fig. 3. Example 1: Identified failure modes

Table 1. Example 1: Statistical properties of random variables

Undrained strength ¢, (kPa)
Slope layers
Mean Cov
Clay 1 Lognormal 120 0.3
Clay 2 Lognormal 160 0.3

Table 2. Example 1: Identified significant failure modes
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% 3
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Table 3. Example 1: Results of system reliability analysis

Method Failure probability A
System reliability bounds on F#r 0.431%~0.439%
Pr by multi—point FORM 0.436%
Pr by Monte Carlo simulation 0.415%

Pr by Monte Carlo simulation based on representative slip surfaces

0.41% (mode 1+2)
(mode 1: 0.16%, mode 2: 2.55%)
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Fig. 4. Example 1: Results of the Monte Carlo simulation based
on representative slip surfaces

6.2 OIHl 2: HES Y72 EAHH oY

2 oAl A= Ng(2005)ll &Jsf A%l Zhang et
al.2011)o] ofsl A4l Abdol thato] siAE =28
Sk th(Fig. 5). APHE = 7] HES flol AEH A
o & Table 40 E2hd Wpof| et A4 AHEE U
EUGlet ¢t ¢, & AEA S FA Y} fRupRZS
YEIHAL ¢, 9 ¢ F FESTY vl =5 U
ERdL. o714 ¢, ¢y, e, cpe AR FHY HFHS
=2 1T HES L HES 29 A=A @9

Ch= MI2EE Dedst MHS AIAR M2ISois 77



= 5.5, 14.0, and 17.0kN/m’o]c}.
Aol %‘E%Ioﬂ ZAT AREA ApHH A
it 0.901= AitE]lon o] sidsl=
AR EA At HL Fig. 5o LRt ule} o] h
o] JEZ 25 E¥ht Fig 6 B wn=5S
RHojFn 2719 Zeuly|ntrl Zsl= Ao R el

£ 14—
:; 12 — K B s
8 10 Fill, v= 17kN/m
£ 8
2 & Clay 1, y=15.5kN/m®
® 4 —
£ 5| Clay 2, v= 14.0EN/m?
>0
\ \ \ \ [ [ [ [ [
0 5 10 15 20 25 30 35 40 45 50

Horizontal distance (m)

Fig. 5. Example 2: Cross section and searched deterministic
critical slip surface (£, =0.901)

12

7]

8
6 \ X
it ——1
2 ——2
0
0 5 10 15 20 25 30 35 40 45 50

Fig. 6. Example 2: Identified failure modes

Table 4. Example 2: Statistical properties of random variables

Fill Clay 1 Clay 2
G &, G G

Distribution Normal Normal Normal Normal
Mean 20 26 10 16
cov 0.2 2.1 0.2 0.2

Table 5. Example 2: Identified significant failure modes
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A28 AlsEAle] ATkE Table 60 LiERAT). Mult-
point FORM ZA i} Ditlevsen®] <27k o] ¢J3st 513+
I} AgRte] }91 (24.059 %~26.090%)°] FIek nhkk
TR T A|AEH AZEd4 viso] m: Zkz7ko] A
Aol gt wxjglE2] Al4te] FORMO o3t A=
#§3)31 9)7) wj#olch
A A A G5l el Mes
= 709 Aol A% multi-point
FORMS]| Afatol] fah )3} 8(25.784%)0] MCSe]
23426.23%)} vl vlaEhe o 4 am. s Al

g 5939

& A48 £ 5 de T8 Gyd s
MCSo] o3t T35 26.33%= v 1] HLS B
= MCSe} H|ale Aol dx|ak= A Fol 5
A HET §84 02 TS 42 ok APHS| Al

Failure mode Reliability Failure Design point Correlation
no. index probability u* X* coefficient
-0.076 19.70
1 0.003 26.01
1 0.795 2.134%x10 —00 960
-0.768 13.54
., =0.253
-0.02 19.92
5 -0.03 25.92
2 1.468 7.103%X10 15 700
0.008 16.03

Table 6. Example 2: Results of system reliability analysis

Method Failure probability Fr
System reliability bounds on F#r 24.059 %~26.090%
Pr by multi—point FORM 25.784%
Pr by Monte Carlo simulation 26.23%

Pr by Monte Carlo simulation based on representative slip surfaces

26.33% (mode 1+2)
(mode 1: 21.19%, mode 2: 7.51%)
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Fig. 7. Example 2: Results of the Monte Carlo simulation based
on representative slip surfaces
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