
A S S E S S M E N T O F S L O P E S T A B I L I T Y 
A N D S T A B I L I Z A T I O N T E C H N I Q U E S 

T H R O U G H P R O B A B I L I S T I C A P P R O A C H 

D. C. A . M E T T A N A N D A 

This thesis was submitted to the Department of Civil Engineering of the University of 
Moratuwa in partial fulfilment of the requirements for the Degree of Master of 

Science 

LIBRARY 
UNIVERSITY C> MORATUWA. SRI 

M G H A T U W A 

Supervised by 
Dr. S. A. S. KULATHILAKA 

Department of Civil Engineering 
University of Moratuwa 

Sri Lanka 

T 

August 2002 
University of Moratuwa " 7 5 3 7 8 

75378 

7 5 3 7 8 



A B S T R A C T 

U n c e r t a i n t y a n d r a n d o m n e s s of d a t a is a ma jo r i s s u e a s s o c i a t e d in 

g e o t e c h n i c a l e n g i n e e r i n g . It is the re fo re d e s i r a b l e to u s e m e t h o d s a n d 

c o n c e p t s in e n g i n e e r i n g p l a n n i n g a n d d e s i g n t h a t c a n faci l i tate t h e 

e v a l u a t i o n a n d a n a l y s i s of u n c e r t a i n t y . F o r m a l p robab i l i s t i c a p p r o a c h 

p r o v i d e s a u se fu l f r amework to i n c o r p o r a t e t h e s e u n c e r t a i n t i e s in 

s l ope i n s t ab i l i t y p r o b l e m s . U n d e r t h e r e s e a r c h d e s c r i b e d in t h i s t h e s i s , 

n u m b e r of p robab i l i s t i c m o d e l s h a v e b e e n deve loped to e v a l u a t e t h e 

s t ab i l i t y of s l o p e s a n d the i r u s e in t h e e v a l u a t i o n of s tab i l i ty of s l opes 

a n d t h e e v a l u a t i o n of effect iveness of v a r i o u s s t ab i l i za t ion t e c h n i q u e s 

h a v e b e e n d i s c u s s e d . 

Two p r o b a b i l i s t i c ana ly t i ca l m o d e l s t h a t c a n be u s e d to e v a l u a t e t h e 

s t ab i l i t y of s l o p e s t h a t c a n fail e i t h e r a l o n g c i r c u l a r fa i lure s u r f a c e s or 

n o n - c i r c u l a r fai lure s u r f a c e s h a v e b e e n deve loped . T h e s e m o d e l s 

fo rmal ly recognize t h e u n c e r t a i n t i e s a s s o c i a t e d wi th v a r i o u s 

g e o t e c h n i c a l p a r a m e t e r s a n d p rov ide m e a n s to quan t i fy the i r effects 

o n t h e s tab i l i ty . The r e s u l t is given in t h e form of p robab i l i t y of 

u n s a t i s f a c t o r y p e r f o r m a n c e of t h e s lope . E a c h m o d e l deve loped w a s 

fac i l i t a ted to pe r fo rm c o m p u t a t i o n s in five different w a y s r a n g i n g from 

t h e o r e t i c a l l y s o u n d m e t h o d s to s o m e a p p r o x i m a t e m e t h o d s , a n d t h e 

r e s u l t s o b t a i n e d were c o m p a r e d w i th e a c h o t h e r . In a d d i t i o n , t h e 

r e s u l t s w e r e c o m p a r e d wi th t h e r e s u l t s o b t a i n e d by a c o m m e r c i a l 

so f tware , w h e r e v e r app l i cab le . In a d d i t i o n , two o t h e r p robab i l i s t i c 

a n a l y t i c a l m o d e l s were deve loped to a n a l y z e t h e s l o p e s s tabi l ized by 

soil n a i l i n g . 

It is s e e n t h a t t h e behav io r of t h e p robab i l i s t i c m o d e l s deve loped u n d e r 

t h i s r e s e a r c h pe r fo rm sa t is fac tor i ly , a n d it c a n be r e c o m m e n d e d to u s e 

t h e s e m o d e l s in r o u t i n e p r o b l e m s of s lope ins t ab i l i t y to provide m o r e 

r ea l i s t i c r e s u l t s i n c o r p o r a t i n g t h e u n c e r t a i n t i e s a s s o c i a t e d wi th 



various geotechnical parameters. Analyses of a number of examples 

and case histories discuss the uses of the probability of failure in 

decision making to evaluate the stability of slopes as well as the 

effectiveness of various stabilization techniques. It also emphasizes the 

importance of the appropriate failure mechanism and the appropriate 

deterministic model in the probabilistic analysis. Analysis of case 

histories provides an important discussion showing the inadequacy of 

the conventional factor of safety alone in evaluating the stability of 

slopes. 
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C h a p t e r 1 

I N T R O D U C T I O N 

1.1 Introduction 

U n c e r t a i n t y a n d r a n d o m n e s s of d a t a is a m a j o r i s s u e a s s o c i a t e d in 

g e o t e c h n i c a l e n g i n e e r i n g . In m a n y o c c a s i o n s , d a t a a r e i n c o m p l e t e , ye t 

d e c i s i o n s h a v e to be m a d e . It is the re fo re d e s i r a b l e to u s e m e t h o d s 

a n d c o n c e p t s in e n g i n e e r i n g p l a n n i n g a n d d e s i g n t h a t c a n faci l i tate 

t h e e v a l u a t i o n a n d a n a l y s i s of u n c e r t a i n t y . S t a t i s t i c s a n d p robab i l i t y 

p r o v i d e s a n i m p o r t a n t tool to h a n d l e t h e s e s i t u a t i o n s , a n d c u r r e n t l y , 

t h e role of s t a t i s t i c s h a d b e e n e x t e n d e d to cover m a n y a s p e c t s of 

e n g i n e e r i n g , w h i c h were ear l ie r b a s e d en t i r e ly o n d e t e r m i n i s t i c 

c o n c e p t s a n d j u d g m e n t . 

P r o b a b i l i t y t h e o r y c a n be u s e d for a s y s t e m a t i c a n d logical a n a l y s i s of 

p r o b l e m s c o n s i d e r i n g s igni f icant u n c e r t a i n t i e s . T h e p robab i l i s t i c 

a n a l y s i s m a y , howeve r , be m a d e o n t h e b a s i s of a c o n v e n t i o n a l 

( de t e rmin i s t i c ) m o d e l in w h i c h a t t e n t i o n is g iven to r a n d o m n e s s or 

u n c e r t a i n t i e s of t h e s ignif icant p a r a m e t e r s . P robab i l i t y t h e o r y p rov ide s 

a so l id f r a m e w o r k for a s s e s s m e n t of r i s k a n d for d e c i s i o n - m a k i n g 

u n d e r u n c e r t a i n t y . 

l 
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In s p i t e of i t ' s p o t e n t i a l v a l u e , p r o b a b i l i s t i c a p p r o a c h h a s n o t b e e n 

m u c h u s e d in r o u t i n e g e o t e c h n i c a l p r a c t i c e a s it is c o m m o n l y 

p e r c e i v e d t h a t it w o u l d r e q u i r e m o r e d a t a , t i m e a n d effort t h a n t h a t 

a r e a v a i l a b l e in m o s t c i r c u m s t a n c e s . 

1.2 Deterministic vs. Probabilistic Approaches 

1.2.1 Deterministic Approach 

Trad i t i ona l ly , all t h e e n g i n e e r i n g p r o b l e m s w e r e solved b a s e d o n 

d e t e r m i n i s t i c c o n c e p t s , w h e r e , t h e r e is a u n i q u e s o l u t i o n to a 

p a r t i c u l a r s e t of p a r a m e t e r s . No p a r t i c u l a r a t t e n t i o n is given to t h e 

u n c e r t a i n t i e s a s s o c i a t e d w i t h t h e i n p u t p a r a m e t e r s . 

T h e p a r a m e t e r u s e d in c o n v e n t i o n a l g e o t e c h n i c a l e n g i n e e r i n g is t h e 

r " F a c t o r of Safety", a n d t h e r e a r e m a n y w a y s in w h i c h t h i s c a n be 

def ined w h e n a p p l i c a b l e to v a r i o u s a s p e c t s of g e o t e c h n i c a l 

e n g i n e e r i n g . Acco rd ing to t h e c o m m o n a c c e p t e d def ini t ion in t h e 

e v a l u a t i o n of t h e s tab i l i ty of s l opes , t h e fac tor of safety is t h e r a t io of 

t h e s h e a r s t r e n g t h to t h e s h e a r s t r e s s mobi l i zed for e q u i l i b r i u m . 

W h e n t h e r e is a n u n c e r t a i n t y involved in t h e p a r a m e t e r s , m o s t widely 

u s e d a p p r o a c h is to p e r f o r m a "sens i t iv i ty a n a l y s i s " or a " p a r a m e t r i c 

s t u d y " , in w h i c h different s e t s of p a r a m e t e r s a r e u s e d a s i n p u t s to find 

t h e i n f l uence o n factor of safety. However , t h i s c a n n o t be c o n s i d e r e d 

a s a n expl ic i t w a y of c o n s i d e r i n g u n c e r t a i n t y formally. 

C h o w d h u r y (1992) c o m m e n t e d t h a t "factor of safety" c a n be refer red to 

a s "factor of i g n o r a n c e " , b e c a u s e it is a n u m b e r a r r ived a t w i t h o u t 

giving d u e c o n s i d e r a t i o n to t h e v a r i o u s u n c e r t a i n t i e s a s s o c i a t e d wi th 

it. 
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1.2.2 Probabilistic Approach 

T h i s i s b a s e d o n t h e c o n c e p t t h a t m a n y o r v a r i e d o u t c o m e s of a 

s i t u a t i o n a r e p o s s i b l e , a n d t h e u n c e r t a i n t y i s r e c o g n i z e d formal ly . T h e 

a i m of t h e p robab i l i s t i c a p p r o a c h i s to d e t e r m i n e t h e p robab i l i t y of a n 

o u t c o m e , w h i c h is t h e fa i lure of t h e s lope in o u r d i s c u s s i o n . T h e t e r m 

fa i lu re h e r e d o e s n o t only m e a n t h e c a t a s t r o p h i c fa i lure , b u t t h e 

" u n s a t i s f a c t o r y pe r fo rmance" , w h i c h c a n e i t h e r b e t h e c a t a s t r o p h i c 

f a i lu re o r s o m e o c c u r r e n c e of s igni f icant m o v e m e n t s . There fore t h e 

p r o b a b i l i t y of fai lure quan t i f i e s t h e p robab i l i t y w h e r e a n u n s a t i s f a c t o r y 

p e r f o r m a n c e of t h e g e o t e c h n i c a l s t r u c t u r e m a y o c c u r . T h i s p robab i l i t y 

c a n be a n y p e r c e n t a g e b e t w e e n 0 % a n d 1 0 0 % . T h e c o n v e r s e of t h e 

p r o b a b i l i t y of fai lure is t h e p robab i l i t y of s u c c e s s , a n d it is a l so def ined 

in p r o b a b i l i s t i c t e r m s a s t h e "Reliabili ty" of t h e s t r u c t u r e . H e n c e : 

G e n e r a l l y , t h e p robab i l i ty of fa i lure or re l iabi l i ty i s e s t i m a t e d b a s e d on 

a s u i t a b l e d e t e r m i n i s t i c m o d e l . T h e r e a r e two w a y s of def in ing t h e 

p r o b a b i l i t y of fa i lure . O n e a p p r o a c h is to def ine it b a s e d o n t h e "Fac tor 

of Safety", a n d t h e a c c e p t e d def ini t ion is p r o b a b i l i t y t h a t t h e factor of 

s a fe ty b e i n g l e s s t h a n one . i.e.: 

O t h e r a p p r o a c h of def in ing t h e p robab i l i t y of fa i lure is b a s e d on t h e 

sa fe ty m a r g i n , w h i c h is t h e difference b e t w e e n t h e r e s i s t i n g forces a n d 

d i s t u r b i n g forces . T h e n , t h e p robab i l i t y of fa i lu re i s t h e p robab i l i ty of 

s a fe ty m a r g i n b e i n g l e s s t h a n zero , i.e.: 

Reliabi l i ty = 1 - P robab i l i ty of F a i l u r e (1.1) 

P f = P (F < 1) (1.2) 

P f = P(SM < 0) (1.3) 



1 . 3 C u r r e n t S t a t e o f t h e Art o f P r o b a b i l i s t i c E v a l u a t i o n o f S l o p e 

S t a b i l i t y 

1 . 3 . 1 I n t r o d u c t i o n 

O v e r t h e p a s t two d e c a d e s , p robab i l i s t i c a p p r o a c h h a s c r e a t e d a 

r e m a r k a b l e i n t e r e s t a m o n g s t r e s e a r c h e r s wor ldwide . T h e i n t e r e s t h a s 

f u r t h e r i n c r e a s e d w i t h i n t h e l a s t 10 y e a r s a n d n u m b e r of p u b l i c a t i o n s 

c a n b e f o u n d d e s c r i b i n g t h e u s e of p robab i l i s t i c a p p r o a c h in 

g e o t e c h n i c a l e n g i n e e r i n g . 

As far b a c k in 1 9 8 3 , Lee et . a l . h a v e d i s c u s s e d t h e effects of soil 

va r iab i l i ty in g e o t e c h n i c a l e n g i n e e r i n g . They d i s c u s s e d t h e r e a s o n s for 

t h e u n c e r t a i n t i e s a s s o c i a t e d a n d p r o p o s e m e t h o d s to quan t i fy 

u n c e r t a i n t y . 

T h e n K u l h a w y (1992) p r e s e n t e d a s t r a t e g y for e v a l u a t i o n of soil 

p r o p e r t i e s c o n s i d e r i n g v a r i o u s u n c e r t a i n t i e s a s s o c i a t e d w i t h t h e m . 

A c c o r d i n g to h i m , h i s a p p r o a c h is bu i l t on t h e p r a c t i c e s ex i s t ed a t t h a t 

t i m e a n d it p u r p o r t s to a c h i e v e a m o r e r a t i o n a l , re l iabi l i ty b a s e d 

p r o c e d u r e in f u t u r e . 

In 1 9 9 4 , C h r i s t i a n e t .a l . c a m e u p w i th m e t h o d s of de r iv ing 

p r o b a b i l i s t i c d e s c r i p t i o n s of soil p a r a m e t e r s from field a n d l a b o r a t o r y 

t e s t d a t a a n d a p p l y i n g t h e m in s tab i l i ty a n a l y s i s . T h e y i n c o r p o r a t e t h e 

F i r s t O r d e r S e c o n d M o m e n t m e t h o d in t h e d e s i g n of a d a m a n d 

i l l u s t r a t e d t h e re la t ive c o n t r i b u t i o n s of u n c e r t a i n t i e s of different 

p a r a m e t e r s to t h e rel iabi l i ty of a n e m b a n k m e n t , t h r o u g h a n e x a m p l e . 

T h e r e a f t e r a re la t ive s imp le e x a m p l e h a s p r e s e n t e d r e g a r d i n g 

p r o b a b i l i s t i c a s s e s s m e n t for a l a n d s l i d e by C h o w d h u r y a n d Flent je 

(1998) . 



In addit ion, n u m b e r of authors inc luding C h o w d h u r y and Flentje 

(1998), Flentje and Chowdhury (1999), AGS (2000) a n d Ho et.al. 

(2000) have d i s c u s s e d the possibi l i t ies a n d the importance of u s i n g 

the probabil ist ic ana lys i s in landsl ide risk a s s e s s m e n t . Yet the 

appl icat ion of probabilistic approach in pract ice i s very slow, hence , 

D u n c a n (2000) h a s publ i shed a paper reiterating the merits of 

reliability approach in geotechnical engineering. In h i s paper he h a s 

proposed s o m e s imple mode l s to evaluate the probabil ity of failure and 

a l so s o m e proposa ls for the u s e of reliability m e t h o d s wi thout u s i n g a 

large a m o u n t of data. 

In the following sec t ions , the bas ic c o n c e p t s appl icable to the 

deve lopment of probabilistic analytical m o d e l s are presented . 

1 .3 .2 U n c e r t a i n t i e s o f G e o t e c h n i c a l P a r a m e t e r s 

1 . 3 . 2 . 1 T y p e s of U n c e r t a i n t i e s 

According to Chowdhury and Flentje (2001), in m o s t c a s e s of slope 

stabil i ty ana lys i s , uncerta inty i s a s soc ia ted with (a) geotechnical 

parameters , a n d (b) geotechnical mode l s . The range a n d importance of 

different uncerta int i e s depend on the size a n d importance of the 

project a s well a s on the scope and qual i ty of geotechnical 

invest igat ion and test ing. 

O n e major source of uncerta inty c o n c e r n s the spat ial variability of 

geotechnica l parameters . Even a c o m p r e h e n s i v e geotechnical 

invest igat ion c a n n o t reveal these uncer ta in t i e s u n l e s s it is done at a 

prohibitive cost . Another source of uncer ta in ty is the temporal 

variability of important parameters s u c h a s pore water pressure within 

a s lope at different locat ions or d e p t h s a n d espec ia l ly a long a potential 

s l ip surface. In addit ion, sys temat ic uncer ta in t i e s , which are a 

c o n s e q u e n c e of l imited n u m b e r of ground invest igat ion boreholes , a 



l imited n u m b e r of shear s trength and other geotechnica l t e s t s a n d the 

fact tha t n o m e a s u r e m e n t is perfect are added. 

Model ing uncer ta in t i e s m a y relate to minor geological deta i l s a n d to 

the a s s u m p t i o n s inherent in concept s s u c h a s limit equi l ibrium. 

1.3.2.2 Methods of Quantification of Uncertainty 

An e s s e n t i a l c o m p o n e n t in the probabil ist ic approach is the 

quant i f i cat ions of uncertainty , by m e a n s of e ither the s tandard 

deviat ion or the coefficient of variation. D u n c a n ( 2 0 0 0 ) proposes four 

m e t h o d s that c a n be u s e d in this respect , viz.: 

1. C o m p u t a t i o n from data 

2 . U s e of publ i shed va lues 

3 . "Three-Sigma Rule", and, 

4 . Graphical Three-Sigma Rule. 

If suff icient data are available, the definition of s tandard deviat ion c a n 

be u s e d directly to calculate its value as: 

An a p p r o a c h that can be u s e d to es t imate the v a l u e s of s tandard 

dev ia t ions w h e n sufficient data are not available i s to u s e e s t i m a t e s 

b a s e d o n p u b l i s h e d va lues , wh ich are m o s t convenient ly expres sed in 

t e r m s of coefficient of variation. D u n c a n (2000) paper itself p r e s e n t s 

coefficient of variation va lues for n u m b e r of geotechnica l engineer ing 

parameters . In addit ion, it l ists a n u m b e r of publ i ca t ions from where 

o n e c a n get t h o s e parameters inc luding Harr (1984) , Kulhawy (1992) 

a n d L a c a s s e a n d Nadim (1997). In addit ion author find another set of 

coefficient of variation va lues in Lee et. al. (1983) . However Christ ian 

a n d B a e c h e r (2001) warn against the u s e of pub l i shed v a l u e s by 

(1.4) 



s u g g e s t i n g that m a n y of the p u b l i s h e d v a l u e s of var iances in 

geotechnica l propert ies are too large. 

In the "Three-Sigma Rule" proposed by D u n c a n (2000) , he u s e s the 

fact tha t 9 9 . 7 3 % of all va lues of a normal ly d is tr ibuted parameter fall 

wi th in three s tandard deviat ions from the average. Hence , the value is 

given as : 

HCV-LCV 
<* = (1-5) 

B u t after the d i s c u s s i o n given by Chris t ian and Baecher (2001) , 

D u n c a n (2001) proposed that "Two-Sigma Rule" would be an 

improvement on the "Three-Sigma Rule" a n d the corresponding 

equat ion is g iven as: 

HCV-LCV 
cr = (1.6) 

The s a m e c o n c e p t h a s extended to a graphical representat ion, to be 

appl icable to m a n y s i tuat ions in geotechnica l engineering, especial ly 

where the parameter of interest varies wi th depth . S o m e e x a m p l e s are 

presented in D u n c a n (2000). 

1.3.3 Application of Probabilistic Concepts to Slope Stability 
Analysis 

1.3.3.1 Suitable Probability Distributions 

The probabil ist ic approach involves cons ider ing the Factor of Safety, F 

a s a r a n d o m variable. Therefore, o n e h a s to a s s u m e a suitable 

dis tr ibut ion for F. The cand idates for a su i table dis tr ibut ion are: 
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1. Normal Distr ibut ion, and, 

2 . Lognormal Distr ibution 

The normal dis tr ibut ion is the m o s t widely u s e d probability 

d i s tr ibut ion in engineering, and it h a s a probability dens i ty function 

a s s h o w n in figure 1.1. 

< Figure 1.1; Normal Distribution 

Lee et. al. (1983) proposed that w h e n the n u m b e r of additive variables 

in the uncer ta in ty b e c o m e s large, the distr ibut ion of their s u m 

a p p r o a c h the normal distribution, a n d for the s a m e reason they 

p r o p o s e d that the normal distribution is su i table for the factor of 

safety. W h e n the normal distribution i s a s s u m e d for factor of safety, 

the reliability i n d e x is given as: 

i . _ 
F - l 

fi = — (1-7) 

U s i n g th i s reliability index, the reliability or the probability of failure 

c a n be directly es t imated u s i n g pub l i shed s tandard normal 

d i s tr ibut ion tables . The graphical representat ion of reliability and 

probabil i ty of failure is given in figure 1.2. 

s 
8 



Reliability 

Pf A \ 

F i g u r e 1.2; G r a p h i c a l R e p r e s e n t a t i o n o f R e l i a b i l i t y a n d P r o b a b i l i t y 

o f F a i l u r e 

Lognormal distribution results when the natural logarithm of a 

parameter is normally distributed. The graphical representation of the 

probability density function for lognormal distribution is given in 

figure 1.3. 

< 

o 

F i g u r e 1.3: L o g n o r m a l d i s t r i b u t i o n 

When the factor of safety is assumed to have a lognormal distribution, 

the definition of reliability index is given by (Duncan, 2000): 

In 
F 

(1.8) 

7ln{l + cov(F) 2} 
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This reliability index c a n a lso be u s e d in s tandard normal dis tr ibut ion 

tab le s to e s t i m a t e the reliability or the probability of failure. 

S o m e r e s e a r c h e r s prefer lognormal distr ibut ion to be the m o s t sui table 

for Factor of Safety due to var ious r e a s o n s . Lee et. al. (1983) reported 

tha t t h i s d is tr ibut ion resul ts from variables in the uncerta inty being 

mult ipl icat ive ins tead of additive. Chowdhury (1992) reported that 

lognormal distr ibut ion is the preferred distr ibution for a r a n d o m 

variable , w h i c h m u s t have a positive value. Therefore he r e c o m m e n d s 

the u s e of lognormal distribution for FOS, which , by definition, shou ld 

have a posit ive value . D u n c a n (2000) reported that there is no proof to 

say tha t the FOS is lognormally distr ibuted, b u t he bel ieves it a s a 

r e a s o n a b l e approximation. But in a d i s c u s s i o n to D u n c a n (2000) 

paper , Chris t ian and Baecher (2001) gave r e a s o n s for the preference of 

lognormal distr ibut ion as: 

1. it avo ids negative va lues , and 

2 . the equat ion h a s m a n y mult ip l icat ions and divis ions . 

However , they have counter argued say ing that the equat ion also h a s 

n u m b e r of addi t ions and subtract ions . Hence , in the a b s e n c e of any 

other information they indicated their preference for the normal 

d is tr ibut ion a s s u m p t i o n . After their v iews , D u n c a n (2001) h a s 

c o n c l u d e d the d i s c u s s i o n by sugges t ing that it m a y be useful to 

c o m p u t e probabil ity of failure u s i n g both normal and lognormal 

d i s tr ibut ions . 

1 . 3 . 3 . 2 D i f f e r e n t A p p r o a c h e s o f P r o b a b i l i s t i c A n a l y s i s 

Two a p p r o a c h e s available for probabilistic ana lys i s c a n be l isted as: 

1. First Order Second Moment m e t h o d (FOSM), a n d 

2 . Monte-Carlo s imulat ion m e t h o d 

10 



I n a d d i t i o n C h r i s t i a n a n d B a e c h e r ( 2 0 0 1 ) h a s i n d i c a t e d t h e i r 

p r e f e r e n c e o n s o m e o t h e r m e t h o d s , v i z . , H a s o f e r a n d L i n d ( 1 9 7 4 ) 

a p p r o a c h a n d P o i n t e s t i m a t e m e t h o d ( R o s e n b l u e t h , 1 9 7 5 ) , b u t t h e y 

a r e n o t d i s c u s s e d i n t h i s t h e s i s . 

F i r s t O r d e r S e c o n d M o m e n t m e t h o d 

T h e b a s i c p r o p e r t i e s a s s o c i a t e d w i t h a f u n c t i o n of s e v e r a l r a n d o m 

v a r i a b l e s a r e c o n s i d e r e d i n q u a n t i f i c a t i o n of f a c t o r of s a f e t y , s i n c e F O S 

i t s e l f i s a f u n c t i o n of s e v e r a l r a n d o m v a r i a b l e s . 

If F = f ( x i , X 2 , x n ) , w h e r e x i , X 2 , x n a r e u n c o r r e l a t e d a n d 

s t a t i s t i c a l l y i n d e p e n d e n t r a n d o m v a r i a b l e s , t h e n m e a n v a l u e of F a n d 

t h e v a r i a n c e V F a r e c a l c u l a t e d a s ; 

F = / ( x 1 , x 2 , . . . . , x „ ) (1.9) 

r 6 F A 

V 5 x , y •vX| (1-10) 

[ C h o w d h u r y ( 1 9 9 2 ) , C h r i s t i a n e t . a l . ( 1 9 9 4 ) , S m i t h ( 1 9 8 6 ) ] . 

S i n c e t h i s i s t h e f i r s t o r d e r a p p r o x i m a t i o n of T a y l o r s e r i e s e x p a n s i o n 

a n d s i n c e i t i n v o l v e s e c o n d m o m e n t ( i .e . v a r i a n c e ) of F O S , t h i s m e t h o d 

i s c a l l e d t h e " F i r s t O r d e r S e c o n d M o m e n t ( F O S M ) " m e t h o d . 

A s t h a t c a n b e s e e n , F O S M m e t h o d i n v o l v e s c o m p u t a t i o n of p a r t i a l 

d e r i v a t i v e s of F , a n d h e n c e m a n y p e o p l e w o u l d feel t h a t i t i s a t e d i o u s 

p r o c e s s . H e n c e , D u n c a n ( 2 0 0 0 ) s u g g e s t s a n a p p r o x i m a t e s o l u t i o n t h a t 

c a n b e u s e d t o e v a l u a t e t h o s e p a r t i a l d e r i v a t i v e s . H e r e , D u n c a n 

a s s u m e s ; 

i i 



dF Fixi + < * * , ) - F i x i - ° x , ) af{ 

2 c r v 2 c r . 
.(1.11) 

w h e r e Xi represent different parameters that carry uncerta inty . 

After s u b s t i t u t i n g in equat ion (1.10) D u n c a n ' s equat ion for variance is 

given a s ; 

'afA2 (afA2 

+ 
\ * J 

+ + 
V ^ J 

rAF^ 
v 2 j 

.(1.12) 

Monte-Carlo S imulat ion Approach 

This is ano ther wel l -known approach u s e d in probabil ist ic ana lys i s . In 

th i s approach , a particular problem is analyzed u s i n g a se lected 

determinis t ic model , for a large n u m b e r of t imes by c h a n g i n g the 

geo techn ica l parameters over a wide range, w h i c h is de termined by the 

s t a n d a r d dev iat ions of the parameters . The resul t ing factor of safety 

v a l u e s are u s e d to es tabl i sh the probability dis tr ibut ion of factor of 

safety. Probability of failure is then calculated u s i n g the p.d.f. of F. 

S L O P E / W c o m p u t e r program (Geo Slope Office, 1998) is capable of 

performing Monte Carlo ana lys i s and a brief descr ipt ion of the way it 

perform Monte Carlo ana lys i s is given in a n n e x 2 . 

1.3.4 Role of Probabilistic Analysis in Landslide Risk Assessment 

With the large a m o u n t of uncerta int ies a s soc ia ted it i s very difficult to 

accurate ly predict the performance of s lopes . The m e t h o d adopted in 

convent iona l geotechnical engineering to tackle t h e s e uncerta int i e s is 

to a d o p t a higher factor of safety. However, b e c a u s e of the cos t 

involved, it i s difficult to justify a higher des ign safety factor even for a 

c a s e where c o n s e q u e n c e s of failure are quite d i s a s t r o u s . In addition, 

over d e s i g n i n g mit igates against achieving a n e legant so lut ion. Hence, 

there n e e d s to be a balance be tween the degree of over-convert ism and 
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the u n c e r t a i n t i e s it i s to cover. A good example in th is regard h a s b e e n 

given by Ho et .al . (2000). According to them, over-convert ism in the 

a s s e s s m e n t of natural hi l l s ides cou ld prohibit n e w d e v e l o p m e n t s 

resu l t in l o s s of land value or raise s e r i o u s ques t ion about w h e t h e r 

a c t i o n s s h o u l d be taken to reduce the risk posed to ex is t ing 

d e v e l o p m e n t s . On the other h a n d , lack of recognit ion of s ignif icant 

h a z a r d s p o s e d by natural hi l l s ides cou ld result in dire c o n s e q u e n c e s . 

* Hence , alternative or supp lementary approaches to convent ional 

a s s e s s m e n t t e c h n i q u e s m a y be called for, at least in certain s i tuat ions 

and the integrated risk m a n a g e m e n t approach is one possibil ity. 

Risk m a n a g e m e n t compr i se s of 3 parts: 

1. Es t imat ion of the level of risk (Risk A s s e s s m e n t ) 

2. Dec id ing whether or not it is tolerable 

3. Exercis ing appropriate control m e a s u r e s to reduce the risk 

where the risk level c a n n o t be tolerated. 

•* 

Risk a s s e s s m e n t m a y be performed qualitatively, semi-quanti tat ively 

or quantitat ively. Qualitative risk a s s e s s m e n t h a s to be carried out by 

exper ienced profess ionals on the b a s i s of available information and 

site in spec t ions , and risk m a y be categorized a s "very high", "high", 

"medium", "low" and "very low". In semi-quant i tat ive risk a s s e s s m e n t , 

e a c h of the n u m b e r of factors affecting s lope stability is cons idered 

explicitly and a range of scores a n d se t t ings for e a c h factor may be 

u s e d to a s s e s s the extent to w h i c h that factor is favorable or 
t 

unfavorable to (a) the occurrence of instabil i ty and (b) the occurrence 

of l o s s or d a m a g e c o n s e q u e n t to failure. Quantitat ive risk a s s e s s m e n t 

requires identif ication and quanti tat ive evaluat ion of the factors 

contr ibut ing to risk. 

Quanti tat ive risk a s s e s s m e n t h a s b e e n d i s c u s s e d in length recently by 

AGS (2000) a n d Ho et.al. (2000). In t erms of condit ional probability, 

13 



the risk to a g iven individual may be def ined a s fol lows (Morgan et. al., 

1992) : 

R (IN) = P(H)*P(S/H)*P(T/S)*V(L/T) (1.13) 

where , 

R(IN) = Risk to an individual (i.e. a n n u a l probability of loss of 

life) 

P(H) = A n n u a l probability of the hazard occurr ing (e.g. landslide) 

P(S/H) = Probability of the spat ial impact (e.g. landsl ide 

impact ing a building) 

P(T/S) = Probability of temporal impact (e.g. presence of people 

at t ime of landsl ide impact) 

V(L/T) = Vulnerabil ity of individual given landsl ide impact (e.g. 

probability of loss of life) 

Similarly, probability of damage or l o s s to a property c a n be defined 

(Chowdhury a n d Flentje, 2001) . 

From the above it is obvious that the a s s e s s m e n t of hazard is a very 

important part of landsl ide risk a s s e s s m e n t . It represents the 

frequency of lands l ide occurrence, w h i c h i n c l u d e s the probability of 

failure. In the paper sited earlier (AGS, 2 0 0 0 ) a n u m b e r of approaches 

are m e n t i o n e d a s poss ib le alternatives, inc lud ing appl icat ion of formal 

probabil ist ic mode l s , to es t imate probabil ity of landsl iding. But 

C h o w d h u r y (2001) in h i s paper d i s c u s s e s prob lems assoc ia ted with 

m a n y of t h o s e al ternatives and highl ights the importance of the u s e of 

formal probabil ist ic approaches in lands l ide hazard a s s e s s m e n t . In 

th i s c a s e , formal probability value c a n be t a k e n a s a n indication of 

suscept ib i l i ty to failure (conditional u p o n the a s s u m e d v a l u e s of key 

parameters) a n d it c a n be multiplied by the condi t ional probabilit ies of 

the key parameters , which reflect the frequency of triggering event or 

agent . A relatively s imple example of th i s approach for a landsl ide h a s 

b e e n given by Chowdhury and Flentje (1999) . 
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1.3.5 Role of Probabilistic Analysis as a tool in Decision Making 

C h o w d h u r y a n d Flentje (2001) have a lso highl ighted the need to u s e 

the reliability index and the probability of failure (without cons ider ing 

the t empora l frequency d i s c u s s e d in sect ion 1.3.4) in the safety 

a s s e s s m e n t of s l o p e s in preference to the convent ional factor of safety, 

f In their paper they compared the variation of factor of safety, reliability 

index a n d the probability of failure in the presence of the s a m e 

coefficient of variation of factor of safety for three different s l o p e s (table 

1.1). 

F, m e a n cov (F) Reliability 

Index, fj 

Probability of 

Failure, Pf 

1.1 0.1 0.91 18.14 * 10-2 

1.2 0.1 1.67 4.74 * 10-2 

1.4 0.1 2.86 2.12 * 10-s 

Table 1.1: Reliability Index and Probability of Failure values for 
Slope (Constant COV) (Chowdhury and Flentje, 2001) 

According to table 1.1, reliability index c h a n g e s by a factor 3 , and the 

probabil ity of failure c h a n g e s by five orders of magn i tude . But it is 

certa in that th is h u g e c h a n g e is not revealed from factor of safety 

varying from 1.1 to 1.4. These probability of failure v a l u e s correspond 

to a normal distr ibut ion of factor of safety. From th i s example 

C h o w d h u r y a n d Flentje (2001) highl ighted the fact that the implicat ion 

of factor of safety v a l u e s are not clear unti l one s t e p s o u t from the 

determinis t i c framework to incorporate variability. 

To exp la in th i s further, another example is presented . There, the 

coefficient of variation that shou ld be present to give s a m e proportion 

of c h a n g e to both reliability index and the factor of safety have b e e n 

• 
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c o m p u t e d . The required coefficients of variation are 8 .26%, 13 .88% 

a n d 2 0 . 4 1 % respectively. The resu l t s are given in tabular form below: 

p F , m e a n c o v (F) 

1.1 1.1 8.26% 

1.2 1.2 13.66% 

1.4 1.4 20.41% 

Table 1.2: Coefficient of Variation of F to have constant 

proportion between p and F) (Chowdhury and Flentje, 2001) 

From t h e s e data , it is clear how the u s e of probabil ist ic approach 

improves the a s s e s s m e n t of s lope performance. 

In addit ion, Chowdhury and Flentje (2001) have s u g g e s t e d va lues for 

probabil ity of failure of natural s l o p e s a n d they are reproduced below: 
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t 

Slope type and 
location 

Potential failure 
mode 

Potential 
consequences 

Minimum 
reliability index 

Maximum failure 
probability 

Wooded/forested Shallow sliding, No elements at 1 0.15 
slopes, moderate to limited movement risk, no potential (15%) 
steep inclination, 
colluvium or 

or just slope 
deformation 

for debris flow 
formation 

(15 x I0"2) 

residual soil cover without overall 
failure 

Slopes of low to 
moderate inclination 

Slow-moving 
slides, shallow to 

No potential for 
catastrophic failure 

1.5 0.05 
15%) 
(5 x 10"2) in which high pore deep-seated. without warning 

0.05 
15%) 
(5 x 10"2) 

water pressures can 
develop, forested or 

relatively tlat slip 
surfaces 

signs. Progressive 
action during 

cleared sloping areas successive 
rainstorms may 
induce complete 
failure over time; 
no elements at risk 

Relatively steep Shallow sliding Significant t 0.01 
slopes with high with rapid potential for debris (1%) 
relief in forested or movement and flow formation (1 x I0"2) 
cleared areas, slopes potential for large during intense 
near natural gullies. travel distances storms. 
colluvium or considerable travel 
residual soil cover distance; elements 

at low to moderate 
risk of damaue 

Slopes in which Sliding with rapid Elements al 2.5 0.005 
high pore pressure 
can develop: near 

movement, 
shallow to deep 

moderate to high 
risk of damage or 

(0.5%) 
(5x I0' 3 ) 

urbanised areas slip surfaces with 
relatively steep 
inclination 

destruction from 
landsliding 

Slopes in which Sliding with rapid Elements at high to 3 0.001 
high pore pressures movement very high risk of (0.1%) 

(1 x lO'-'l can develop; very Shallow to deep destruction from 
(0.1%) 
(1 x lO'-'l 

close to properties in slip surfaces with landsliding 
urbanised areas relatively steep 

inclination 

T a b l e 1 .3: A c c e p t a b l e V a l u e s o f P r o b a b i l i t y o f F a i l u r e for N a t u r a l 

S l o p e s ( C h o w d h u r y a n d F l e n t j e , 2 0 0 1 ) 

y 

1.4 S c o p e o f t h e P r o j e c t 

The re search w a s a imed at the deve lopment of analyt ical m o d e l s to 

perform probabil ist ic s lope stability ana lys i s . It h a d to cons ider two 

different m e t h o d s to cover circular failure surfaces and non-c ircular 

failure sur faces that would be applicable to m a n y Sri Lankan s lopes 

c o n s i s t of res idual soi ls . Hence the developed m o d e l s are b a s e d on: 
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4 

1. B i shop ' s simplified method , a n d , 

2 . J a n b u ' s simplified method 

Analyt ical m o d e l s u s e the "First Order S e c o n d Moment" method to 

perform probabil ist ic ana lys i s and five different a p p r o a c h e s were 

cons idered to c o m p u t e the partial derivat ives a s s o c i a t e d with each of 

the above mode l s . These mode l s range from s o m e exact theoretical 

y m e t h o d s to s o m e approximate m e t h o d s . The p u r p o s e of considering 

five different m e t h o d s w a s to compare the performance of e a c h of them 

and to find the bes t method. 

In addit ion, probabilistic mode l s were developed to ana lyse s lopes 

stabil ized by soil nailing. Again two m o d e l s were developed to cover 

Bi shop's simplified method and J a n b u ' s simplified m e t h o d . 

Thereafter probabilistic s lope stabil ity a n a l y s e s were performed on 

^ s o m e hypothet ical problems as well a s s o m e actua l s lope problems 

with the a im to validate the m o d e l s a s well a s to d i s c u s s the 

ef fect iveness of var ious stabil ization t e c h n i q u e s in probabil ist ic terms 

to i l lustrate the possibi l i ty of u s i n g it in the dec i s ion making . 

1 .5 O u t l i n e of t h e T h e s i s 

This t h e s i s provides analytical m o d e l s to perform probabilistic s lope 

stabil i ty ana lys i s for both circular a n d non-c ircu lar failure surfaces 

a n d for both normal s lopes a s well a s for s l o p e s stabil ized by soil 

nail ing. The t h e s i s is divided in to four parts a s follows: 
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M O R A T U W A 

Part Chapter 

• Probabil ist ic analytical m o d e l s for 

normal s l o p e s 

3 a n d 4 

• Probabil ist ic analytical m o d e l s for 

s l o p e s stabil ized by soil nai l ing 

5 

• Applicat ion of probabilistic ana lys i s to 

natura l s lopes 

6 

• Applicat ion of probabilistic ana lys i s to 7 

c u t s l o p e s 

Chapter 1 provides the general introduction, the l iterature review and 

the b a s i c c o n c e p t s assoc iated with the probabil ist ic ana lys i s in 

geo techn ica l engineering. It a d d r e s s e s the t e c h n i q u e s available to 

incorporate the uncertainty formally, and a lso the m e t h o d s available 

to quantify the variability of the parameters . Then , the attent ion is 

pa id to the n e e d for probabilistic approach in risk a s s e s s m e n t and 

d e c i s i o n - m a k i n g . 

Chapter 2 d i s c u s s e s the background beh ind the select ion of 

appropriate determinist ic mode l s and the uncer ta in t i e s for the 

d e v e l o p m e n t of probabilistic mode ls . 

Chapter 3 a n d 4 present the probabilistic m o d e l s b a s e d on Bishop's 

s implif ied m e t h o d and J a n b u ' s simplified m e t h o d respectively. These 

c h a p t e r s present the developed equat ions and the conf igurat ions of 

the s p r e a d s h e e t s assoc iated with e a c h method of c o m p u t a t i o n s . They 

a l so d i s c u s s re su l t s obtained after applying the probabil ist ic a n a l y s e s 

to two hypothet ica l problems each . 

Chapter 5 p r e s e n t s the mode l s to analyze s lopes stabil ized by soil 

nai l ing . In addit ion it d i s c u s s e s the effect iveness of two stabil ization 

t e c h n i q u e s viz., drainage and soil nail ing with respect to s o m e 

hypothet i ca l problems. 

7 5 3 7 8 
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Chapter 6 appl ies the probabilistic a n a l y s i s to natural s lopes , viz. 

s tabi l ized Watawala landsl ide and the Marangahawe la s lope, wh ich 

h a s s h o w n the s igns of instabil i ty very recently. For the 

Marangahawe la s lope stabil ization work i s still u n d e r progress . 

Chapter 7 d i s c u s s e s the poss ible u s e of probabil ist ic s lope stability 

a n a l y s i s with respect to s o m e m a n - m a d e s lopes in Rathnapura 

Municipal Counci l area. 

Chapter 8 gives the s u m m a r y and the c o n c l u s i o n s b a s e d on the 

f indings of the thes i s . It a l so p r e s e n t s s o m e future improvements 

poss ib l e in the s tudy area. 

In addit ion to the m a i n text, some addit ional information is given in 

the form of 8 a n n e x e s . Annex 1 gives a brief descr ipt ion of the Monte 

Carlo ana lys i s performed by SLOPE/W c o m p u t e r program. Annex 2 

c o m p r i s e s of addit ional information corresponding to the e x a m p l e s 

quoted throughout the thes i s . Annex 3 provides the chart for fo that is 

u s e d in J a n b u ' s simplified method. A n n e x e s 4 to 7 conta in sample 

w o r k s h e e t s of all the developed mode l s . Annex 8 c o n t a i n s additional 

deta i l s about the Watawala landsl ide and its rehabil i tation. 
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C h a p t e r 2 

D E V E L O P M E N T O F P R O B A B I L I S T I C 

M O D E L S 

2 . 1 S e l e c t i o n o f a D e t e r m i n i s t i c M o d e l 

The m o s t c o m m o n approach u s e d in the determinist ic ana lys i s of 

s lope stabil ity problems is based on the limit equi l ibrium concept . Out 

of the n u m b e r of different limit equil ibrium m e t h o d s , m e t h o d s of s l ices 

h a v e b e c o m e m o s t c o m m o n m e t h o d s d u e to their ability to 

a c c o m m o d a t e complex geometries and variable soil and water 

p r e s s u r e condi t ions (Terzaghi and Peck, 1967) . Therefore, m e t h o d s of 

s l i c e s were u s e d a s the base for the deve lopment of probabilistic 

m o d e l s in th is research. 

D u r i n g the p a s t fifty years or so, a n u m b e r of different approaches had 

b e e n proposed for the u s e of m e t h o d s of s l ices . E a c h method differ in 

the (i) s ta t i c s employed in deriving the factor of safety equat ion , or (ii) 

the a s s u m p t i o n u s e d to render the problem determinate (Fredlund 

a n d Krahn, 1977) . Methods that are c o m m o n l y u s e d to date can be 

l i s ted as : 
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(1) Ordinary s l ices m e t h o d (or Fel l inius method) 

(2) B i shop ' s simplified m e t h o d 

(3) B i shop ' s rigorous m e t h o d 

(4) Spencer ' s method 

(5) J a n b u ' s simplified m e t h o d 

(6) J a n b u ' s rigorous m e t h o d , and , 

(7) Morgenstern-Price m e t h o d 

Ordinary s l i ces m e t h o d is the s imples t form of all the m e t h o d s of s l ices 

a s it is the only procedure that resul t in a l inear equat ion for factor of 

safety (Fredlund a n d Krahn, 1977) . B u t the inherent a s s u m p t i o n that 

intersl ice forces are parallel to the b a s e of the slice v io lates Newton's 

principle of "action equals reaction". The indiscr iminate c h a n g e in 

direction of the resul tant intersl ice force from one sl ice to the next 

re su l t s in factor of safety error that m a y be a s m u c h a s 6 0 % (Whitman 

a n d Bailey, 1967) . Further s t u d i e s m a d e on ordinary s l i ces method 

have s h o w n that it produces conservat ive resu l t s (Giam, 1989) . 

Therefore, it w a s decided to rule o u t the ordinary m e t h o d of s l ices 

from the deve lopment of probabil ist ic mode l s . 

B i shop's simplified method (Bishop, 1955) , neg lec t s intersl ice shear 

forces a n d p r o d u c e s a factor of safety equat ion that sat is f ies m o m e n t 

equi l ibrium. The method , w h i c h c a n be u s e d to analyze circular failure 

sur faces , i s found to be rather s imple a n d tend to give reasonably 

accurate resu l t s . From a c o m p a r i s o n m a d e by Fredlund and Krahn 

(1977) , it is s h o w n that Bishop's simplified m e t h o d gives very c lose 

safety factors a s those are given by more rigorous m e t h o d s . 

J a n b u ' s m e t h o d s c a n be u s e d to analyze non-c ircular failure surfaces 

a s well , a n d it satisf ies the force equi l ibrium. In the r igorous method, 

v a l u e s for intersl ice forces have to be obta ined through a n iterative 

proces s . J a n b u ' s simplified m e t h o d , proposed for regular u s e , uti l izes 

a correct ion factor fo to a c c o u n t for the effect of intersl ice forces. 
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Other two r igorous m e t h o d s , viz. Spencer's m e t h o d a n d Morgenstern-

Price m e t h o d satisfy both force and m o m e n t equi l ibr ium, b u t involves 

m o r e c o m p l e x ca lcu la t ions t h a n the Bi shop's or J a n b u ' s m e t h o d s . 

Cons ider ing the advantages , d i sadvantages a n d relative complexi t ies 

of e a c h m e t h o d , Bishop's simplified m e t h o d a n d J a n b u ' s simplified 

m e t h o d were se lected to base the probabil ist ic m o d e l s to cover circular 

a n d non-c ircular failure surfaces respectively. 

2 . 2 A s s i g n m e n t o f U n c e r t a i n t i e s 

S lope geometry, layering of different soil strata, their dens i t i e s and 

s h e a r s trength characterist ics and pore water p r e s s u r e s are the 

p a r a m e t e r s u s e d in the evaluation of the stability of a s lope. Out of 

t h e s e parameters that c a n carry uncerta inty into the ana lys i s , only 

soil s trength parameters (i.e.: c' and <)>') and the pore water pres sures 

are cons idered a s probabilistic parameters . Uncerta int ies in the 

de terminat ion of other parameters are m u c h l e s s and they are 

cons idered to be determinist ic . N u m b e r of pub l i ca t ions (Duncan, 

2 0 0 0 ; Lee et .al . , 1983) u s e s coefficient of variation to quantify the 

variable nature of soil parameters , h e n c e it is the parameter u s e d in 

t h e s e m o d e l s a s well. For strength parameters , coeff icients of variation 

c a n be a s s i g n e d on the bas i s of soil type and the procedures followed 

in their evaluat ion. Hence different coefficient of variat ion va lues may 

be entered. 

M u c h at tent ion h a s not been paid in l iterature regarding a suitable 

parameter to introduce the variable nature of pore water pressures . 

The only available reference is the m e t h o d adopted by Geo Slope Office 

(1998) in developing the SLOPE/W c o m p u t e r program. Geo Slope 

Office (1998) ut i l izes a s tandard deviation of the piezometric head to 

in troduce uncertainty . During Monte Carlo trials, it varies the 
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piezometric l ine be tween the m a x i m u m a n d m i n i m u m pos i t ions (see 

a n n e x 1 for more details) . 

However, e q u a t i o n s u s e d in th i s s t u d y requires the m e a n and variance 

of pore p r e s s u r e , h e n c e it w a s p l a n n e d to introduce the uncerta inty in 

t erms of the coefficient of variat ion of pore water pressure . Two 

a l ternat ives are cons idered to in troduce the variable nature of the pore 

pres sure . They are: 

a) Pore water pressure uncer ta in ty is d e p e n d a n t of the soil type -

th i s a l lows u s e r to u s e different coefficient of variation va lues for 

different soil layers 

b) Pore p r e s s u r e h a s a c o n s t a n t coefficient of variation for the 

entire s lope 

A c o n c l u s i o n cou ld not be arrived at to se lect the bes t out of the above 

two. W h e n the permeabil i ty of soil affects the uncerta inty in the 

m e a s u r e m e n t of pore water p r e s s u r e s , the approach based on the soil 

type wou ld be more suitable . It is the u n d e r s t a n d i n g of the author that 

the permeabi l i ty might be a factor affecting the temporal variability 

(d i s cussed in 1.3.2.1) of pore p r e s s u r e s at different locat ions and 

d e p t h s . However, if the permeabi l i ty d o e s not affect the uncerta int ies 

a n d if only the m e t h o d of m e a s u r e m e n t affects it, the method of us ing 

a c o n s t a n t coefficient of variation for the whole s lope might be 

sui table . 
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C h a p t e r 3 

D E V E L O P M E N T O F T H E 

P R O B A B I L I S T I C M O D E L B A S E D O N 

B I S H O P ' S S I M P L I F I E D M E T H O D 

3 . 1 B a s i s o f t h e M e t h o d 

The start ing point of the probabilistic m o d e l s is the determinist ic 

equat ion of the Bishop's simplified m e t h o d , and it is given as : 

r ^ ^ { ( c ' A x , + ( W i + Q - -u,Ax,)tan^)/M,(e)} 
^ ( W . + Q . J s i n e , 

where , 

. . ^ sinf? • tan^' 
M i(^) = cos^ i + *— 55L (3.2) 

r 

The t e r m s u s e d in equat ions 3 .1 and 3 .2 are i l lustrated in figure 3 . 1 . 
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Figure 3 . 1 ; F o r c e s a c t i n g o n a S l i c e 

The inherent a s s u m p t i o n to neglect interslice s h e a r forces is 

appl icable to the probabilistic mode l s a s well. The l imitation to circular 

failure surface is a l so applicable. 

The first order s e c o n d m o m e n t (FOSM) method is u s e d a s the b a s i s of 

the deve lopment process of the probabilistic mode l s . Once the 

parameters that carry uncerta int ies are identified, a n d their 

u n c e r t a i n t i e s are quantified, m o s t probable value of factor of safety is 

ca lcu la ted u s i n g the m e a n va lues of the probabilistic parameters a long 

wi th the other determinist ic parameters . The first order approximat ion 

of the Taylor ser ies expans ion (equation 1.10) is u s e d to ca lculate 

var iance of the factor of safety. The complete probabil ist ic mode l 

c o m p r i s e s of five different approaches to calculate variance of the 

factor of safety. They differ from each other in the m e t h o d s of 

ca lcu la t ing the partial derivative involved in equat ion 1.10. The 

m e t h o d s are: 

26 



(i) Direct differentiation of factor of safety equat ion a s s u m i n g 

Mi(0) i s a determinist ic quant i ty 

(ii) Direct differentiation of factor of safety equat ion a s s u m i n g 

Mi(9) i s a probabilistic parameter (as a funct ion of angle of 

internal friction) 

(iii) U s e of approximation proposed by D u n c a n (2000) 

(iv) U s e of a n approximate partial derivative a s s u m i n g any 

smal l increment for Ax with central difference formula 

(finite differences) 

(v) Use of an approximate partial derivative a s s u m i n g any 

smal l increment for Ax with forward difference formula 

(finite differences) 

The m o d e l s developed allow layering of soil u p to five different layers 

wi th different properties. 

3 . 2 A s s i g n m e n t o f U n c e r t a i n t i e s 

As d i s c u s s e d in sect ion 2 . 2 , soil s trength p a r a m e t e r s (i.e.: c' and <(>') 

a n d the pore water pressure are treated a s probabil ist ic parameters 

while all the other parameters are cons idered determinis t ic . 

Uncerta int ies of soil s trength parameters are a s s i g n e d o n the bas is of 

soil layers. Therefore, for e a c h layer, in addit ion to the m e a n values of 

s trength parameters , their coefficients of variat ion are ass igned. 

Uncerta int ies of pore water p r e s s u r e s are treated in both approaches 

a s d i s c u s s e d in sect ion 2 .2 . Therefore, separate s p r e a d s h e e t s were 

developed for those two c a s e s . 
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3 . 3 D e r i v a t i o n of Partial Derivat ives 

Case 1: Direct Differentiation assuming Mj(8) is deterministic 

The assumpt ion to treat Mi(9) as deterministic is a reasonable 

simplification, since the values of Mi(0) is almost close to 1, except in 

the outermost slices of a particular deep failure surface. 

When the equation 3.1 is differentiated with respect to the selected 

probabilistic parameters, the following expressions are obtained: 

3F 
dc' 

M,(e), 
IW i S in0 , 

.(3.3) 

sec Y (W, + Q i - U i A x J - , , 

dF = ^ \ K 1 1 1 M^e) 
d<p' ^ W ^ i n G i 

.(3.4) 

5F 
du 

S - Ax.tan^ 
M,(e) 

ZW isin6 i 

.(3.5) 

Case (ii): Direct Differentiation assuming Mj(8) is Probabilistic 

This a s s u m e s Mi(8) as a function of angle of internal friction (i.e.: Mi(6) 

= Therefore, only the partial derivative with respect to <))' is 

changed. The resulting expression can be given as: 

. secVl 1 / , . / „ . „ . \. „ \ cos 6, t a n 0, sec2 6; (W ; + Q : - U i A X j ) ^ - ^ - {(c'Ax, + (W, + Qj - U j A x J t a n f ) 
M,(e)j — p _ M m .(3.6) 

dp £ WjSinGi 

Case (iii): Method proposed by Duncan (2000) 

When the partial derivatives are computed according to the method 

proposed by Duncan (2000), equation 1.12 becomes: 
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2 ( 2 
( AF } 

+ Y + U 

I 2 J I 2 I 2 J 
.(3.7) 

where , 

AF c .=F(c ' + < t c . ) - F ( c ' - c x c . ) , 

AF,,=F(</>' + a,)-F{(j>,-cj,) 

AFu=F{u + au)-F{u-cTu).. 

..(3.8) 

...(3.9) 

.(3.10) 

Case (iv) and (v): Small Increment Methods 

Ins tead of u s i n g <j x a s the increment (in equat ion 1.11), these m e t h o d s 

5F 
u s e m u c h smal ler increments (5xi) to ca lcu late . Both m e t h o d s are 

dxi 

b a s e d on finite difference ca l cu lus . One m e t h o d u s e s central difference 

formula, whi le the other u s e s forward difference formula. Hence, for 

c a s e (iv), equat ion 1.11 t a k e s the form given below: 

BF AF F(xt +SX)- F(x, -5X) 
dX; Ax, 2 < ? 

.(3.11) 

For c a s e (v), it t a k e s the following form: 

dF AF, ^ F(xl+SXi)-F(xi) 

dx; Ax, Sr 

.(3.12) 

The variance of factor of safety is t h e n ca lcu la ted u s i n g equat ion 1.10. 
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3 .4 D e v e l o p m e n t o f t h e S p r e a d s h e e t s 

Three different s p r e a d s h e e t s were developed with respect to the 

probabi l i s t ic model developed based on Bishop's simplified method . 

Accord ing to the sugges t ion m a d e by D u n c a n (2001) (sect ion 1.3.3.1) , 

all the s p r e a d s h e e t s are equipped to c o m p u t e probability of failure 

b o t h wi th normal distribution a s s u m p t i o n and lognormal distr ibution 

a s s u m p t i o n . 

First s p r e a d s h e e t is based on the direct differentiation a s s u m i n g Mi(0) 

i s a determinis t ic quanti ty (case (i) in 3.3) . S e c o n d s p r e a d s h e e t is 

b a s e d o n the direct differentiation a s s u m i n g Mi(9) i s probabil ist ic . The 

third s p r e a d s h e e t covers D u n c a n (2000) approach a n d other smal l 

i n c r e m e n t m e t h o d s . A sample set of s p r e a d s h e e t s is given in a n n e x 4 . 

C a s e (i): Spreadshee t for the model b a s e d on Bishop's simplified 

m e t h o d - direct differentiation a s s u m i n g Mj(Q) is 

determinist ic (File Name: Bishop-Prob-Direct) 

The s p r e a d s h e e t c o n s i s t s of three w o r k s h e e t s viz, Determinist ic 

Workshee t , Calculat ions Worksheet and Probabilistic Worksheet . 

The "Deterministic" workshee t al lows the u s e r to i n p u t all the data 

re levant to a particular s lope to perform determinis t ic stability 

a n a l y s i s , performs some initial ca lcu lat ions , a n d d i sp lays the final 

o u t p u t of the factor of safety. 

The initial ca lcu lat ions performed in th is s h e e t are to ca lculate h a v , Wi, 

Qi, a n d tan (j)'. These ca lcu lat ions are separated from other 

c a l c u l a t i o n s to allow any user , if necessary , to enter the v a l u e s directly 

into t h o s e cel ls . In some problems, s u c h a s a c a s e where there are 

n u m b e r of soil layers present , u ser may find it e a s y to calculate the 

w e i g h t of a particular slice separately rather t h a n finding an average 

bu lk d e n s i t y to be entered in the input data. 
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W h e n d i sp lay ing the final factor of safety, it s h o w s the va lue of the last 

two trials a l so , s o that the u s e r c a n s e e w h e t h e r the final a n s w e r h a s 

converged or not . These v a l u e s are directly copied from the 

"Calculations" worksheet . 

The "Calculations" worksheet cop ie s all the input data from the 

determinis t ic worksheet , and performs the ca lcu la t ions to find out the 

factor of safety. Although l iterature reports that B i shop's simplified 

m e t h o d converges very fast (usual ly in two trials) the final factor of 

safety is arrived only after four trials. S ince the probabilistic 

c a l c u l a t i o n s a l so u s e s this factor of safety, a n d the problem is 

a u t o m a t e d , th is s e e m s reasonable to avoid any prob lems with n o n -

converged factors of safety. Apart from that , the "Calculations" 

w o r k s h e e t a l so ca lculates the partial derivatives of factor of safety with 

respec t to the probabilistic parameters . 

"Probabilistic" worksheet a l lows the input of all the data that 

quanti f ies the uncerta int ies of the probabil ist ic parameters , and finally 

c o m p u t e s two v a l u e s for probability of failure one a s s u m i n g normal 

dis tr ibut ion a n d the other a s s u m i n g lognormal dis tr ibut ion for the 

probability distr ibution of factor of safety. However, d e p e n d i n g on the 

w a y the variability of pore p r e s s u r e s is cons idered (section 2.2) , 

s p r e a d s h e e t program is divided in to two s u b s e t s . 

F igures 3 .2 to 3 . 5 il lustrate the formulat ion the s p r e a d s h e e t u s i n g flow 

d iagrams . 
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DETERMINISTIC 
WORKSHEET 

CALCULATIONS 
WORKSHEET 

PROBABILISTIC 
WORKSHEET 

Input Data for 
Deterministic Analysis 

Perform Stage I 
Calculations 

Output Deterministic 
Factor of Safety 

Calculate Deterministic 
Factor of Safety 

Input Data for 
Probabilistic Analysis 

Calculate V 
Paran 

ariances of 
neters 

Calculate Partial 
Derivatives -*5 

Calculate Variance of 
the Factor of Safety 

Calculate Probability of 
Failure 

' 
Output of Probability of 

Failure 

F i g u r e 3 . 2 : F l o w c h a r t s h o w i n g t h e o v e r v i e w o f t h e s p r e a d s h e e t 
p r o g r a m ( B i s h o p - Prob - D irec t ) 
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Start 

i = •0 

J ) ) 

i = i + 1 

Input Slice Parameters 
Ax.t, Q{, h i j , h2 j, a, soil 

type^ cV, f j . 7f 

Output Deterministic 
Factor of Safety 

End 

Note: 
Alphabetical letters used represent the 
following: 

i = "i" th slice 
n = total number of slices 

F i g u r e 3.3: F l o w c h a r t for D e t e r m i n i s t i c w o r k s h e e t 
( B i s h o p - Prob - D irec t ) 
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Start 

i t 

G a i c u l a t i o n S t a g e 1 D a t a I 

• 
i = 0 

i = i+1 

* 
C a l c u l a t e , ( W j + Q) s i n 9( 

c' A x { + ( W i + Q.t - u^Ax.) t a n <K 

Yes 

C a l c u l a t e 

C a l c u l a t e , Z ( W j + Q.) s i n 9; 

Z [c ' Axt + ( W j + Q ( - UjAXj) t a n <j>'] 

I [c ' AXj + ( W j + Q j - UjAXj) t a n <t>'] 

Z ( W j + Q j ) s i n 9j 

k = 0, i = 0 

4 
= i+1 

C a l c u l a t e , Mj(9) = c o s 9j + ( s i n Q.t t a n <t>' I F k ) 
C a l c u l a t e Z [c ' A x i + ( W i + Q i - u i A x i ) t a n f ] / Mi(9) 

No Yes 

k = k+1 

C a l c u l a t e 
Z [c ' AXj + ( W j + Q j - UjAXj) t a n I Mi(9) 

Z ( W j + Q j ) s i n 0. 

No 
= C 

Yes 

F = 1/2 * (F 3 + F 4) 

Continued to next page 

N o t e : 
A l p h a b e t i c a l let ters used represent the 
f o l l o w i n g : 

i = " i " th s l ice 
n = to ta l n u m b e r of s l ices 
k = c o u n t e r of the trial no. of the F O S 
j = n u m b e r represent ing soil t ype 

F i g u r e 3 .4 : F o l w d i a g r a m s h o w i n g t h e C a l c u l a t i o n s w o r k s h e e t 
( B i s h o p - Prob - D irec t ) 
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C o n t i n u e d f r o m previous 

i = 0, j = 0 

j=j+i 

3 
i = i+1 

1 

Calculate, 
AXj / Mj(e) 

(W; + Qj - u,Axi) sec2<(>' / M|(0) 
- Ax; tan f / Mj(e) 

I 
Calculate, 

S Ax ; / M,(9) 
I (Wj + Q, - u (Axi) sec 2 * ' / M,(e) 

S - Ax ; tan / M;(e) 

Calculate, 
(dF/dcJj, (dF/df), . (dF/du)j 

No = 5_ Yes 

End 

N o t e : 
A l p h a b e t i c a l let ters u s e d r e p r e s e n t t h e 
f o l l o w i n g : 

i = " i " th s l ice 
n = tota l n u m b e r of s l ices 
k = c o u n t e r of the tr ial n o . of t h e F O S 
j = n u m b e r r e p r e s e n t i n g soi l t y p e 

F i g u r e 3 . 4 : F o l w d i a g r a m s h o w i n g t h e C a l c u l a t i o n s w o r k s h e e t 
( B i s h o p - Prob - Direc t ) 
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Start 

T 

1 

Input Probabilistic Parameters 
i.e.: COV and Mean 

PTC/ fr/.Uj 

i 

Calculate Standard Deviation and 
Variance of Cj', ty', û  

j = 0 

+0 

j = j + 1 

Read, 
(dF/dc) r (dF/dcj)')^ (dF/du^ 

Calculate, 
(dF/dcV^VCc'V, 
(dF/d.t.'V^V^'L 
( d F / d u ^ V ^ 

Calculate, 
V F = Z (dF/dc) j

2*V(c') j + Z (dF/dW^MO, + Z ( d F / d u ^ V ^ 

I 

Calculate o F 

Read Deterministic F 
Calculate COV(F) = a F / F 

+ 
Calculate ( 3 N = ( F - 1 ) / a F 

Calculate Reliability = NORMSDIST (PN) 
Calculate Probability of Failure = 1 - Reliability 

Calculate PL N 

Calculate Reliability = NORMSDIST ( f 3 L N ) 

Calculate Probability of Failure = 1 - Reliability 
Note : 
j = n u m b e r represent ing soil t ype 

End F i g u r e 3 . 5 : F low Chart for 
P r o b a b i l i s t i c W o r k s h e e t 
( B i s h o p - Prob - Direc t ) 



C a s e (ii): S p r e a d s h e e t for the model b a s e d o n Bishop's simplified 

m e t h o d - direct differentiation a s s u m i n g Mi(8) i s probabil ist ic (File 

Name: Bishop-Prob-Direct-Exact) 

Only c h a n g e in th i s mode l is the equat ion that ca lcu la tes the partial 

derivative of factor of safety with respect to the internal angle of 

friction (i.e.: dF/d§'). Hence , the flowchart is the s a m e except the 

e q u a t i o n that c o m p u t e s dF/d§'. 

C a s e (iii): S p r e a d s h e e t for the model based on Bishop's simplified 

m e t h o d - D u n c a n (2000) and Small Increment m e t h o d s 

(File Name: Bishop-Prob-Small Increment) 

This s p r e a d s h e e t c o n s i s t s of two m a i n w o r k s h e e t s to perform 

determinis t i c a n d probabilistic ca lculat ions , and then a set of 

addit ional w o r k s h e e t s to perform determinist ic ca lcu la t ions with 

varied parameters . 

> The determinis t ic workshee t ca lcu lates the m e a n factor of safety u s i n g 

the m e a n v a l u e s of the parameters . 

Probabil ist ic w o r k s h e e t al lows user to enter uncerta inty of 

probabil is t ic parameters in terms of their coefficient of variation. It 

t h e n c a l c u l a t e s the s tandard deviation and the variance, b u t prompt 

the u s e r to enter v a l u e s for increments of c', <)>' a n d u. 

j The o ther se t of s p r e a d s h e e t s are then u p d a t e d appropriately to 

c h a n g e their propert ies (i.e.: c' <j)', u) and determinis t ic factors of safety 

(i.e: F c i + , F c r , . . .etc) are ca lculated according to n e w parameters . For 

e x a m p l e , in w o r k s h e e t F c i + , the c' va lues of s l i ces lying in soil 1 are 

replaced with c'+Ac' and the factor of safety F c i + i s ca lculated. 

Similarly in F c r workshee t , the c' va lues of s l i ces lying in soil 1 are 

replaced with c'-Ac' and the factor of safety F c r is ca lculated. Figure 

3 . 8 g ives the flow diagram relevant to this process . 

1 
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Probability of failure is ca lculated u s i n g finite difference c a l c u l u s , and , 

the ca l cu la t ions result two v a l u e s for probability of failure o n e u s i n g 

central difference formula, a n d the other u s i n g forward difference 

formula. 

If the u s e r is interested in obtaining the probabil ity of failure according 

to D u n c a n (2000) method, the increment s s h o u l d be m a d e equal to 

the s tandard deviation of e a c h parameter , and the central difference 

probability of failure shou ld be referred to. Ins tead , any small 

increment c a n be entered if a u s e r requires to increase the accuracy of 

the approximat ion. 

Pore water pressure variations are treated in both w a y s a s explained 

in sect ion 2 . 2 . If the pore pres sures are taken to be d e p e n d a n t of the 

soil type, u s e r c a n introduce separate v a l u e s of coefficient of variation 

for e a c h layer. If it is taken to be independent of the soil type, the user 

c a n enter a s ingle value for coefficient of variation, w h i c h is cons tant 

for the whole slope. These s p r e a d s h e e t s require m e a n pore pressure 

v a l u e s to be entered either to e a c h soil layer, or to the whole slope, 

a n d the weighted average is r ecommended . 

U s e of a fixed coefficient of variation resu l t s a fixed s tandard deviation, 

h e n c e a fixed increment . This l eads to negat ive v a l u e s of pore 

p r e s s u r e s in some support ing w o r k s h e e t s that ca lculate F u f (1 

represent the soil type n u m b e r here s u c h a s soil 1, soil 2 etc.). The 

va lue for F u r resu l t s w h e n the pore pressure v a l u e s are reduced by the 

increment va lue entered by the u s e r (i.e.: u = u - Au), and this 

corresponds to considering a lowered water table . .The actua l s i tuation 

in s u c h c a s e s is that negative pore p r e s s u r e s m a y develop in some 

ce l l s where there were s o m e pore p r e s s u r e s initially (see figure 3.6). 

However, a s negative pore water p r e s s u r e s (due to matric suction) 

were not cons idered in this s tudy they were m a d e zero. Hence a check 

is m a d e to a s s i g n those cel ls with zero pore pressure . 
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Figures 3 . 7 a n d 3 . 8 i l lustrate the formulat ions of s p r e a d s h e e t s u s i n g 

flow d i a g r a m s . 

Original Phreatic 
jl^Surface 

Minimum 
position of 
Phreatic Surface 

Note: When the phreatic surface is lowered as shown above, 

the pore pressure in slice 1 becomes zero. As negative pore 

water pressures (due to matric suction) are not used in the 

formulation, it is taken to be zero. 

F i g u r e 3 . 6 : A S l o p e w i t h v a r y i n g P h r e a t i c S u r f a c e s 
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) 

Input Data for 
Deterministic Analysis 

Calculate Deterministic 
Factor of Safety (Mean 

Factor of Safety) 

Input Data for 
Probabilistic Analysis 

Calculate Standard Deviations 
and Variances of all the 

Probabilistic Parameters (c'.cfi'.u) 

Input values for 
suitable increments 

Ac', Aff)*, AU 

Perform calculations to find F c 1 \ 
F • F * F " F ' F • " 

" See seperate 
flowcharts 

Central Difference 
• 6 -

Forward Difference 

Calculate, 
(AF/2AC'),, (AF/2A<|»,)|1 (AF/2Au),for 

all I 

Calculate, 
(AF/Ac'V (AF/Af),, (AF/Au),forall 

I 

Calculate, 
(AF/2AC),*V(C|'), (AF/2A())|

,)*V(<j);), 
(AF/2Au),*V(u,) for all I 

Calculate, 
(AF/Ac) |*V(c |')1 ( A F / A ^ r V ^ ) , 

(AF/Au),*V(u,) for all I 

Compute the variance of Factor 
of Safety 

Compute the variance of Factor 
of Safety 

Compute Probability of Failure 
assuming Normal Distribution for 

F 

Compute Probability of Failure 
assuming Normal Distribution for 

F 

Compute Probability of Failure 
assuming Lognormal Distribution 

forF 

Compute Probability of Failure 
assuming Lognormal Distribution 

f o r F 

3 1 
End 

Note: 
I = number representing soil type 

F i g u r e 3.7: F lowchar t for Smal l 
I n c r e m e n t Program 

(B ishop - Prob - Smal l I n c r e m e n t ) 
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I 

Flow diagram for the 
calculation of Fx* 

Flow diagram for the 
calculation of Fx~ 

Note: 
A lphabet ica l let ters u s e d represent the fo l lowing: 

i = " i " th s l ice 
n = total n u m b e r of s l i ces 
j = n u m b e r represen t ing soi l type 
I = n u m b e r represen t ing soi l t ype 
p = probabi l is t ic p a r a m e t e r s u c h as c', O', u 
F p | represent c a s e s of F c 1 , F^ , F0V F„ , 2 etc. 

F i g u r e 3.8: F low d iagram for c a l c u l a t i o n o f Fx+ a n d Fx-
(B i shop - Prob - S m a l l I n c r e m e n t ) 
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3 . 5 A p p l i c a t i o n o f t h e Mode l 

3 . 5 . 1 G e n e r a l 

For the purpose of i l lustrations and compar i sons of the developed 

probabilistic models , a number of wel l -analyzed problems were 

selected. These problems were se lected from a large number of 

problems that were used in a survey conducted to evaluate the state of 

the art of the slope stability ana lys i s t echniques in Australia in 1989 

(Giam, 1989). All the problems were well analyzed by a group of 

spec ia l i s t s u s i n g different programs based on limit equilibrium 

approach and the min imum factor of safety and critical failure 

surfaces were well established. Only determinist ic ana lyses were 

performed. The concepts of the referee so lut ions are presented in 

detail in Giam (1989). These refereed va lues of factors of safety are 

hereafter termed a s referee so lut ions throughout this text. 

3 . 5 . 2 T e s t E x a m p l e - 1 

The example s h o w n in figure 3 .9 h a s a n o n - h o m o g e n e o u s soil profile 

by introducing three soil types of different s trengths . According to the 

geometry, a near circular failure surface can be expected and it w a s 

the case with the referee so lut ions also. For the purpose of 

i l lustrat ions of the models , the example is divided into two parts 

depending on whether the phreatic surface is prevailing or not. 
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• 50.00 

42.50 

35.00 

27.50 

-

(50,35) (70,35) 

(54,31) 
Soil i 1 

(70,31) 

- (40.27) (50,29) 
Son: 2 

Soil 13 

1 1 I i 

20 .00 30.00 40 .00 50 .00 60.00 70 .00 

Figure 3 . 9 : E x a m p l e 1 G e o m e t r y 

3 . 5 . 2 . 1 E x a m p l e 1 (a): (Ref: ACAD1C0) 

T h i s e x a m p l e d o e s n o t h a v e t h e p h r e a t i c s u r f a c e , h e n c e only a to ta l 

s t r e s s a n a l y s i s is r equ i r ed . The d e t e r m i n i s t i c p a r a m e t e r s given a r e 

s h o w n in t a b l e 3 . 1 . 

Soil Type c ( k N / m 2 ) 4 ( 0 ) y ( kN/m 3 ) 

1 0 38 19.5 

2 5.3 23 19.5 

3 7.2 20 19.5 

T a b l e 3 . 1 : D e t e r m i n i s t i c S o i l P a r a m e t e r s for E x a m p l e 1(a) 

D e t e r m i n i s t i c Ana lys i s 

T h e c r i t i ca l fa i lure su r face given by t h e referee s o l u t i o n s w a s a g a i n 

c o n f i r m e d t h r o u g h SLIDE c o m p u t e r p r o g r a m t h a t p e r f o r m s t h e 

a n a l y s i s of c i r c u l a r fai lure s u r f a c e s b a s e d o n B i s h o p ' s simplified 

m e t h o d . R e s u l t i n g c i r cu l a r fai lure s u r f a c e w a s u s e d for fu r the r 

a n a l y s i s . ^ ^ s ^ 



The s lope geometry a n d the failure surface were d r a w n u s i n g AutoCAD 

a n d the failure m a s s w a s divided into 15 s l ices , l imit ing the m a x i m u m 

sl ice width to 2 . 0 5 m . B u t the average sl ice width w a s 1.5m. The 

re levant d i m e n s i o n s of s l i ces were extracted from AutoCAD drawing 

a n d fed m a n u a l l y into the s p r e a d s h e e t s developed. 

Probabil ist ic Analys is 

Coefficients of variation v a l u e s for c and (j) were se lected based on 

s o m e pub l i shed va lues (Lee et .al . , 1 9 8 3 , D u n c a n , 2 0 0 0 ) and they are 

s h o w n in table 3 .2 . 

Soil Type COV (c) COV(<j>) 

1 0 0.3 

2 0.3 0.4 

3 0.2 0.35 

Table 3 . 2 : C o e f f i c i e n t s o f V a r i a t i o n v a l u e s for c a n d d> 

A n a l y s e s were performed u s i n g all the five m e t h o d s d i s c u s s e d under 

sec t ion 3 . 1 . For the smal l increment c o m p u t a t i o n s , the a s s u m e d 

i n c r e m e n t i s the 10% of the s tandard deviation. Monte-Carlo ana lys i s 

w a s a lso performed for the s a m e problem for 1 0 0 0 , 5 0 0 0 and 5 0 0 0 0 

trials u s i n g the SLOPE/W c o m p u t e r program (GEO-SLOPE Office, 

1998) to provide a compar i son . For th is Monte-Carlo ana lyses , the 

variability of c and § were introduced in t erms of their s tandard 

dev iat ions and the v a l u e s were the s a m e a s tha t u s e d in the other 

ca lcu la t ions . The bas ic out l ine of the Monte-Carlo ana lys i s performed 

u s i n g SLOPE/W c o m p u t e r program is presented in Annex 1. All other 

support ing d o c u m e n t s for t h e s e e x a m p l e s are given in Annex 2. 
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R e s u l t s 

R e s u l t s of the a n a l y s e s are given in table 3.3. 

Analysis Program Determinis t ic Factor of Probability of Failure 

Model Safety Normal Lognormal 

1 Referee Solution 1 . 3 9 These perform only 

2 SLIDE B i s h o p ' s 

simplified 

1 . 4 0 3 the deterministic 
analysis 

3 Direct Differentiation B i s h o p ' s 1 . 4 4 1 b 7 . 4 3 % 5 . 0 6 % 

(M(0) = deterministic) simplified 

4 Direct Differentiation B i s h o p ' s -do-b 3 . 9 5 % 2 . 1 4 % 

(M(8) = probabilistic) simplified 

5 D u n c a n ( 2 0 0 0 ) B i s h o p ' s -do-b 7 . 3 5 % 4 . 9 9 % 

method simplified 

6 Small Increment B i s h o p ' s -do-b 7 . 0 8 % 4 . 7 4 % 

method (Central simplified 

Difference) 

7 Small Increment 

(Forward Difference) 

B i s h o p ' s 

simplified 

-do-b 7 . 1 5 % 4 . 8 0 % 

8 Monte-Carlo B i s h o p ' s 1 . 3 7 9 to 5 . 9 6 % - SLOPE/W 

(Det: 1 . 4 0 8 a ) simplified 1 . 4 0 7 c 6 . 9 7 % assumes 
normal 

9 Monte-Carlo Spencer 1 .36 to 7 . 3 6 % -
distribution 

(Det: 1 .377a ) 1 . 3 8 5 c 8 . 2 8 % only 

Note: 

a. In SLOPE/W m e a n value is different from determinist ic value 

b. These u s e same determinis t ic model 

c. Different Monte Carlo tr ials resu l t in different values. Hence an 

approximate range is specified 

Table 3 . 3 : R e s u l t s for E x a m p l e 1(a) 

Graphical representat ion of the resu l t s is given in figure 3 . 1 0 . For 

Monte-Carlo ana lys i s , only the average va lue of a particular range h a s 

b e e n plotted. 
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Example 1(a) 

F i g u r e 3 . 1 0 : R e s u l t s o f E x a m p l e 1(a) 

D i s c u s s i o n of Resu l t s 

The factor of safety for the se lected failure surface is in c lose 

a g r e e m e n t wi th the referee so lut ions . This is a n evidence to say that 

the critical failure surface had been correctly identified. The difference 

b e t w e e n author 's factors of safety and those given by var ious 

c o m p u t e r programs (this refers to the determinist ic value rather t h a n 

the m e a n value) is only about 0 . 0 4 . Author's program a s s u m e s only 16 

s l i ces , b u t m o s t of t h e s e computer programs u s e at least 3 0 s l ices . 

Also , w h e n the errors m a d e during idealization (model errors) are 

cons idered , th is difference is quite acceptable , and performances of 

author ' s programs are taken to be sat isfactory in determinist ic 

c o m p u t a t i o n s . 

Probability of failure va lues , c o m p u t e d u n d e r the a s s u m p t i o n of 

normal dis tr ibut ion, from author's m o d e l s d i s c u s s e d in this chapter 

vary only over a narrow range from 7 .08% to 7 .43%, except for the 

c a s e that a s s u m e s M(9) a s a probabil ist ic quanti ty . Monte Carlo 

a n a l y s i s re su l t s , which a s s u m e Bishop's simplified method, gives 

probabil ity of failure v a l u e s varying over a range from 5 .96% and 

6.97%, whi le Monte Carlo resu l t s a s s u m i n g Spencer's method range 
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b e t w e e n 7 . 3 6 % a n d 8.28%. It is s e e n that the r e s u l t s from author's 

programs lie within, if not , lie very c lose to the r e s u l t s of Monte Carlo 

a n a l y s i s . Also, the narrow range of probability of failure va lues , from 

different a s s u m p t i o n s of author's program, s h o w tha t whether it be ing 

a n approx imate method or a method derived from rigorous theory, all 

of t h e m perform equally well. Considering t h o s e re su l t s , any of the 

author 's programs d i s c u s s e d above except for the o n e a s s u m i n g M(9) 

i s probabil ist ic c a n be accepted satisfactory in comput ing the 

probabil ity of failure. 

3 . 5 . 2 . 2 E x a m p l e 1(b): (Ref: ACAD1C1) 

In th i s example , additional complicat ion is in troduced for the earlier 

e x a m p l e by introducing a phreatic surface (see figure 3.11) and an 

effective s t res s ana lys i s is performed. The effective strength 

parameters are given in table 3 .4 . 

S o i l T y p e c ' ( k N / m 2 ) <t>' (°) y ( k N / m 3 ) 

1 0 3 8 19 .5 

2 5 .3 2 3 19 .5 

3 7 .2 2 0 19 .5 

Table 3 .4 : D e t e r m i n i s t i c So i l P a r a m e t e r s for E x a m p l e Kb) 

10 20 20 

F igure 3 . 1 1 : G e o m e t r y o f E x a m p l e 1(b) 
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Determinis t i c Analys i s 

As performed in example 1(a), the critical failure surface given by the 

referee programs a n d confirmed by the program SLIDE w a s u s e d for 

further a n a l y s i s . Failure m a s s w a s again divided into 15 s l i ces l imiting 

the m a x i m u m slice width to 1 .93m. Average sl ice width is 1.5m. As in 

the e x a m p l e 1(a), sl ice d i m e n s i o n s were obta ined by drawing the s lope 

in AUTOCAD. Data were fed to s p r e a d s h e e t s manual ly . 

Pore water p r e s s u r e s were es t imated by cons truct ing a flow net (annex 

2). Pore p r e s s u r e distribution be tween s o m e critical po ints w a s 

obta ined through the flow net , and the v a l u e s corresponding to e a c h 

sl ice were interpolated. 

Probabil ist ic Analys i s 

A n a l y s e s were performed by all five m e t h o d s developed by the author . 

Pore p r e s s u r e s are treated in both w a y s a s d i s c u s s e d in sect ion 2 .2 . In 

addit ion, Monte-Carlo ana lys i s w a s performed for 1 0 0 0 , 5 0 0 0 and 

5 0 0 0 0 trials u s i n g SLOPE/W computer program. 

Coefficient of variation v a l u e s for c' and <)>', se lected b a s e d on s o m e 

p u b l i s h e d v a l u e s (Duncan , 2 0 0 0 ; Lee et.al . , 1983) are given in table 

3 . 5 . 

S o i l T y p e COV (c') COV[ty) 

1 0 0 .3 

2 0 .3 0 .4 

3 0 .2 0 . 3 5 

Tab le 3 . 5 : C o e f f i c i e n t s o f V a r i a t i o n v a l u e s for c f a n d <j>' 

Pore p r e s s u r e s were treated in both w a y s that were d i s c u s s e d in 

sec t ion 2 . 2 . Coefficient of variation v a l u e s and the m e a n va lues of pore 

water p r e s s u r e s for the c a s e where they are treated on the b a s i s of soil 
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layers are given in table 3 .6 . The m e a n pore p r e s s u r e s for e a c h soil 

layer were se lected to be the weighted average. 

S o i l T y p e M e a n u ( k N / m 2 ) COV (u) 

1 6 . 4 7 0 . 2 5 

2 2 7 . 6 4 0 . 3 

3 2 3 . 3 3 0 . 3 5 

Table 3.6: M e a n a n d C o e f f i c i e n t s o f V a r i a t i o n o f u 

For the c a s e where the pore pressure variability is defined for the 

who le s lope, the m e a n value w a s again the we ighted average. But, to 

find o u t a coefficient of variation, weighted average of m a x i m u m pore 

p r e s s u r e and the m i n i m u m pore pres sure were ca lculated and the 

coefficient of variation is ca lculated b a s e d on them. Hence , the m e a n 

pore water pressure w a s 2 0 . 0 9 k N / m 2 and the coefficient of variation 

w a s 0 . 3 3 . 

W h e n the Monte-Carlo ana lys i s w a s performed, a n equivalent 

s tandard deviat ion for the piezometric h e a d h a d to be es t imated. There 

w a s n o exact way to relate this to the s tandard deviat ion of the pore 

p r e s s u r e s . Hence , the s tandard deviat ion of the head w a s selected to 

be the va lue corresponding to the s tandard deviat ion of the m e a n pore 

p r e s s u r e u s e d in other ana lyse s . Therefore the va lue of the standard 

deviat ion of head w a s 0 . 6 7 5 m . All the support ing d o c u m e n t s for this 

e x a m p l e are given in Annex 2 . 

Resu l t s : 

R e s u l t s of the ana lys i s are given in table 3 .7 . 
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A n a l y s i s Pore D e t e r m i n i s t i c 

M o d e l 

F a c t o r P r o b a b i l i t y o f F a i l u r e 

P r o g r a m Pressure 

COV 

D e t e r m i n i s t i c 

M o d e l o f 

Safe ty 

N o r m a l L o g n o r m a l 

1 SLIDE Not Bishop's 0.9995 Performs only the 

Applicable simplified deterministic analysis 

2 Direct 

Differentiation 

Based on 

soil layers 

Bishop's 

simplified 

1.028 44.69% 48.56% 

3 (M(9) 

deterministic) 

Constant for 

the slope 

Bishop's 

simplified 

-do- b 45.19% 49.47% 

4 Direct 

Differentiation 

Based on 

soil layers 

Bishop's 

simplified 

-do- b 43.63% 46.32% 

5 (M(0) 

probabilistic) 

Constant for 

the slope 

Bishop's 

simplified 

-do- b 44.21% 47.74% 

6 Duncan 

(2000) 

Based on 

soil layers 

Bishop's 

simplified 

-do- b 44.98% 49.08% 

7 method Constant for 

the slope 

Bishop's 

simplified 

-do- b 45.24% 49.68% 

8 Small 

Increment 

Based on 

soil layers 

Bishop's 

simplified 

-do- b 44.94% 49.02% 

9 method 

(Central 

Difference) 

Constant for 

the slope 

Bishop's 

simplified 

-do- b 45.33% 49.74% 

10 Small 

Increment 

Based on 

soil layers 

Bishop's 

simplified 

-do- b 44.95% 49.03% 

11 method 

(Forward 

Difference) 

Constant for 

the slope 

Bishop's 

simplified 

-do- b 44.42% 48.10% 

12 Monte-Carlo Based on Bishop's 0.976 - 52.65% - S L O P E / W 

Det. 

(B): 0.987a 

(S): 0.976* 

Piezometric 

Head 

simplified / 

Spencer 

0 .985 c 54.61% C a s s u m e s 

n o r m a l 

d i s t r i b u t i o n 

o n l y 

Note: 

a. In SLOPE/W, deterministic value is slightly different from mean value 

b. These use the same deterministic model 

c. Different Monte-Carlo trials result in different values. Hence a range is 

specified here for mean values 

Table 3 . 7 : R e s u l t s o f E x a m p l e 1(b) 
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R e s u l t s are s h o w n in graphical form in figure 3 . 1 2 . For Monte Carlo 

a n a l y s i s , average v a l u e s of the particular range have b e e n plotted. 

Example 1(b) 

CO 
O u. 

- Pf(N) -Pf (LN) 

8 10 12 

Analys is Program 

60.00% 

4 56.00% » 

-f 52.00% t 
o 
>. 

48.00% | re 
Q 
O 

f 44.00% * 

40.00% 14 

Figure 3 . 1 2 : R e s u l t s o f E x a m p l e 1(b) 

D i s c u s s i o n of Resu l t s 

The factor of safety va lues from author's programs and the computer 

programs are very close. The difference is only in the order of 0 . 0 4 -

0 . 0 5 . As d i s c u s s e d in example 1(a), th is difference c a n be allowed for 

the differences in m a n u a l se lect ion and c o m p u t e r selection of 

geometrical parameters . 

Probability of failure from author's m o d e l s w h e n the factor of safety is 

a s s u m e d to have normal distr ibut ion s h o w s a range between 4 4 . 4 2 % 

a n d 4 5 . 3 3 % . However, the resu l t s of Monte Carlo a n a l y s e s are a bit 

h igh with v a l u e s varying b e t w e e n 5 2 . 6 5 % a n d 5 4 . 6 1 % . But , the 

m e t h o d of cons ider ing pore p r e s s u r e variability is different and an 

exac t similarity cannot be expected . The narrow range of va lues 

resu l ted d u e to the author's different a s s u m p t i o n s again s h o w that 

a n y of t h e s e m o d e l s can perform equal ly well. 
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3 . 6 C o n c l u d i n g R e m a r k s 

S o m e s imple m e t h o d s a s well a s s o m e other m e t h o d s b a s e d o n 

r igorous theory, to compute the probability of failure have b e e n 

p r e s e n t e d . These m e t h o d s are applicable to s l o p e s that c a n have 

c ircular failure surfaces . Complicated s i tua t ions where there is 

stratified soil with different strength parameters c a n be a c c o m m o d a t e d 

in t h e s e m o d e l s . 

Performance of the program w a s val idated u s i n g the Monte Carlo 

a n a l y s i s for two examples . Few more e x a m p l e s will be d i s c u s s e d in 

latter c h a p t e r s in relation to the effect iveness of var ious stabil ization 

t e c h n i q u e s . 

The c o m p u t a t i o n of probability of failure formally recognizes the 

u n c e r t a i n t i e s of various geotechnical parameters . Hence , these m o d e l s 

c a n be expected to have a role in developing n e w d e s i g n guide l ines for 

geotechnica l s tructures based on the probability of failure. 
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C h a p t e r 4 

D E V E L O P M E N T O F T H E 

P R O B A B I L I S T I C M O D E L B A S E D ON 

J A N B U ' S S I M P L I F I E D M E T H O D 

4 . 1 Bas i s of t h e Method 

The deterministic equation of Janbu's simplified method provides the 

basis for the probabilistic model. In this method, the correction factor 

fo is needed to account for the effect of inter slice shear forces 

(Fredlund and Krahn, 1977). The correction factor fo is related to 

cohesion, angle of internal friction and the shape of the failure surface 

(Janbu et.al. 1956). 

Considering only the force equilibrium, the uncorrected factor of safety 

is given as: 

_ X {(C Ax, + (W, + Q, - u,Ax, ) tan?)/n, (6)} 

Xw.tane, (4-1J 

where, 
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n , ( # ) = 0 0 8 0, • cost9, + 
s in0 , t a n ^ ' 

(4.2) 

(4.3) 

The t e r m s u s e d in equat ions (4.1) a n d (4.2) are i l lustrated in figure 

4 . 1 . The chart to get the correction factor fo i s given in a n n e x 3 . 

The mode l c a n be u s e d to analyze non-c ircular failure surfaces . 

The first order s econd m o m e n t (FOSM) m e t h o d w a s u s e d to develop 

the probabil ist ic mode ls . Once the parameters that carry uncerta inty 

are identified and their variability are quantif ied, the m o s t probable 

v a l u e s for Fo and F are calculated u s i n g m e a n v a l u e s of probabilistic 

p a r a m e t e r s and other determinist ic parameters . The first order 

approx imat ion of the Taylor ser ies e x p a n s i o n (equat ion 1.10) is u s e d to 

ca l cu la te the variance of uncorrected factor of safety Fo. Variance of 

the corrected factor of safety is then c o m p u t e d from basic s tat is t ics 

theory, a s s h o w n in equat ion 4 .4 a s s u m i n g the correction factor fo is 

determinis t ic . 

F igure 4 . 1 : F o r c e s a c t i n g o n a S l i c e 
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C J F 2 = fo 2 oro 2 (4.4) 

A s for the m o d e l s d i s c u s s e d in chapter 3 , the comple te probabil ist ic 

m o d e l c o m p r i s e s of five different a p p r o a c h e s to ca lcu late variance of 

the factor of safety. They differ from e a c h other in the m e t h o d s of 

ca l cu la t ing the partial derivative involved in equat ion (1.10). The 

m e t h o d s are: 

(i) Direct differentiation of factor of safety equat ion a s s u m i n g 

m(6) is a determinist ic quant i ty 

(ii) Direct differentiation of factor of safety equat ion a s s u m i n g 

m(9) is a probabilistic parameter (as a funct ion of angle of 

internal friction) 

(iii) Use of approximation proposed by D u n c a n (2000) 

(iv) U s e of a n approximate partial derivative a s s u m i n g any 

smal l increment for Ax with central difference formula 

(finite differences) 

(v) U s e of an approximate partial derivative a s s u m i n g any 

smal l increment for Ax with forward difference formula 

(finite differences) 

The m o d e l s developed allow layering of soil u p to five different layers 

wi th different properties. 

4 . 2 A s s i g n m e n t o f U n c e r t a i n t i e s 

As d i s c u s s e d in sect ion 2 . 2 , soil s trength parameters (i.e.: c' and <j)') 

a n d the pore water pressure are treated a s probabil ist ic parameters 

whi le all the other parameters inc luding correction factor fo are 

cons idered determinist ic . 
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Uncer ta in t i e s of soil s trength parameters are a s s i g n e d o n the b a s i s of 

soil layers . Therefore, for e a c h layer, in addit ion to the m e a n v a l u e s of 

s t rength parameters , their coefficients of variation are a s s igned . 

Uncer ta in t i e s of pore water p r e s s u r e s are treated in both a p p r o a c h e s 

a s d i s c u s s e d in sect ion 2 .2 . Therefore, separate s p r e a d s h e e t s have 

b e e n deve loped for those two c a s e s . 

4 . 3 D e r i v a t i o n o f Part ia l D e r i v a t i v e s 

C a s e 1: Direct Differentiation a s s u m i n g mlQ) i s determinist ic 

As for Mi(0) in Bishop's models , the a s s u m p t i o n to treat ni(6) a s 

determinis t ic is a l so a reasonable s implif ication, s ince the va lues of 

ni(0) is a l m o s t c lose to 1, except in the o u t e r m o s t s l i ces of a particular 

d e e p failure surface. 

W h e n the equat ion 4.1 is differentiated wi th respect to e a c h particular 

parameter , following express ions are obtained: 

S F 0 _ Ufa). (4.5) 
5c' ^ W . t a n G 

(4.6) 
d<f>' ^TWjtane 

Ax, tan ft 

dF0_^{ n,(6) J (4.7) 
du ^ W ^ a n B i 
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C a s e (ii): Direct Differentiation a s s u m i n g nj(8) i s Probabil ist ic 

T h i s a s s u m e s ni(9) a s a function of angle of internal friction (i.e.: m(9) = 

/(((>')). Therefore, only the partial derivative with respect to <)>' is 

c h a n g e d . The result ing express ion c a n be given as : 

d<f>' 

(Wj + Q, - U j A x ^ ^ ^ j - | (c 'Ax, . + ( ^ + Qj - u , A X j ) t a n 
c o s 9: t a n 0, s e c 2 

F-nm 

£ Wjtan9j 

C a s e (iii): Method proposed by D u n c a n (2000) 

W h e n the partial derivatives are c o m p u t e d according to the m e t h o d 

p r o p o s e d by D u n c a n (2000), equat ion 1.12 b e c o m e s : 

.(4.8) 

vF0 = + + .(4.9) 

where , 

A F 0 c . = F 0 ( c ' + c 7 e . ) - F 0 ( c ' - < 7 c . ) (4.10) 

AF0,=F0(<P' + cjf)-F0(f-c7,.) (4.11) 

AF0M=F0(u + <7u)-F0(u-au) (4.12) 

C a s e (iv) a n d (v): Small Increment Methods 

Ins tead of u s i n g CTx a s the increment (in equat ion 1.11), these m e t h o d s 

8F 
u s e m u c h smal ler increments (5xi) to ca lculate — - . B o t h m e t h o d s are 

a x , . 

b a s e d o n finite difference ca lcu lus . One m e t h o d u s e s central difference 

formula , whi le the other u s e s forward difference formula. Hence, for 

c a s e (iv), equat ion 1.11 takes the form given below: 

dF0 AF 0 . F0(x, +SX)-F0(x,. -SXi) 

3X; Ax, 2-5. 
.(4.13) 
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For c a s e (v), it t a k e s the following form: 

a F o ^ = FQ(xl+SXi)-FQ(xi) 

d*i Ax,. SXi 

The var iance of the uncorrected factor of safety i s then calculated 

u s i n g equat ion 1.10. 

4 . 4 D e v e l o p m e n t o f t h e S p r e a d s h e e t s 

Fol lowing the s a m e pattern a s for the m o d e l s b a s e d on Bishop's 

s implif ied m e t h o d (chapter 3), three different s p r e a d s h e e t s were 

deve loped with respect to the probabil ist ic model developed based on 

J a n b u ' s simplified method. First spreadshee t is b a s e d on the direct 

differentiation a s s u m i n g m(9) i s a determinist ic quant i ty (case (i) in 

4 .3) . S e c o n d spreadshee t is b a s e d on the direct differentiation 

a s s u m i n g ni(9) is probabilistic. The third s p r e a d s h e e t covers D u n c a n 

(2000) approach and other smal l increment m e t h o d s . A sample set of 

s p r e a d s h e e t s is given in a n n e x 5. 

C a s e (i): Spreadshee t for the model b a s e d on Bishop's simplified 

m e t h o d - direct differentiation a s s u m i n g nj(8) is determinist ic 

(File Name: Janbu-Prob-Direct) 

The s p r e a d s h e e t c o n s i s t s of three w o r k s h e e t s viz, Determinist ic 

Workshee t , Calculat ions Worksheet a n d Probabilistic Worksheet . 

S a m e pattern is followed here a s in the m o d e l s b a s e d on Bishop's 

m e t h o d . 

The Determinis t ic worksheet reads i n p u t data, performs some initial 

c a l c u l a t i o n s , a n d displays the final o u t p u t of the factor of safely. The 

p u r p o s e of initial ca lcu lat ions w a s expla ined in sect ion 3 .4 . 
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W h e n disp lay ing the final factor of safety, it s h o w s the va lue of the last 

two trials a l so , so that the u s e r c a n s e e w h e t h e r the final a n s w e r h a s 

converged or not . These va lues are directly copied from the 

"Calculat ions worksheet". 

The Calculat ions worksheet copies all the input data from the 

determinis t ic worksheet , and performs the c a l c u l a t i o n s to find out the 

uncorrec ted factor of safely (i.e.: Fo). The final va lue for uncorrected 

factor of safety is arrived only after five trials, to avoid s i tuat ions with 

non-converged factors of safety. Once Fo is c o m p u t e d , it is corrected 

with fo to give the corrected factor of safety, F. Apart from that, the 

"Calculat ions worksheet" also ca lcu la tes the partial derivatives of 

uncorrec ted factor of safety with respect to the probabilistic 

parameters . 

"Probabilistic worksheet" al lows the i n p u t of all the data that 

quant i f ies the uncerta int ies of the probabil ist ic parameters , and finally 

c o m p u t e s two v a l u e s for probability of failure o n e a s s u m i n g normal 

dis tr ibut ion and the other a s s u m i n g lognormal distr ibut ion for the 

probabil ity distribution of factor of safety. Yet aga in , depending on the 

w a y the variability of pore pres sures is c o n s i d e r e d (section 2.2), 

s p r e a d s h e e t program is divided in to two s u b s e t s . 

F igures 4 .2 to 4 . 5 i l lustrate the formulation the s p r e a d s h e e t u s i n g flow 

d iagrams . 
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DETERMINISTIC 
WORKSHEET 

CALCULATIONS 
WORKSHEET 

PROBABILISTIC 
WORKSHEET 

Input Data for 
Deterministic Analysis 

Perform Stage I 
Calculations 

Calculate Deterministic 
Factor of Safety 

Output Deterministic 
Factor of Safety 

Input Data for 
Probabilistic Analysis 

Calculate V 
Paran 

ariances of 
leters 

Calculate Partial 
Derivatives 

• 

Calculate Variance of 
the Factor of Safety 

1 

Calculate Probability of 
Failure 

Output of Probability of 
Failure 

F i g u r e 4 . 2 : F l o w c h a r t s h o w i n g t h e o v e r v i e w o f t h e S p r e a d s h e e t 
(Janbu-Prob-Direct ) 
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Start 

i = 0 

*0 

i = i + 1 

Input Slice Parameters 
Ax,, e,, h1 t , h2,, Uj , soil 

types, CV 4>'|. % Yi 

Calculation Stage 1 
Calculate, 

h a v =1/2* (h 1 + h 2 ) 

Q, = q^x, 
tan cp'. 

Output Deterministic 
Factor of Safety 

End 

Note: 
Alphabetical letters used represent the 
following: 

i = "i" th slice 
n = total number of slices 

Figure 4 .3 : F l o w c h a r t for D e t e r m i n i s t i c W o r k s h e e t 
(Janbu-Prob-Direc t ) 
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Start 

Copy Input Data and 
Calculation Stage 1 Data 

i 
i = 0 

i = i+1 

Calculate, (W i + Q.) tan et 

c' AXj + (W, + Q, - ufix) tan <j>' 

Yes 

Calculate 

^o.o 

Calculate, I (W; + Q,) tan Q. 
Z [c' Ax, + (W. + Q j - ^Ax^ tan (j)'] 

Z [C Ax; + (Wj + Qi - ufix.) tan f ] 

Z (W, + Qj) tan 9. 

k = 0, i = 0 

i = i+1 

Calculate, n((9) = cos 9( {cos Q. + (sin Q. tan <t>" / Fk)} 
Calculate Z [c' Ax: + (W\ + - u ^ ) tan <t>*] / n^G) 

No 

k = k+1 

Calculate 

F 0 . K = 

I [c' Ax; + (W( + Qi - UiAXi) tan <M / ^(9) 

Z (Wi + Qi) tan 9, 

No Yes 

F a 5 = 1 /2MF 4 + F 5) 

Note : 
A l p h a b e t i c a l letters u s e d represent the 
fo l low ing : 

i = " i " t h s l ice 
n = tota l n u m b e r of s l ices 
k = counte r of the trial no . of the F O S 

Continued to next page 
F i g u r e 4 . 4 : F o l w d iagram s h o w i n g t h e C a l c u l a t i o n s w o r k s h e e t 

(Janbu-Prob-Direct) 62 



Continued from previous 
P^ge 

i = o, j = o 

j=j+i 

31 
. i = i+1 

Calculate, 
Ax, / 0,(9) 

(W, + Q, - u,Axi) sec2<|>' / n,(9) 
- Ax, tan <t>" / n,(e) 

Calculate, 
2 Ax, / n,(9) 

I (W, + Q, - u,Axi) sec 2^' / n,(9) 
S - Ax, tan <t>' / n,(9) 

Calculate, 
(dFo/dc),, (oFo/df),, (dF^du^ 

No = 51 Yes 

End 

Note : 
A l p h a b e t i c a l let ters u s e d represent the 
f o l l o w i n g : 

i = " i " th s l ice 
n = tota l n u m b e r of s l ices 
k = c o u n t e r of the trial no . of the FOS 

Figure 4 . 4 : Fo lw d iagram s h o w i n g t h e C a l c u l a t i o n s w o r k s h e e t 
(Janbu-Prob-Direct ) 
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Start 

j = 0 

j=j+1 

Input Probabilistic Parameters 
i.e.: COV and Mean 

o f c / . ^ . u , 

Calculate Standard Deviation and 
Variance of Cj \ ty', u f 

No 
= 5, Yes 

j = 0 

-5 
i _ 

j = j + i 
r 
V 

Read, 
(dF^dc),, (dF^df ) r (dF^du), 

Calculate, 
(dF 0/dc) 2*V(c') j, 
(dF0/d<J,')2*V(f) 
(dF 0/duW(uV 

No 
= 5: Yes 

i 

Calculate, 
V F 0 = Z (dF 0/dc) j

2*V(c ,) j + Z (dF0/d<t»')j

2*V(<t.,)j + Z ( d F ^ d u ^ V ^ 

Calculate o, FO 

Read Deterministic F 0 

Calculate COV(F 0) = a F 0 / F 0 

Read Deterministic F 
Calculate COV(F) = o F / F 

Calculate PN = ( F - 1 ) / a F 

Calculate Reliability = NORMSDIST (p N ) 
Calculate Probability of Failure = 1 - Reliability 

Calculate p L N 

Calculate Reliability = NORMSDIST (p L N ) 
Calculate Probability of Failure = 1 - Reliability 

N o t e : 
Alphabetical letters used 
represent the following: 

j = number representing soil ty 

End 
Figure 4.5: Flow Chart for 

Probabilistic Worksheet 
(Janbu-Prob-Direct) 



Case (ii): S p r e a d s h e e t for the model b a s e d on Bishop's simplified 

m e t h o d - direct differentiation a s s u m i n g nj(8) is probabil ist ic 

(File Name: Janbu-Prob-Direct-Exact) 

Only c h a n g e in th is model is the equat ion that ca l cu la te s the partial 

derivative of factor of safety with respect to the angle of internal 

friction (i.e.: dFo/d<j>'). Hence , the flowchart is the s a m e except the 

equat ion that c o m p u t e s dFo/dty. 

7 

Case (iii): S p r e a d s h e e t for the model b a s e d on Bishop's simplified 

m e t h o d - D u n c a n (2000) a n d Small Increment m e t h o d s 

(File Name: Janbu-Prob-Small Increment) 

This s p r e a d s h e e t c o n s i s t s of two m a i n w o r k s h e e t s to perform 

determinist ic a n d probabilistic ca lcu la t ions , a n d then a se t of 

addit ional w o r k s h e e t s to perform determinist ic ca l cu la t ions with 

varied parameters . 

t The determinis t ic workshee t ca lcu la tes the m e a n factor of safety u s i n g 

the m e a n v a l u e s of the parameters . 

Probabilistic workshee t al lows u s e r to enter uncer ta in ty of 

probabilistic parameters in terms of their coefficient of variation. It 

then ca l cu la te s the s tandard deviation and the variance, b u t prompt 

the user to enter v a l u e s for increment s of c', <j)' and u. 

The other se t of s p r e a d s h e e t s are then updated appropriately to 

c h a n g e their propert ies (i.e.: c' (|>', u) and determinist ic factors of safety 

(i.e.: Fo,ci+, Fo.ci", ...etc) are ca lculated according to n e w parameters 

(see sec t ion 3 . 4 for more details) . 

Probability of failure i s ca lculated u s i n g finite difference c a l c u l u s , and , 

the ca l cu la t ions resul t two v a l u e s for probability of failure o n e u s i n g 

central difference formula, and the other u s i n g forward difference 

formula. 
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If the u s e r is interested in obtaining the probability of failure according 

to D u n c a n (2000) method , the increments s h o u l d be equa l to the 

s tandard deviat ion of e a c h parameter, and the central difference 

probability of failure s h o u l d be referred to. Ins tead , a n y smal l 

increment c a n be entered if a u s e r requires to increase the a c c u r a c y of 

the approximat ion . 

Pore water p r e s s u r e variat ions are treated in both w a y s a s exp la ined 

in sect ion 2 . 2 . If the pore p r e s s u r e s are d e p e n d a n t of the soil type, 

u s e r c a n introduce" separate va lues of coefficient of variat ion for e a c h 

layer. If it is no t d e p e n d e n t on the soil type, the u s e r c a n enter a s ingle 

value for coefficient of variation, wh ich is c o n s t a n t for the who le s lope. 

These s p r e a d s h e e t s require m e a n pore pressure v a l u e s to be entered 

ei ther to e a c h soil layer, or to the whole s lope, a n d the we ighted 

average is r e c o m m e n d e d . A check similar to that expla ined in sec t ion 

3 .4 is m a d e to a s s i g n zero va lues for the cel ls that c o n t a i n negat ive 

pore pressure v a l u e s (the r e a s o n s were expla ined in sec t ion 3 .4) . 

The formulat ions of the s p r e a d s h e e t s are presented u s i n g flow 

d iagrams in figures 4 .6 and 4 .7 . 
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Input Data for 
Deterministic Analysis 

Input Data for 
Probabilistic Analysis 

Calculate Standard Deviations 
and Variances of all the 

Probabilistic Parameters (c'.^'.u) 

l 

Input values for 
suitable increments 

Ac', A<(>', Au 

Calculate Deterministic 
Factor of Safety (Mean 

Factor of Safety) 

Perform calculations to find F 0 c 1

+ , 
F F + F F * F " * 
r 0 , c 1 '•'•' r0,<t>1 ' 0,i(i1 ' • • • • ' r 0 , u 1 ' 0,u1 ' • " 

Central Difference 
Formula 

** See seperate 
flowcharts 

Calculate, 
(AF0/2AC),, (AF0/2A(j),)l, (AF0/2Au), 

for all I 

• 

Calculate, 
( A F ^ A C ^ C , ) , (AF /ZA^yV^ ' ) , 

(AF0/2Au),*V(u,) for all I 

Compute the variance of Initial 
Factor of Safety (o F 0 ) 

Forward Difference 
Formula 

Calculate, 
(AF^Ac'),, (AF^ 'V (AFo/Au^for 

all I 

Calculate, 
(AF/AC),*V(C,'), (AF/A<j>,TV(<|>;), 

(AF/Au),*V(u,) for all I 

Compute the variance of Initial 
Factor of Safety (a F 0 ) 

Compute the variance of Factor 
of Safety (aF) 

Compute Probability of Failure 
assuming Normal Distribution for 

Compute Probability of Failure 
assuming Lognormal Distribution 

fo rF 

Compute the variance of Factor 
of Safety (a F) 

Compute Probability of Failure 
assuming Normal Distribution for 

F 

Compute Probability of Failure 
assuming Lognormal Distribution 

forF 

End 

Note: 
I = number representing soil type 

Figure 4 , 6 : F l o w c h a r t for 
S m a l l I n c r e m e n t Program 

( J a n b u - P r o b - S m a l l l n c r e m e n t ) 



P = 0 

5 
p = p + 1 

I = 0 

5 
= 1 + 1 

i = 0 

YES 

1 

p = p - A p 

YES 

Calculate F 0 P I",FP I" 

NO YES 
1 = 5 

NO 
P = 3. 

YES 

r~ 

End 

Flow diagram for the 
calculation of F„+ 

Flow diagram for the 
calculation of F " 

Note: 
A l p h a b e t i c a l let ters u s e d represent the f o l l o w i n g : 

i = " i " th s l ice 
n = tota l n u m b e r of s l ices 
j = n u m b e r r e p r e s e n t i n g soi l t y p e 
I = n u m b e r r e p r e s e n t i n g soi l t ype 
p = probabi l is t ic p a r a m e t e r s u c h a s c', <t>', u 
F 0 p l r epresent c a s e s o f F 0 c 1 , F 0 c 2 , FQ<S>V F0<s>2 e tc . 

Figure 4 . 7 : F low d iagram for c a l c u l a t i o n o f Fx+ a n d Fx -
(Janbu-Prob-Smal l lncrement ) 68 



4 . 5 A p p l i c a t i o n o f t h e M o d e l s 

4 . 5 . 1 G e n e r a l 

These problems are also selected from Giam (1989), h e n c e referee 

results for m i n i m u m factor of safety and critical failure surface are 

available from a group of special i s ts to validate the performance of our 

programs in determinist ic computat ions . Resul ts of Monte Carlo 

analys is based on the appropriate model (i.e.: B i shop or Janbu ' s 

simplified) a long with that based on Spencer's method are u s e d to 

validate the probabilistic computat ions . Out of them, Spencer's 

method w a s said to be one of the best m e t h o d s available in slope 

stability analys is . 

4 . 5 . 2 E x a m p l e 2 (Ref: ACAD3) 

This (figure 4.8) is an example for which, the analys i s through a 

circular failure surface is quite unsui table . The geological feature of 

the weak layer controls the position of the critical failure surface, 

hence some form of a non-circular analys is h a s to be used . Therefore, 

this is an ideal example to test the capabilit ies of programs that can 

handle highly irregular failure surfaces. 

The water table is a s s u m e d to coincide with the base of the weak 

layer. The effect of negative pore pressure above the water table is to 

be ignored (i.e.: u = 0, above water table). The effect of t ens ion crack is 

also to be ignored in this problem. Hence, a l though the analys i s is an 

effective s tress one , pore pressures do not enter into the calculat ions 

u n l e s s an inappropriate failure surface is chosen . 

When the problem w a s analyzed by referee programs, wh ich u s e d 

Spencer method , Morgenstern and Price method and Generalized 

Wedge method that c a n handle non-circular failure surfaces , the given 
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critical failure surface w a s obtained. Number of trial failure surfaces 

w a s tried in the process . Giam (1989) confirmed this critical failure 

surface through s tud ies done with Upper Bound Plastic Theory 

(program EMU) and Finite Element techniques (using program CRISP). 

Since the critical failure surface w a s well es tabl i shed in that manner , 

it w a s u s e d in the probabilistic s tudies d i s cussed here. 

According to Giam (1989), many of the respondents of their survey 

had not had a program in their posses s ion to handle non-circular 

failure surfaces . Hence, they had used Bishop's analys i s with a 

judic ious choice of failure surface to attempt an approximate solut ion. 

The B i shop so lut ions for factor of safety were reported to be very high 

because the circular failure surface can have only a limited length in 

the weak soil layer. Hence, this example is thought to be suitable to 

show the importance of selecting a suitable failure m e c h a n i s m in 

probabilistic ana lys i s a s well, if realistic results are required. 

50.0 -

40.0 
(07.5,40) (84,40) 

30.0 
(20.27) 

(20.27.75) 

Soil 11 

(84,27) 

(20,26.5) 
Soil t 2 

(84,20.5) 

Soil i 1 

20.0 
20.0 30.0 40.0 50.0 60.0 70.0 80.0 

Figure 4 . 8 : E x a m p l e 2 G e o m e t r y 
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The effective strength parameters u s e d for the determinist ic ana lys i s 

are given in table 4 . 1 . 

Soil Type c' (kN/m 2 ) (°) y (kN/m 3 ) 

1 28.5 20 18.84 

2 0 10 18.84 

Table 4 . 1 : D e t e r m i n i s t i c S o i il P a r a m e t e r s for E x a m p l e 2 

Determinist ic Analysis 

Determinist ic analys i s performed was twofold. First, non-circular 

analys is w a s performed for the selected failure surface s h o w n in figure 

4 .8 . Then, circular analys is was performed for a jud ic ious circular 

failure surface obtained from SLIDE computer program. Division of the 

soil m a s s into s l ices , and extraction of slice information were done 

us ing AutoCAD. They were then fed manual ly into the spreadshee t s . 

The modification factor/o considered in the J a n b u ' s analys i s is 1.05. 

Probabilistic Analysis 

Reasonable va lues of coefficient of variation were selected based on 

some publ ished va lues (Lee et.al, 1983 , D u n c a n , 2000) and they are 

given in table 4 .2 . 

Soil Type COV (c') COV(<|>') 

1 0.3 0.1 

2 0 0.2 

Table 4 . 2 : Coe f f i c i en t s o f Var ia t ion v a l u e s for c' a n d <b' 

Non-circular ana lyses were performed from all five m e t h o d s d i s c u s s e d 

under sect ion 4 . 1 . For the small increment m e t h o d s , an increment 

equal to 10% of the standard deviation w a s u s e d . Monte Carlo 

ana lyse s were performed us ing both Janbu' s simplified method and 

Spencer's method, us ing the SLOPE/W computer program (Geo Slope 

Office, 1998). Standard deviation values u s e d in Monte Carlo a n a l y s e s 
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were those computed from coefficient of variation v a l u e s given in table 

4 .2 . 

Circular ana lyses were performed from all five m e t h o d s d i s c u s s e d 

under sect ion 3 . 1 . Small increment was again the 10% of the standard 

deviation. Monte Carlo analyses were performed b a s e d on Bishop's 

and Spencer's m e t h o d s us ing SLOPE/W computer program. The basic 

outl ine of the Monte-Carlo analys is performed u s i n g SLOPE/W 

computer program is presented in Annex 1. All other support ing 

d o c u m e n t s for this example are given in Annex 2. 

Results 

Results of the ana lyses are given in tables 4 .3 and 4 .4 . The graphical 

representation is given in figures 4.9 and 4 . 1 0 . 
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i 

Analysis Program Deterministic 

Model 

Factor of 

Safety 

Probability of Failure Analysis Program Deterministic 

Model 

Factor of 

Safety Normal Lognormal 

1 Referee Solution 1.27 This perform only the 

deterministic analysis 

2 Direct Differentiation 

(n(9) = deterministic) 

Janbu's 

simplified 

1.2479 c 4.92% 3.68% 

3 Direct Differentiation 

(n(9) = probabilistic) 

Janbu's 

simplified 

-do- c 3.93% 2.80% 

4 Duncan (2000) method Janbu's 

simplified 

-do- c 8.34% 6.98% 

5 Small Increment 

(Central Difference) 

Janbu's 

simplified 

-do- c 8.35% 6.99% 

6 Small Increment 

(Forward Difference) 

Janbu's 

simplified 

-do- c 8.37% 7.00% 

7 Monte-Carlo3 

Det. = 1.1961' 

Janbu's 

simplified3 

1.197-1 .203 d 10.669% -

12.35% d 

S L O P E / W 

a s s u m e s 

n o r m a ] 

d i s t r i b u t i o n 

on ly 

8 Monte-Carlo a 

Det. = 1.251' 

Spencer 1.278 - 1.287 d 3.84% -

4.827% d 

S L O P E / W 

a s s u m e s 

n o r m a ] 

d i s t r i b u t i o n 

on ly 

Note: 

a. SLOPE/W computer program only uses uncorrected factor of safety for 

Janbu's simplified method 

b . In SLOPE/W, deterministic value is slightly different from mean values 

c. The uses same deterministic model 

d. Monte-Carlo analysis gives different values for different trials. Hence a range 

of values are specified here for mean factor of safety and probability of failure 

Table 4 .3 : R e s u l t s o f Non-Circular A n a l y s i s for E x a m p l e 2 

Example 2 - Non Circular 

O 

12.00% 

10.00% 

8.00% > 

2.00% 

0.00% 

-Pf(N) -Pf(LN) 

6 8 10 
Analysis Program 

Figure 4 . 9 : R e s u l t s o f Non-Circular A n a l y s i s for E x a m p l e 2 
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A n a l y s i s P r o g r a m D e t e r m i n i s t i c 

M o d e l 

F a c t o r of 

S a f e t y 

P r o b a b i l i t y o f F a i l u r e A n a l y s i s P r o g r a m D e t e r m i n i s t i c 

M o d e l 

F a c t o r of 

S a f e t y N o r m a l L o g n o r m a l 

1 SLIDE 1.561 This perform only the 

deterministic analysis 

2 Direct Differentiation 

(M(0) = deterministic) 

Bishop's 

simplified 

1.57 b 0 . 2 9 % 0 . 0 4 % 

3 Direct Differentiation 

(M(6) = probabilistic) 

Bishop's 

simplified 

-do-b 0 . 2 2 % 0 . 0 2 % 

4 Duncan (2000) method Bishop's 

simplified 

-do-" 0 . 5 5 % 0 . 0 9 % 

5 Small Increment 

method (Central 

Difference) 

Bishop's 

simplified 

-do-b 0 . 5 5 % 0 . 0 9 % 

6 Small Increment 

(Forward Difference) 

Bishop's 

simplified 

-do-b 0 . 5 5 % 0 . 0 9 % 

7 Monte-Carlo 

Det. = 1 .643" 

Bishop's 

simplified 

1 .642-1 .644 <= 0 . 0 9 9 % -

0 . 1 1 4 % c 

S L O P E / W 

a s s u m e s 

n o r m a l 

d i s t r i b u t i o n 

o n l y 

8 Monte-Carlo 

Det. = 1.639* 

Spencer 1.639 to 1 .64lc 0 . 1 0 1 % -

0 . 1 2 4 % c 

S L O P E / W 

a s s u m e s 

n o r m a l 

d i s t r i b u t i o n 

o n l y 

Note: 

a. In SLOPE/W, deterministic value is slightly different from mean values 

b. The uses same deterministic model 

c. Monte-Carlo analysis gives different values for different trials. Hence a range 

of values are specified here for mean factor of safety and probability of failure 

Table 4 . 4 : R e s u l t s o f Circular A n a l y s i s for E x a m p l e 2 

E x a m p l e 2 - C i r c u l a r 

1.7 

1.6 

1.5 

1.4 

1.3 

1.2 

•c. iv 

Ik'i 

-—El 

2.00% 

- 1.60% „, 
L-

1.20% t o >. 
0.80% I 

re 
o 

0.40% * 

0.00% 
Pf(N) -A -P f (LN) 

6 8 

Analysis Program 

10 

Figure 4 . 1 0 : R e s u l t s o f Circular A n a l y s i s for E x a m p l e 2 
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Discuss ion of Resul t s 

75 

The determinist ic factor of safety value for non-circular analys i s 

obtained from author's model agrees very well with the Spencer result 

obtained from SLOPE/W computer program. They differ from quoted 

referee value only by 0 . 0 2 . Hence, the results are well acceptable . 

J a n b u value from SLOPE/W differs from the above s ince it only gives 

the uncorrected factor of safety, Fo. When it is corrected u s i n g the 

correction factor of 1.05 (the value u s e d in author's models) , it gives 

values very c lose to the author's ones . 

Probabilistic resul ts from author's models can be broadly divided into 

two ranges. The direct differentiation results normal probability of 

failure va lues between 3 . 9 3 % and 4.92%. But the va lues obtained 

from approximate m e t h o d s show a considerable difference from these 

values having a range of va lues between 8 .34% and 8.37%. Author's 

results from direct differentiation agree well with the probability of 

failure obtained from Spencer based Monte Carlo analys is . J a n b u 

based Monte Carlo analys i s cannot be used in the comparison s ince it 

gives results based on the uncorrected factor of safety. 

For the Monte-Carlo ana lyses , the mean factor of safety slightly 

c h a n g e s from the determinist ic factor of safety (see a n n e x 1), and it 

also gave slightly different va lues for different trials. Therefore, in table 

4 .3 , deterministic factor of safety is separated from m e a n factor of 

safety. Also, m e a n factor of safety and probability of failure values 

obtained from n u m b e r of trials, which include different Monte Carlo 

ana lyses with 1000 , 5 0 0 0 and 5 0 0 0 0 trials, are given a s a range of 

values . However, in the graphical representation given in figure 4 .9 

and 4 . 1 0 , average va lues out of these ranges are u s e d . 

As expected, factor of safety va lues from circular ana lyse s are high, 

and the corresponding probability of failure va lues are l e s s than the 



actual va lues . Especially, probability of failure va lues are very low, 

giving va lues below 0.5%. Hence, it shows the inappropriateness of the 

circular ana lys i s to this type of s lopes. Therefore, it is e ssent ia l in 

probabilistic analys i s a s well, to select the appropriate failure 

m e c h a n i s m (or determinist ic model), if realistic resul ts are required. 

Without considering the inappropriateness of the circular failure 

surface, if the resul ts from various models are compared, all the 

va lues are quite c lose (In between 0 .1% and 0.55%). Again the va lues 

computed by approximate differentials were slightly greater than those 

computed by the direct differentiation. Assumpt ion that the factor of 

safety h a s a lognormal distribution resulted in lower va lues of 

probability of failure. 

4 . 5 . 3 E x a m p l e 3 : (Ref: ACAD4) 

This example (figure 4.11) introduces number of compl icat ions 

s imul taneous ly - varying pore water pressures in the region of 

interest, toe and crest surcharges , both uniform and non-uniform and 

a weak layer to control the position of the critical surface. The pore 

pressures are to be computed us ing a flow net appropriate for the 

given piezometric surface. 

40 kN/m 2 

(84,40) 

(84,36.8) 

(84,36.2) 

(20.27.7.5)-.... , 

(20,18.28) Soil 2 Soil 1 

(20rt51- 184,15) 

Figure 4 . 1 1 : E x a m p l e 3 G e o m e t r y 

76 



The analys is is based on effective s tresses , and the strength 

parameters considered are given in table 4 .5 . 

Soil Type c' (kN/m 2 ) (°) y (kN/m 3 ) 

1 28.5 20 18.84 

2 0 10 18.84 

Table 4 .5: D e t e r m i n i s t i c S o il P a r a m e t e r s for E x a m p l e 3 

Determinist ic Analysis 

Analysis w a s performed in two ways . First, non-circular analys i s w a s 

performed for the failure surface given in figure 4 . 1 1 . As with the 

previous problem, the critical failure surface w a s es tab l i shed through 

analyses done with referee programs that u s e d m e t h o d s s u c h a s 

Spencer method, Janbu's rigorous method, generalized wedge method, 

upper bound plastic theory and finite e lement t echniques . Then, 

circular failure surface analys is was performed with a jud ic ious failure 

surface obtained from SLIDE computer program. 

Pore water pressures were est imated by construct ing a flow net a s 

shown in Annex 2. 

Failure m a s s for non-circular analys is w a s divided into 14 s l ices , 

limiting the m a x i m u m slice width to 3 .2m. However, the average slice 

width was 2 .9m. Janbu's modification factor u s e d w a s 1 .045. 

For the circular analysis , the failure surface obtained from SLIDE w a s 

used . Same vertical l ines were u s e d to divide the failure m a s s into 

s l ices . Finally, total of 12 s l ices came within the failure m a s s , having 

an average slice width of 2 .9m. 
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Probabilistic Analys is 

Reasonable va lues of coefficient of variation were selected based on 

some publ i shed va lues (Lee et.al, 1983 , Duncan , 2000) and they are 

given in table 4 .6 . 

Soil Type COV (c') COV(<|>') 

1 0.3 0.1 

2 0 0.2 

Table 4 . 6 : C o e f f i c i e n t o f Var iat ion v a l u e s for c' a n d <t>' 

(Example 3) 

As in example 3 , Non-circular analyses were performed from all five 

m e t h o d s d i s c u s s e d under section 4 .1 . For the small increment 

methods , an increment equal to 10% of the standard deviation w a s 

used . Monte Carlo ana lyses were performed u s i n g both Janbu ' s 

method and Spencer's method, us ing the SLOPE/W computer 

program (Geo Slope Office, 1998). Standard deviation va lues u s e d in 

Monte Carlo ana lyse s were the computed from coefficient of variation 

values given in table 4 .6 . 

Circular ana lyse s were performed from all five m e t h o d s d i s c u s s e d 

under sect ion 3 . 1 . Small increment was again the 10% of the standard 

deviation. Monte Carlo ana lyses were performed based on Bishop's 

and Spencer's methods . 

Pore pressures were treated in both ways that were d i s c u s s e d in 

sect ion 2 .2 . Coefficient of variation values and the m e a n va lues of pore 

water pres sures for the case where they are treated on the b a s i s of soil 

layers are given in table 4 .7 . The mean pore pressures for each soil 

layer were se lected to be the weighted average. 
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Soil Type Mean u (kN/m 2 ) COV (u) 

1 13.29 0.3 

2 36.05 0.2 

Table 4 . 7 : M e a n a n d C o e f f i c i e n t s o f V a r i a t i o n o f u for E x a m p l e 3 

For the case where the pore pressure variability is defined for the 

whole s lope, the m e a n value w a s again the weighted average. The 

coefficient of variation for this case w a s obtained from the method 

explained in section 3 .5 .2 .2 . Hence, the m e a n pore water pressure w a s 

3 1 . 1 3 k N / m 2 and the coefficient of variation w a s 0 . 2 1 . 

In Monte-Carlo analys is , an equivalent s tandard deviation for the 

piezometric head w a s selected in s u c h a way that it gives rise to the 

same standard deviation of average pore water pressure . Therefore the 

value of the standard deviation of head w a s 0 . 6 6 m . All the supporting 

d o c u m e n t s for this example are given in Annex 2. 

Results: 

Results of the analys is are given in table 4 .8 and 4 .9 . As d i s c u s s e d in 

Example 2 , deterministic and m e a n va lues were different for 

SLOPE/W analys is . Also, probabilistic analys is gave slightly different 

va lues for different trials. Hence deterministic va lues have been 

separated from probabilistic va lues and also probabilistic va lues are 

given as a range. 
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A n a l y s i s 

P r o g r a m 

P o r e 

P r e s s u r e 

C O V 

D e t e r m i n i s t i c 

M o d e l 

F a c t o r 

o f 

S a f e t y 

P r o b a b i l i t y o f F a i l u r e A n a l y s i s 

P r o g r a m 

P o r e 

P r e s s u r e 

C O V 

D e t e r m i n i s t i c 

M o d e l 

F a c t o r 

o f 

S a f e t y 

N o r m a l L o g n o r m a l 

1 Referee 

So lu t ion 

Not 

Appl icab le 

0 . 7 8 Pe r fo rms only t h e 

d e t e r m i n i s t i c a n a l y s i s 

2 Di rec t 

Dif ferent ia t ion 

(n(9) = 

d e t e r m i n i s t i c ) 

B a s e d on 

soil l a y e r s 

J a n b u ' s 

s implif ied 

0 . 7 3 3 c 9 9 . 5 6 % 9 8 . 9 6 % 

3 

Di rec t 

Dif ferent ia t ion 

(n(9) = 

d e t e r m i n i s t i c ) 

C o n s t a n t for 

t h e s lope 

J a n b u ' s 

simplif ied 

- d o - c 9 9 . 3 4 % 9 8 . 6 1 % 

4 Di rec t 

Dif ferent ia t ion 

(n(8) = 

probabi l i s t i c ) 

B a s e d o n 

soil l a y e r s 

J a n b u ' s 

simplif ied 

- d o - c 9 9 . 8 6 % 9 9 . 5 6 % 

5 

Di rec t 

Dif ferent ia t ion 

(n(8) = 

probabi l i s t i c ) 

C o n s t a n t for 

t h e s lope 

J a n b u ' s 

s implif ied 

- d o - c 9 9 . 7 4 % 9 9 . 3 0 % 

6 D u n c a n 

(2000) 

m e t h o d 

B a s e d on 

soil l a y e r s 

J a n b u ' s 

s implif ied 

- d o - c 9 9 . 4 6 % 9 8 . 7 9 % 

7 

D u n c a n 

(2000) 

m e t h o d C o n s t a n t for 

t h e s lope 

J a n b u ' s 

simplified 

- d o - c 9 9 . 1 2 % 9 8 . 2 7 % 

8 Smal l 

I n c r e m e n t 

(Cent ra l 

Difference) 

B a s e d o n 

soil l a y e r s 

J a n b u ' s 

simplified 

- d o - c 9 9 . 4 6 % 9 8 . 7 9 % 

9 

Smal l 

I n c r e m e n t 

(Cent ra l 

Difference) 

C o n s t a n t for 

t h e s lope 

J a n b u ' s 

simplif ied 

- d o - c 9 9 . 1 2 % 9 8 . 2 7 % 

10 Smal l 

I n c r e m e n t 

(Forward 

Difference) 

B a s e d o n 

soil l a y e r s 

J a n b u ' s 

s implif ied 

- d o - c 9 9 . 4 6 % 9 8 . 7 9 % 

11 

Smal l 

I n c r e m e n t 

(Forward 

Difference) 

C o n s t a n t for 

t h e s lope 

J a n b u ' s 

simplif ied 

- d o - c 9 9 . 1 2 % 9 8 . 2 7 % 

12 Monte -Car lo" 

Det F= 0 .67 1 ' 

B a s e d on 

P iezomet r i c 

H e a d 

J a n b u ' s 

s impl i f ied 3 

0 . 6 6 6 -

0 .678 ' 1 

9 9 . 4 6 % -

9 9 . 7 6 % d 

SLOPE/W 

as sumes 

normal 

distribution 

only 

13 M o n t e - C a r l o 

Det F=0.741'> 

B a s e d on 

P iezomet r i c 

H e a d S p e n c e r 0 . 7 3 1 -

0 . 7 4 2 d 

9 9 . 7 8 % -

9 9 . 9 2 % d 

SLOPE/W 

as sumes 

normal 

distribution 

only 

Note: 

a. In S L O P E / W J a n b u a n a l y s i s , r e s u l t s a r e b a s e d o n u n c o r r e c t e d factor of 

safe ty 

b . D e t e r m i n i s t i c v a l u e is s l ight ly different from m e a n v a l u e 

c. T h e s e u s e t h e s a m e d e t e r m i n i s t i c m o d e l 

d. Different M o n t e - C a r l o t r i a l s r e s u l t in different v a l u e s . H e n c e a r a n g e i s 

specif ied h e r e for m e a n v a l u e s 

Table 4 . 8 : R e s u l t s o f Non-Circular A n a l y s i s for E x a m p l e 3 
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i 

4 

Analysis 
Program 

Pore 
Pressure 
COV 

D e t e r m i n i s t i c 

M o d e l 

Factor 
of 
Safety 

Probability of Failure Analysis 
Program 

Pore 
Pressure 
COV 

D e t e r m i n i s t i c 

M o d e l 

Factor 
of 
Safety 

Normal Lognormal 

1 Direct 

Differentiation 

(M(0) = 

deterministic) 

Based on 

soil layers 

Bishop's 

simplified 

1.1189 b 25.33% 26.53% 

2 

Direct 

Differentiation 

(M(0) = 

deterministic) 

Constant for 

the slope 

Bishop's 

simplified 

-do- b 25.42% 26.64% 

3 Direct 

Differentiation 

(M(9) = 

probabilistic) 

Based on 

soil layers 

Bishop's 

simplified 

-do- b 21.74% 22.31% 

4 

Direct 

Differentiation 

(M(9) = 

probabilistic) 

Constant for 

the slope 

Bishop's 

simplified 

-do- b 22.41% 23.09% 

5 Duncan 

(2000) 

method 

Based on 

soil layers 

Bishop's 

simplified 

-do- b 24.09% 25.05% 

6 

Duncan 

(2000) 

method Constant for 

the slope 

Bishop's 

simplified 

-do- b 24.66% 25.79% 

7 Small 

Increment 

(Central 

Difference) 

Based on 

soil layers 

Bishop's 

simplified 

-do- b 24.04% 24.99% 

8 

Small 

Increment 

(Central 

Difference) 

Constant for 

the slope 

Bishop's 

simplified 

-do-1' 24.62% 25.68% 

9 Small 

Increment 

(Forward 

Difference) 

Based on 

soil layers 

Bishop's 

simplified 

-do- b 24.14% 25.11% 

10 

Small 

Increment 

(Forward 

Difference) 

Constant for 

the slope 

Bishop's 

simplified 

-do- b 24.88% 25.99% 

11 Monte-Carlo 

Det F= 1.110 a 

Based on 

Piezometric 

Head 

Bishop's 

simplified 

1.122 25.95% SLOPE/W 
assumes 
normal 
distribution 
only 

12 Monte-Carlo 

Det F=1.122 a 

Based on 

Piezometric 

Head Spencer 1.133 23.90% 

SLOPE/W 
assumes 
normal 
distribution 
only 

Note: 

a. Deterministic value is slightly different from mean value 

b. These use the same deterministic model 

Table 4 . 9 : R e s u l t s o f Circular A n a l y s i s for E x a m p l e 3 
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1.1 

1 

0.9 

0.8 

0.7 

0.6 

Example 3 - Non Circular 

>• • « • • • • • •-

-P f (N) —A— Pf (LN) 

100.00% 

96.00% | 

-f 92.00% t o 

88.00% = 
n n o 

84.00% 

80.00% 
8 10 12 14 

Analysis Program 

Figure 4 . 1 2 : R e s u l t s o f Non-Circular A n a l y s i s (Example 3) 

Example 3 - Circular 
1.5 

1.4 

1.3 
O 

" • 1 . 2 

1.1 H 

1 

r A -A—-Arr—&—-A—~A— 
A 

• • • • « P • 0 • -

60.00% 

-- 50.00% £ 
3 

40.00% £ 

-- 30.00% 

- 20.00% a 
A 
O 

10.00% £ 
0.00% 

0 

•Pf (N) —A—Pf(LN) 

8 10 12 

Analysis Program 
14 

Figure 4 . 1 3 : R e s u l t s o f Circular A n a l y s i s (Example 3) 

D i scuss ion of Resul ts 

The factor of safety for non circular analys is from author's models 

slightly differ from the quoted referee va lues by 0 . 0 5 , but agree very 

well with the Spencer deterministic factor of safety obtained from the 

SLOPE/W computer program. Hence, the mode l s were a s s u m e d to be 

working properly in the deterministic computat ions . As expected, 

J a n b u ' s uncorrected factor of safety from the computer program w a s 
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different, but once corrected it became m u c h closer to the author's 

factor of safety. 

Results from all the m e t h o d s show a probability of failure around 9 9 % 

indicating that the slope is highly unstable . Even resul ts b a s e d o n 

uncorrected J a n b u analys is showed this s i tuation. An information 

that can be obtained is that for this slope, the small difference in the 

factor of safety within the given region of interest is not a crucial factor 

to affect the probability of failure. 

Circular ana lys i s , a s expected, gave different resu l t s with 

comparatively lower probability of failure values for this s lope. It again 

shows the inappropriateness of the circular analys is to a problem of 

this nature. 

However, w h e n the results of the circular analys is are compared 

within themse lves , they show all the author's models , except the 

method that a s s u m e s M(9) is probabilistic, perform well to give c lose 

results with those obtained from computer programs. 

4 . 6 C o n c l u d i n g R e m a r k s 

Probabilistic mode l s that can handle highly irregular non-circular 

failure surfaces were presented. Performance of the mode l s w a s 

illustrated with two different examples covering two different realistic 

s i tuat ions . Comparison with accepted computer programs indicated 

that author's mode l s that a s s u m e n(0) as a determinist ic quant i ty 

performs highly satisfactorily. Performance of approximate m e t h o d s 

based on J a n b u ' s models agree very well within themse lves , b u t 

produced slightly higher probabilities of failure in example 2 . 

Performance of the model that a s s u m e s n(0) a s a probabilistic quant i ty 

a lso gave s o m e w h a t satisfactory results , but may also n e e d further 

checking. 
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It w a s also s h o w n that for problems with weak layers that can govern 

the shape and posit ion of the actual failure surface, the u s e of a 

circular failure surface is highly inappropriate. This fact is proved to 

be true for probabilistic analys is a s well. Hence, it is essent ia l to 

unders tand the possible failure m e c h a n i s m s , before any kind of 

analys is , whether deterministic or probabilistic, are applied. 

Although inappropriate for the examples considered in th is chapter, 

circular analys i s performed gave further data to validate the 

probabilistic mode l s based on Bishop's simplified method. From the 

two slope problems studied performance of mode l s were found to be 

satisfactory, except for the slightly lower va lues given under the 

a s s u m p t i o n M(0) is deterministic. 

84 



C h a p t e r 5 

P R O B A B I L I S T I C B A S E D A S S E S S M E N T O F 

D I F F E R E N T S T A B I L I Z A T I O N M E T H O D S 

5 .1 I n t r o d u c t i o n 

Landslides are frequently responsible for considerable l o s s e s of both 

money and lives. Severity of landslide problem h a s been worsened with 

the increased development and change in land use . Blockage of natural 

s treams, deforestation, building on unstable s lopes, modification of s lopes 

for buildings and highway expans ions are some of the reasons that have 

increased the risk of landsl iding throughout the world. On the other hand, 

side s lopes in earth works m u s t be des igned to have an acceptable margin 

of safety. Hence, the stabilization of s lopes h a s become increasingly 

important in geotechnical engineering. 

Whether it is a natural slope, or an artificial slope, the c a u s e s of instability 

are quite similar. They can be summarized a s follows: 

1) the s lope is too high or too s teep for the material of which it is 

composed 
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2) the materials are too weak to sus ta in the slope at its present 

profile 

3) the pore water pressures are too high, and t h u s adversely affect 

the soil strength 

4) the material contain weak inc lus ions or discont inui t ies 

5) the slope is affected adversely by some external influence, for 

example se ismic loading, or applied loads from a structure. 

Hence, the principles behind the rational approach in des igning a n e w 

slope and stabilization of an existing slope are similar. 

Commonly adopted slope stabilization m e a s u r e s can be broadly classif ied 

as: 

1) cut and fill so lut ions 

2) drainage, and 

3) u s e of structural sy s t ems 

According to Bromhead (1992), the first response to any slope instability 

problem m u s t a lways be to consider the u s e of re-grading or c u t s and fills 

a s the main e lement of the scheme. The methods include chang ing slope 

geometry to produce a flatter slope, head unloading by removal of soil and 

replacing with lightweight material, and having a toe load. Flattening of 

slope may improve the stability, but it would make large area of land 

u n u s a b l e . Head unloading is a satisfactory measure in short-term, but 

may require additional m e a s u r e s in long-term. Toe loading, the m o s t 

effective stabilization measure that falls under cut and fill so lut ions 

provide immediate results , and also once placed, it is unlikely to be 

removed. In addition, it may serve in dual purpose reducing toe erosion a s 

well. 

Drainage alone can be considered a s the sole stabilization method if the 

deve lopment of e x c e s s pore water pressure is found to be the triggering 

factor in the slope instability. It becomes immediately effective where large 
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flows in permeable strata can be intercepted. Slope stabilization by 

drainage involves both surface drainage improvement and subsurface 

drainage improvement. Surface drainage and landscaping of the site 

reduces the ingress of water into the unstable soil m a s s , while subsurface 

drains inserted into relatively impermeable soil layers facilitate the rapid 

dissipation of pore water pressures . Subsurface drains can be in the form 

of sub-horizontal drains at a small inclination to the horizontal or 

p directional drains following a critical failure surface. 

Structures constructed in uns tab le s lopes are the third m e a n s of primary 

stabilization, and mainly divided into two c las ses viz., active and passive 

methods . Active m e t h o d s include m e t h o d s s u c h a s ground anchors and 

rock bolts, while the pass ive m e t h o d s include m e t h o d s s u c h a s soil 

nailing, u n s t r e s s e d anchor dowels and piling across slip surfaces . Both 

active and pass ive m e t h o d s can be u s e d successful ly , but to become 

successful , pass ive s c h e m e s require further movement of the slide to 

mobilize the full res i s tance of the structural system. 

Once the probabilistic analytical mode l s have been developed, the next 

attempt was to investigate the possible u s e of the concept of probability of 

failure in practice. Hence, it w a s decided to evaluate the effectiveness of 

various stabilization m e a s u r e s in probabilistic terms. 

Almost all the slope failures in central Sri Lanka are triggered by excess ive 

rainfall. Hence, the u s e of surface and subsurface drainage would be the 

f primary method of stabil ization. As s u c h , the effectiveness of drainage w a s 

studied in the research within a probabilistic framework. 

In s lopes where considerable m o v e m e n t s have already taken place, 

strength would have reduced to residual values and some form of 

additional external support s u c h a s soil nailing would be helpful in 

improving the safety margin. As s u c h , additional probabilistic mode l s were 

developed to s tudy the s lopes stabilized by soil nailing. 



Soil nail ing is a practical and cost-effective method u s e d very effectively in 

m a n y countr ies including France, USA, Australia, Germany etc. The 

method inc ludes insertion of number of passive e l ements into the ground 

s u c h that they cross potential failure surfaces. As the ground deforms, the 

nai ls become s tressed in tension, thus resisting m o v e m e n t s . The method 

h a s gained its popularity because of number of advantages it carry 

including the low cost, requirement of only light construct ion equipment , 

fast rate of construct ion and the flexibility associated with the method to 

change the des ign according to what is encountered during construct ion . 

In addition it al lows the u s e of a grassy facing to go in h a n d with the 

increasing environmental considerations. Therefore, author bel ieves that it 

is a method worth d i scuss ing further, although it is yet to b e c o m e popular 

in Sri Lanka. 

Soil nail ing had successful ly been us ed in stabilization of c u t s lopes , 

excavation support and repair of other structures s u c h a s retaining walls . 

Comprehens ive coverage of the method is available in American Society of 

Civil Engineers (1997), Bruce and Jewel (1986, 1987) , J o h n s o n et.al. 

(1995), Mitchell and Villet (1987), Ortigao et.al. (1995) and X a n t h a k o s et. 

al. (1994). 

The effectiveness of drainage can be evaluated in probabilistic terms 

without any modification of the basic models developed u n d e r chapters 3 

and 4. However, d i scuss ion of the effectiveness of soil nai l ing s y s t e m s 

needed the bas ic models for both deterministic models and probabilistic 

mode l s to be modified to include their effects. 

The determinist ic analytical models developed under the undergraduate 

research project of the author were available for the soil nai l ing technique 

(Mettananda et.al . , 2001) , hence , these models were selected for further 

improvement . 
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5 . 2 D e v e l o p m e n t o f Probabi l i s t ic M o d e l s b a s e d o n B i s h o p ' s 

S i m p l i f i e d M e t h o d t o a n a l y z e Soi l Na i l ed s t r u c t u r e s 

5 . 2 . 1 B a s i s o f t h e M e t h o d 

Deterministic equat ion derived to account for the soil nai ls (Mettananda 

et.al., 2001) w a s selected a s the basis of the probabilistic mode l s . The 

equation is given as: 

F = 
^jfc'AXi + (w , + Q ; - U j A X j +T N i i s ina) tan^] 

r 1 / 
L /M, (9)_ } 

XlK+Q.^ine.-T^coste.+a,) 
.(5.1) 

where Mj(0) is given by equation 3 .2 . In this equation; 

TN =lesser of [Nail strength, Pullout Resistance] 

= lesser of 
nd 

n fv , fb x n x ndl(c'+a'tan^') .(5.2) 

The terms u s e d in the above equations are il lustrated in figure 5 . 1 . 

N T 

Ui, Ni X 

Figure 5 . 1 : F o r c e s a c t i n g o n a S l i ce (Bishop's M ode l - N a i l e d S l o p e ) 

First order second m o m e n t method was us ed to develop the probabilistic 

models . Mean factor of safety is calculated u s i n g m e a n va lues of 

parameters, while the variance is calculated us ing equat ion 1.10. As 

illustrated in chapter 3 , direct differentiation method ( a s s u m i n g M(6) is 

deterministic) w a s found to be most successful in evaluat ion the partial 

derivative. Hence, it w a s u s e d to evaluate the effectiveness of soil nail ing. 
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5 . 2 . 2 A s s i g n m e n t o f U n c e r t a i n t i e s 

Soil strength parameters and pore water pressures are treated as 

probabilistic parameters . Force mobilized in nai ls w a s treated as a 

deterministic quantity to avoid u n n e c e s s a r y complicat ions of the resulting 

equations. Pore water pressures were a s s u m e d to have a constant 

coefficient of variation throughout the slope. 

5 . 2 . 3 D e r i v a t i o n o f Part ia l D e r i v a t i v e s 

The partial derivatives obtained a s s u m i n g Mi(8) is determinist ic are as 

follows: 

dF 
' Ax, ^ 
vM,(e) y 

3c' X ( ( W . +Q, )s in0 , - T N l cos(6 + a)) 
.(5.3) 

Y W + Q, - U i A x . + T N , sma)^X 
dF__^\K • M,(0) 

df' X I ( W - +Q,)sin9, -T N i i cos(^ + a)} 
.(5.4) 

5F I 
f Ax.tan^^ 

M,(e) 
du X 4 W , +Q 1 ) s in6 , -TN,cos(0 + a)\' 

.(5.5) 

5 . 2 . 4 D e v e l o p m e n t o f S p r e a d s h e e t 

The spreadsheet cons is ted of four worksheets , viz., Determinist ic 

Worksheet, Probabilistic Worksheet, Calculations Worksheet and Nail 

Resistance worksheet . 

The deterministic worksheet , a s u sua l , allows user to enter parameters 

regarding the slope. In addition, it al lows entering of data regarding the 

nai ls pass ing through each slice. These data include; 
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• n u m b e r of nai ls pass ing through the slice over a uni t width 

• diameter of nai ls 

• effective length of nails beyond the failure surface 

• the bond coefficient (this is analogous to the bond coefficient 

u s e d in other reinforcing techniques) 

• s trength of nail material 

• average depth from the top, and 

• the incl ination of the nails to the horizontal. 

Nail res is tance worksheet reads all these input data and c o m p u t e s the 

mobilized nail force to be the lesser of the pullout res i s tance and the 

tensile strength. The pullout strength is dependent on the overburden 

stress , and it is automatical ly calculated us ing the depth to the nail. 

However, if there is any surcharge involved, the user h a s to input the 

value manual ly in this worksheet , s ince it is not concentrated only to that 

particular slice. User h a s to a s s u m e 2:1 stress distribution, and enter 

values into any of the sl ices, if it is necessary to account for the surcharge 

effect on the pul lout resistance. Otherwise, it will underes t imate the 

mobilized force in nails . Also, w h e n there is a thin weaker layer is present , 

and if a nail p a s s e s through both stronger and weaker layers, some 

reasonable va lues for strength parameters have to be manual ly inserted in 

the nail res is tance worksheet for the particular nail. Without considering 

this effect, if the strength parameters relevant to the particular slice are 

used , the force mobilized in nails may not be correct. 

Calculation worksheet reads all the input data from the determinist ic 

worksheet and the nail force from the nail res istance worksheet , and then 

calculates the final factor of safety of the slope, after iterating over four 

trials. It is observed here that the convergence is slower than that for the 

s lopes wi thout nai ls . However, it converged at the end of the third trial for 

a number of examples considered. In addition, ca lculat ions worksheet , a s 

u sua l , c o m p u t e s the partial derivatives applicable. 

91 



The probabilistic worksheet a s in the earlier c a s e s , gets input data, and 

the partial derivatives, and c o m p u t e s factor of safety a s s u m i n g both 

normal distribution and the lognormal distribution. Formulat ions of each 

worksheet are i l lustrated in figures 5.2 to 5.6. 
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DETERMINISTIC NAIL RESISTANCE CALCULATIONS PROBABILISTIC 
WORKSHEET WORKSHEET WORKSHEET WORKSHEET 

Input Data for 
Deterministic 

Analysis 

Input Data for 
Deterministic 

Analysis 

Calculate the 
Mobilized Nail 

Force 

Calculate the 
Mobilized Nail 

Force 1 

Input Data for 
Probabilistic 

Analysis 

Calculate 
Variances of 
Parameters 

Calculate Deterministic 
Factor of Safety 

Output 
Deterministic 

Factor of Safety 

Calculate Partial 
Derivatives - 6 

Calculate Variance of 
the Factor of Safety 

5 

Calculate Probability of 
Failure 

Output of Probability of 
Failure 

Figure 5 . 2 : F l o w c h a r t s h o w i n g t h e o v e r v i e w o f t h e S p r e a d s h e e t 
(Soi l Na i l ed S l o p e -Based o n B i shop ' s M e t h o d ) 
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Start 

i = 0 

i = i + 1 

Input Slice Parameters 
A x ( , 9 / , h ^ , h 2 i , Uj, soil 

t y p e , . cV. (I)',, q, . y. 

Input Nail Data 
n i ' d i ' Lei' fbi' V Z i ' a i 

Output Deterministic 
Factor of Safety 

End 

Note : 

i = "i" th sl ice 
n = tota l n u m b e r of s l ices 

Figure 5.3: F low c h a r t for D e t e r m i n i s t i c W o r k s h e e t 
(Soil Nai led S l o p e - B i s h o p ' s M e t h o d ) 
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Start 

* 
Copy Input Data and Nail Force 

Data 

i = 0 

*0 
i = i+1 

C a l c u l a t e , ( W j + Qj ) s i n 9( - T N s c o s (9{ + a) 
c' A x ; + ( W j + Qt - UjAXi + T N ( s i n otj) t a n <t>' 

Yes 

C a l c u l a t e , I { ( W j + Q.) s i n Q,-TNl c o s (9, + c^)} 
I [c ' A x ; + (\Ni + Qj - UjAXj + T N , s i n a-) t a n <)>'] 

C a l c u l a t e 
I [c' AX; + ( W j + Qj - UjAXj + T N j s i n a ; ) t a n <t>'] 

Z { ( W j + Qj) s i n 9, - T N . c o s (9, + a , ) } 

, I , 

T 
I 
i 

i = i+1 

1 
C a l c u l a t e , 1̂ (8) = c o s Q. + ( s i n Q. t a n <)>' I F k ) 

C a l c u l a t e Z [c' A x : + ( W , + Qj - UjAXj + T N . s i n a,) t a n t>] I Mi(9) 

No 

k = k+1 

C a l c u l a t e 

F l . = 

Z [c ' Ax, + ( W j + Qj - UjAXj + T N j s i n a) t a n tf] I Mi(6) 

Z { ( W j + Qj) s i n 9, - T N . c o s (9, + a , ) } 

No Yes 

F = 1/2 * ( F 3 + F 4 ) 

Note : 
A l p h a b e t i c a l letters used represent the 
f o l l o w i n g : 

i = " i " th s l ice 
n = tota l n u m b e r of s l ices 
k = c o u n t e r of the trial no . of the F O S 
j = n u m b e r represent ing soi l type 

Continued to next page 
Figure 5.4: Fo lw diagram s h o w i n g t h e C a l c u l a t i o n s w o r k s h e e t 

(Soil Nai led S lope - B a s e d o n B i s h o p ' s M e t h o d ) 
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Continued from previous 
P^ge 

* 
i = 0, j = 0 

j = j + 1 

— 3 1 
i = i+1 

Calculate, 
A X j / 1̂ (9) 

+ Q , - u^xi + T N . sin a.) sec 2 ^ / 1̂ (9) 
-Ax ; tan <j>7 M^e) 

Calculate, 
I A X j / Mfi) 

I ( W j + Qi - u^xi + T N , sin o^) sec2<t>' /1^(9) 
I - A X i tan <(»•/ Mi(9) 

Calculate, 
(dF/dcJj, ( d F / d ^ , (dF/du), 

No 
Note: 
Alphabetical letters used represent the 
following: 

i = "i" th slice 
n = total number of slices 
k = counter of the trial no. of the FOS 
j = number representing soil type 

F i g u r e 5 . 4 : F o l w d iagram s h o w i n g t h e C a l c u l a t i o n s w o r k s h e e t 
(Soi l Na i l ed S l o p e - B a s e d o n B i s h o p ' s Method) 
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Start 

j = -0 

— = y ~ 
i=j+1 

i 

Input Probabilistic Parameters 
i.e.: COVand Mean 

of c;, u, 

i , 

Calculate Standard Deviation and 
Variance of c^ a 

j = 0 

1 

j = j+1 

Read, 
(dF/dc)j. (dF/dp),. (dF/du)j 

Calculate, 
(dF/dc) j

2*V(C) 
(dF/df)2*V(((»') 
(dF/du)2*V(u). 

No 
i = 5; Yes 

Calculate, 
Vp = E (dF/dc) j

2*V(c') j + 2 (dF/d*') j

2*V((|) ,) j + Z (dF/du) j

2*V(u) j 

Calculate o F 

Read Deterministic F 
Calculate COV(F) = a / F 

Calculate P N = ( F - 1 ) / a F 

Calculate Reliability = NORMSDIST (p N ) 
Calculate Probability of Failure = 1 - Reliability 

Calculate p L N 

Calculate Reliability = NORMSDIST (p L N ) 
Calculate Probability of Failure = 1 - Reliability 

End 

Note: 

j = n u m b e r represent ing soil type 

Figure 5.5: F low Chart for 
Probabi l i s t i c W o r k s h e e t 

(Soi l Nai led S lope - B i s h o p ' s 
Method) 



Y _ 
Start 

I 

Copy Input Data 
relevant to nails 

Input surharge value 
manually (if applicable) 

Compute Pullout 
Resistance 

Compute Tensile 
Strength 

Compute Mobilized 
Nail Force 

End 

Figure 5 . 6 : Flow diagram for Nail R e s i s t a n c e W o r k s h e e t 
(Soi l Nai led S l o p e - B a s e d o n B i s h o p ' s M e t h o d 
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5 . 3 D e v e l o p m e n t o f Probabi l i s t i c M o d e l s b a s e d o n J a n b u ' s 

S i m p l i f i e d M e t h o d t o a n a l y z e So i l Nai led s t r u c t u r e s 

5 . 3 . 1 B a s i s o f t h e Mode l 

Determinist ic equation derived to account for the soil nai ls (Mettananda 

et.al. , 2 0 0 1 ) w a s selected a s the bas i s of the probabilistic models . The 

equat ion for uncorrected factor of safety is given as: 

where n,(9) is given by equation 4 .2 . In this equation T N h a s the s a m e 

mean ing a s in the section 5 .2 .1 . The corrected factor of safety is then 

given by: 

The t erms u s e d in the above equat ions are illustrated in figure 5 .1 . 

First order second m o m e n t method w a s us ed to develop the probabilistic 

models . Mean factor of safety is calculated u s i n g m e a n values of 

parameters , while the variance is calculated us ing equation 1.10. Similar 

to the m e t h o d s d i s c u s s e d in sect ion 5 .2 , direct differentiation method 

(a s suming m(0) is deterministic) is u s e d in this model to evaluate the 

partial derivatives. 

5 . 3 . 2 A s s i g n m e n t o f U n c e r t a i n t i e s 

Soil s trength parameters and pore water pressures are treated a s 

probabilistic parameters . Force mobilized in nai ls is treated a s a 

determinist ic quantity to avoid u n n e c e s s a r y complicat ions of the resulting 

equat ions . Pore water pressures were a s s u m e d to have a cons tant 

coefficient of variation throughout the slope. 

Xf tCAx , +(W, + Q , - u . A x J t a n ^ / n ^ e ) } 
.(5.6) 

F = / 0 *Fo (5.7) 
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5 . 3 . 3 D e r i v a t i o n o f Partial D e r i v a t i v e s 

The partial derivatives obtained a s s u m i n g m(6) is determinist ic are a s 

follows: 

X < Ax, ^ 

n,(e). 
5c' ^WjtanG, 

.(5.8) 

5Fo_ 
Sep' 

X | ( W , + Q , - u , A x , ) 

IW.tane , 

sec 2 ^' 

.(5.9) 

5F n 
z ' A x , t a n ^ 

n,(e) 
5u £w , t an0 , 

.(5.10) 

5 . 3 . 4 D e v e l o p m e n t o f t h e S p r e a d s h e e t 

As for that d i s c u s s e d in section 5 .2 .4 , spreadsheet cons i s t s of four 

worksheet s . Except some changes in Calculat ions worksheet and the 

Probabilistic worksheet other worksheets are a lmost similar. In the 

Calculat ions worksheet uncorrected factor of safety is first calculated and 

then corrected to give the final factor of safety. In addition, partial 

derivatives are a lso computed on the bas i s of uncorrected factor of safety. 

In Probabilistic worksheet also, variance of the uncorrected factor of safety 

is c o m p u t e d first, and then corrected to give the variance of corrected 

factor of safety u s i n g equation 4 .4 . Formulat ions of e a c h worksheet are 

i l lustrated in figure 5.7 to 5 .11 . 
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DETERMINISTIC NAIL RESISTANCE CALCULATIONS PROBABILISTIC 
WORKSHEET WORKSHEET WORKSHEET WORKSHEET 

Input Data for 
Deterministic 

Analysis 

Calculate the 
Mobilized Nail 

Force 

Calculate Deterministic 
Factor of Safety 

Output 
Deterministic 

Factor of Safety 

Calculate Partial 
Derivatives 

Input Data for 
Probabilistic 

Analysis 

Calculate 
Variances of 
Parameters 

-5 

Calculate Variance of 
the Factor of Safety 

-.5 

Calculate Probability of 
Failure 

Output of Probability of 
Failure 

F i g u r e 5 . 7 : F l o w c h a r t s h o w i n g t h e o v e r v i e w o f t h e S p r e a d s h e e t 
(Soi l Nai led S lope -Based o n J a n b u ' s Method) 
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Start 

i = 0 

= i + 1 

Input Slice Parameters 
AX;, Qit hrr h 2 j , u,, soil 

type,, c\, <J>V q[t r, 

Input Nail Data 
n i . d i - L e i . f b i ' f y i ' Z i ' « i 

i 
Output Deterministic 

Factor of Safety 

End 

Note : 
A l p h a b e t i c a l let ters used represent the 
f o l l o w i n g : 

i = " i " th s l ice 
n = tota l n u m b e r of sl ices 

Figure 5.8: F low c h a r t for D e t e r m i n i s t i c W o r k s h e e t 
(Soi l Nai led S l o p e - B a s e d o n J a n b u ' s M e t h o d ) 
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Start 
t 

Copy Input Data and Nail Force 
Data 

i = 0 

J ) 
1 

) 

i = i+1 

Calculate, (Wj + Qj) tan 0. - { T N . cos (0j + a) I cos 9} 
c' AXj + (Wj + Qj - UjAXj + t N j sin a ;) tan 

Yes 

I 
C a l c u l a t e , I [ ( W ; + Q,) tan 9,- { T N . cos (9, + a.) I cos Q.}] 

I [c' AXj + (Wj + Qj - UjA^ + t N j sin Qj) tan <)>'] 

C a l c u l a t e 

I [c' AXj + ( W ; + Qj - UjAXj + T N j sin a) tan 

I [ (Wj + Qj) sin 9j - { T N . cos (08 + a,) / cos 0,}] 

t 
k = 0, i = 0 

*5 

i = i+1 

i 
Calculate, n((9) = cos 0j {cos 0( + (sin Qj tan <J>' I Fk)} 

Calculate I [c' Ax; + (W. + Qj - u Ax. + T N . sin a ) tan <j)'] / 
nj(0) 

k = k+1 

Calculate 

Fo.k = — 

E [c' AXj + (Wj + Qj - UjAXj + T N . sin a,) tan I n.{d) 

S [(Wj + Qj) sin 0j - { T N j cos (0. + a,) / cos 0,}] 

No Yes 

* ( F 4 + F 5) 

F = f 0 * F 
r 0 , 5 

T 

N o t e : 
Alphabetical letters used represent the 
following: 

i = "i" th slice 
n = total number of slices 
k = counter of the trial no. of the FOS 
j = number representing soil type 

Continued to next page 

F i g u r e 5 . 9 : F o l w d iagram s h o w i n g t h e C a l c u l a t i o n s w o r k s h e e t 
(Soi l Nai led S l o p e - B a s e d o n J a n b u ' s M e t h o d ) 
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1 
Continued from previous 

P^ge 

i = o. j = o 

A. 
j= i+ i 

i = i+1 

Calculate, 
A x ; I n^O) 

( W ; + Qi - UjAxi + T N i s i n a , ) sec2<f>' / n^G) 

- A X ; t a n f / n ^ ) 

No 

Calculate, 
S AXi / ^(0) 

( W i + Qj - UjAxi + T N i s i n a.) sec2<t>' I ^ (9) 
S - A X i t a n ' f / n :(9) 

Calculate, 
(dF/dcV, (dF/dfV, (dF/duY 

No Y e s 

Note: 
Alphabetical letters used represent the 
following: 

i = "i" th slice 
n = total number of slices 
k = counter of the trial no. of the FOS 
j = number representing soil type 

End 

Figure 5.9: F o l w d i a g r a m s h o w i n g t h e C a l c u l a t i o n s w o r k s h e e t 
(Soi l Na i l ed S l o p e - B a s e d o n J a n b u ' s M e t h o d ) 
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Start 

j = 0 

j = j + 1 

Input Probabilistic Parameters 
i.e.: COV and Mean 

Of Cj', <(./, Uj 

Calculate Standard Deviation and 
Variance of c/, fy', uf 

Calculate, 
(dF 0/dc) j

2*V(c') j, 
(dF0/d<J.'V2*V(f)j, 
(dF 0 /du\ 2*V(u) j 

No 
= 5Z Yes 

Calculate, 
V F 0 = I ( d F . / d c ) , 2 * ^ + I (dF0/d<t.*)j

2*V(«t,')j + Z ( d F ^ d u ^ ^ u J j 

Calcul 
Read Dete 

Calculate COX 

ate a F 0 

rministic F 0 

/(F 0) = o F 0 / F 0 

Calculate o F 

Read Deterministic F 
Calculate COV(F) = a / F 

Calculate PN = ( F - 1 ) / a F 

Calculate Reliability = NORMSDIST (pN) 
Calculate Probability of Failure = 1 - Reliability 

Note: 

j = number representing soil type 

Calculate PL N 

Calculate Reliability = NORMSDIST (pLN) 
Calculate Probability of Failure = 1 - Reliability Figure 5 . 1 0 : Flow Chart for 

Probabi l i s t i c Workshee t 

End (Soi l Na i l ed S l o p e - Janbu's Method) 



Start 

Copy Input Data 
relevant to nails 

Input surharge value 
manually (if applicable) 

Compute Pullout 
Resistance 

Compute Tensile 
Strength 

O 
1 

Compute Mobilized 
Nail Force 

End 

F i g u r e 5 . 1 1 : F low d i a g r a m for Nai l R e s i s t a n c e W o r k s h e e t 
(Soi l Na i l ed S l o p e - B a s e d o n J a n b u ' s M e t h o d ) 
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5 . 4 I l l u s t r a t i v e E x a m p l e for t h e S t a b i l i z a t i o n u s i n g Drainage 

( E x a m p l e 4) 

Two e x a m p l e s d i s c u s s e d under the sect ion 3 .5 c a n be u s e d to illustrate 

the effect iveness of drainage as a stabilization m e a s u r e . Example 1(b) 

represents the s lope with a perched water table, while example 1(a) 

represent the s i tuat ion where the water table h a s been lowered by the 

introduct ion of subsurface drains. The factors of safety and the 

corresponding va lues of probability of failure are presented in table 5 .1 . 

The graphical representation is given in figure 5 . 1 2 . The probability of 

failure corresponds to the model that u s e s direct differentiation a s s u m i n g 

M,(9) is determinist ic . Pore pressures have a c o n s t a n t coefficient of 

variation for the whole slope. 

P e r c h e d Water Table L o w e r e d Water Table 

F a c t o r o f S a f e t y 1.03 1.44 

P r o b a b i l i t y o f Fa i lure 

( N o r m a l D i s t r i b u t i o n ) 

45.19 % 7.43 % 

P r o b a b i l i t y o f Fa i lure 

( L o g n o r m a l D i s t r i b u t i o n ) 

49.47 % 5.06 % 

Table 5 . 1 : R e s u l t s s h o w i n g t h e I m p r o v e m e n t ol ' S t a b i l i t y b y Drainage 

(Example 4) 

Example 4 - Effect of Drainage 

If 1.5 

*S l 
o 
rt0.5 

il _J --

NX --

i 
N X 

--

'• A 
i 

--

6 0 . 0 0 % 

5 0 . 0 0 % 

4 0 . 0 0 % 

3 0 . 0 0 % 

2 0 . 0 0 % 

1 0 . 0 0 % 

0 . 0 0 % 

X 
Xi 
o 

0 1 

•F S3— Pf(N) —*— PffLN) 

Case 1: Perched Water Table 
Case2: Lowered Water Table 

Figure 5 . 1 2 : Graphica l r e p r e s e n t a t i o n o f R e s u l t s (Example 4) 
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5.5 I l lustrat ive Example for the Stabi l izat ion us ing Soil Nailing 

(Example 5) 

This is a modified version of example 1, having eliminated the 

complication of different soil layers. This version had also been used in the 

survey described in Giam (1989). The slope consists of a homogeneous soil 

profile with c = 3 k N / m 2 and <(> = 19.6°. The bulk density is 20 k N / m 3 . The 

coefficients of variation were cov(c) = 0.2 and cov(<))) = 0.3. Depending on 

the geometry a near circular failure surface can be expected. 

When the slope was initially analyzed, it gave a factor of safety of 0.99. 

The probabilities of failure were 51 .07% for the normal distribution 

assumption and 56.44% for the lognormal distribution assumption, 

indicating a highly unstable situation. 

Hence, as a stabilization measure, a soil nail arrangement was designed 

as suming driven type of soil nails. The arrangement u s e s 25mm diameter, 

12m long nails. The horizontal and vertical spacing were 0.75m. The 

a s s u m e d bond coefficient was 1.0. The proposed nail arrangement is 

shown in figure 5.13. 
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In the presence of this nail arrangement, the factor of safety h a s improved 

to 1.68. The probability of failure h a s lowered to 7 . 1 4 % for normal 

distr ibution a s s u m p t i o n and to 3 .77% for lognormal distribution 

a s s u m p t i o n . The graphical and tabulated representa t ions of the resul ts 

are given in figure 5 .14 and table 5.2 respectively. 

W i t h o u t S o i l N a i l s W i t h S o i l N a i l s 

F a c t o r o f S a f e t y 0.99 1.68 

P r o b a b i l i t y of F a i l u r e 

( N o r m a l D i s t r i b u t i o n ) 

51.07 % 7.14 % 

P r o b a b i l i t y of F a i l u r e 

( L o g n o r m a l D i s t r i b u t i o n ) 

56.44 % 3.77 % 

Table 5 . 2 ; R e s u l t s s h o w i n g t h e I m p r o v e m e n t o f S t a b i l i t y by Soi l 

Nai l ing (Example 5) 

Example 5 - Effect of Soil Nailing 

0 1 

•!• - 3 — Pf(N) —A— Pf(I.N) 

60.00% 

50.00% 

40.00% 

4 30.00% 

20.00% 

+ 10.00% 

0.00% 

.a 
Q 

CL. 

Figure 5 . 1 4 : Graphica 

Case 1: Without Nailing 
Case 2: With Nailing 

r e p r e s e n t a t i o n o f R e s u l t s (Example 5) 

5 . 6 I l lu s t ra t ive E x a m p l e for t h e S t a b i l i z a t i o n u s i n g b o t h Drainage 

a n d So i l Na i l ing (Example 6) 

This is the same example u s e d in sect ion 4 . 5 . 3 . The s lope under present 

condi t ions is in an uns tab le state with a factor of safety of 0 .73 , and a 

probability of failure around 99%. As a stabil ization measure , it w a s 

dec ided to evaluate the effectiveness of lowering the water table. Hence, 
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the lowering of the water table below the failure surface was considered. 

This procedure was found to be unsatisfactory as it resulted in a factor of 

safety of 0.94 and a probability of failure of 66 .35% for normal 

distribution assumption and 68.59% for lognormal assumption. Therefore, 

some other stabilization measures have to be proposed, and the possible 

u s e of soil nailing was studied. 

However, depending on the depth of the failure surface in the head region 

nails cannot be used in that area. This region requires nails at least about 

30m long, to be effective. But, the nails more than 23m long have not been 

reported in literature and the most preferred lengths are in the range of 

7m to 16m. Hence nails could be used only in the lower part of the failure 

surface. The proposed nail arrangement required only 13m long nails. All 

of them are 25mm diameter driven type, high strength steel bars. Nail 

spacing was 0.5m in both horizontal and vertical directions. The assumed 

bond coefficient was 1.0. The results showed that a greater improvement 

in stability could be achieved with nailing. Proposed nail arrangement is 

shown in figure 5.15. The results are tabulated in table 5.3 and the 

graphical representation is given in figure 5.16. 

t - . 4 

Figure 5 . 1 5 : Proposed nail arrangement for Example 6 
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N o r m a l Slope Drainage o n l y N a i l i n g o n l y B o t h N a i l i n g 

a n d Dra inage 

F 0.73 0.94 1.14 1.44 

P f (N) 99 .34% 66.35% 2 0 . 7 1 % 1.83% 

P f (LN) 9 8 . 6 1 % 68.59% 21.15% 0.75% 

Table 5 . 3 : R e s u l t s o f E x a m p l e 6 

j 1 2 0 . 0 0 % 

- 1 0 0 . 0 0 ° / o o 

- - 8 0 . 0 0 % £ 

- - 6 0 . 0 0 % & 

- - 4 0 . 0 0 % 
x> o 

- - 2 0 . 0 0 % ^ 

- - 0 . 0 0 % 

5 

1 : Normal Slope 2 : Drainage Only 
3: Nailing Only 
4: Both Drainage and Nailing 

F i g u r e 5 . 1 6 : Graphica l r e p r e s e n t a t i o n o f r e s u l t s ( E x a m p l e 6) 

5 . 7 C o n c l u d i n g R e m a r k s 

Methods were developed in the earlier chapters to evaluate the probability 

of failure, giving d u e consideration to the uncerta int ies assoc iated. The 

c a s e s of both the circular and non-circular failure surfaces were handled. 

In th i s chapter , the m e t h o d s developed were u s e d to a s s e s s the 

ef fect iveness of various slope stabilization techniques . In particular, 

a t tent ion w a s paid to the processes of drainage and soil nail ing t echniques 

a s stabil ization m e a s u r e s . The a s s e s s m e n t of stabilization techniques w a s 

done through several examples covering both circular and non-circular 

failure surfaces . 

i n 



W h e n the resu l t s are presented, it w a s decided to present deterministic 

factor of safety along with the probability of failure. This is because , that 

the factor of safety is still the mos t familiar parameter for all geotechnical 

engineers . Probability of failure va lues were presented for both normal 

distribution a s s u m p t i o n and lognormal distribution a s s u m p t i o n . Since 

there is still no firm decision regarding what the m o s t suitable method, 

t h e s e compar i sons might give some idea to a potential future researcher. 

In the examples , author h a s not d i s c u s s e d about an acceptable value of 

probability of failure to dist inguish be tween stable and non-stable s tates , 

but j u s t showed the improvement of the probability that can be obtained 

from proposed stabilization measures . Once a large database is set u p to 

contain records of both failed s lopes and safe s lopes , it will be possible to 

d i s c u s s about acceptable values of probability of failure. 

Once this need is accompl ished, it would be poss ible to u s e the concept of 

probability of failure a s a supplement to the factor of safety in the design 

of safe s lopes . The probability of failure is a more complete parameter for 

the a s s e s s m e n t of the stabilization t e c h n i q u e s a s all uncerta int ies can be 

formally recognized. 
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C h a p t e r 6 

A P P L I C A T I O N T O S R I L A N K A N C A S E 

H I S T O R I E S O F N A T U R A L S L O P E S 

6 . 1 S t a b i l i z e d Watawala Lands l ide 

6 . 1 . 1 I n t r o d u c t i o n 

Watawala is located in the western slope of the central hill country of 

Sri Lanka. It is the area, which experiences the h ighes t annua l rainfall 

in the country. Watawala landslide is known to be an old, repetitive 

a n d retrogressive landsl ide (Rajaratnam and Bhandari , 1994). 

According to the records available the first s igns of ground s u b s i d e n c e 

h a d been recorded about 5 0 years ago. S ince then, it had been 

react ivated several t imes during periods of heavy rain, generally from 

May to October. 

In 1 9 9 2 / 9 3 , a major slide occurred result ing the destruct ion of the 

railway line, wh ich w a s then the main supply route to the upcountry . 

Several ad h o c m e a s u r e s had been taken to repair the railway line, but 

they had aggravated the landslide in the long term. Rajaratnam and 
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Bhandar i (1994) reported that the landsl ide in J u n e 1 9 9 3 covered a n 

area of 2 2 9 2 0 m 2 (approx.) and about 3 2 2 7 0 0 m 3 s l ide volume. 

D u e to the huge destruct ion c a u s e d to the country's economy, 

stabil ization of the slide w a s of paramount importance . Hence it w a s 

well investigated and long-term remedial m e a s u r e s were implemented 

in 1995 . 

Watawala landslide is the bes t - s tudied landsl ide in Sri Lanka. The 

m e c h a n i s m of landslide, boundary shears and the piezometric profile 

were reliably known, t h u s providing a fit c a s e for the back analysis . In 

our research the slope w a s modeled with the best available 

information and the analys is w a s performed in probabilistic terms. 

Figures 6.1 and 6.2 s h o w the geomorphological m a p and the plan view 

of the Watawala slide area. 

6 . 1 . 2 I n v e s t i g a t i o n o f t h e L a n d s l i d e 

In the early 1990's , National Bui lding Research Organization (NBRO) 

Sri Lanka had launched a comprehens ive invest igat ion program to 

unearth the c a u s e s of instability and to des ign remedial measures . 

The sl ide boundary had been es tab l i shed by a sys temat ic program of 

field mapping, site investigation, s lope ins trumentat ion and 

monitoring. Side boundar ies had been identified with the visual 

observat ions while the basal boundary had b e e n located by the u s e of 

s lope indicator observat ions , shear ing of deflection tube, sudden drop 

in N-values , bending of bore hole cas ings , water l o s s at bore holes and 

the direct ev idences of upthrus t of the toe a n d the ground subs idence 

at the crest. The details of s u b surface profile, location of 

ins trumenta t ions and the detai ls of identified failure surfaces are 

presented in Annex 8. 

114 



i 

Figure 6 . 1 : A Geomorpho log ica l Map of t h e Watawala Earths l ide 

(Rajaratnam a n d Bhandari , 1 9 9 4 ) 

Figure 6 . 2 : Plan View of Watawala Earths l ide (Rajaratnam and 

Bhandari , 1 9 9 4 ) 

(slide boundary, cracks in the ground with dates and longitudinal setions 

x-x and y-y are shown) 



M a x i m u m and m i n i m u m piezometric levels prevailing within the site 

had b e e n mapped by the data obta ined from 9 cas sagrande open 

s tandpipe piezometers and 4 vibrating wire piezometers . According to 

Rajaratnam and Bhandari ( 1 9 9 4 ) , pore water pres sures had been 

artes ian particularly in the head region of the landsl ide. Major failure 

surface along with m a x i m u m and m i n i m u m piezometric l ines are 

s h o w n in figure 6 . 3 . 

Figure 6 .3: L o n g i t u d i n a l S e c t i o n Y-Y o f t h e Watawala Lands l ide 

[Rajaratnam a n d B h a n d a r i ( 1 9 9 4 ) ] 

(Basal boundary shear, the location of drill ho les and the m a x i m u m 

and m i n i m u m water levels are a lso shown) 

Shear res i s tance of soil had been determined by test ing of undis turbed 

s a m p l e s and a lso field shear box t e s t s on actual slip surface. The 

reported strength parameters for u n d i s t u r b e d s a m p l e s had been 

distr ibuted over a wide range with c' = 2 8 - 4 6 k N / m 2 and ty' = 2 1 ° -

2 8 . 5 ° . The parameters derived from the field shear tes t s were c' = 0 

and <|)r' = 1 6 ° (approx.). Since laboratory t e s t s correspond only to low 

order of s tra ins and s ince the actual sl ip surface had undergone large 

orders of s trains , it had been proposed to u s e field shear strength 

parameters a s s u m i n g them to be the res idual parameters (Rajaratnam 

and Bhandari , 1 9 9 4 ) . 
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6 . 1 . 3 S t a b i l i z a t i o n o f t h e Watawala L a n d s l i d e 

Stabil izat ion work of Watawala s lope w a s carried out by J o h n Holland 

International (Pty) Ltd, Australia. Stabil ization involved improvement 

of both surface and subsurface drainage to lower the ground water 

levels . Surface drainage w a s improved by recontouring and 

cons truc t ion of surface drains, so that they can intercept and divert 

the surface runoff reducing infiltration. Subsurface drainage w a s 

improved by instal l ing directional drains and eductors . Conceptual 

model of the rehabilitation work is given in figure 6 .4 . Plan view of the 

underground directional drains and eductor drains are given in annex 

8. 

n m c c T d i v e r s i o n 

RAINFALL DRAIN 

Figure 6 . 4 : C o n c e p t u a l M o d e l o f t h e R e h a b i l i t a t i o n Work 

(Watawala Lands l ide ) 

The stabil ization work took place in 1 9 9 5 , and the drains are still 

reported to function properly. To date s lope is safe and the 

stabil ization had been effective. Hence , this is a good case to check 

w h e t h e r this actual improvement of stability is reflected in the 

probabil ist ic analys is . 

117 



6 . 1 . 4 E x t r a c t i o n o f I n f o r m a t i o n 

Slope geometry and the failure surface were drawn to scale and the co­

ordinates at key points were obtained. Then everything w a s redrawn 

on the AutoCAD screen, failure m a s s w a s divided into s l ices , and the 

relevant detai ls were extracted. Pore water pres sures were computed 

u s i n g the infinite slope a s s u m p t i o n , where the flow l ines are a s s u m e d 

to be parallel to each other. Since the cross sect ion and the plan view 

(figures 6 .2 and 6.3) indicated a uniform slope, this a s s u m p t i o n s e e m s 

reasonable . 

6 . 1 . 5 A n a l y s i s 

Determinist ic analys i s w a s performed through the Janbu' s method 

u s i n g the residual strength parameters c' = 0 and (j>'r = 16°. Failure 

m a s s w a s divided into 14 sl ices. Although slice width is a s s u m e d to be 

smal l in the derivation of analytical mode l s , the average value had to 

be taken a s 2 5 m to work within the l imitations of the developed 

spreadshee t s . J a n b u correction factor taken w a s 1.028. 

Probabilistic ana lys i s was performed u s i n g coefficients of variation of 

0 .2 for angle of internal friction, and 0 . 1 4 for pore water pressures . 

Al though the main objective w a s to evaluate the effectiveness of the 

stabil ization work, it w a s decided to analyze the problem u s i n g all the 

m o d e l s developed based on J a n b u ' s simplified method to provide 

another example to evaluate the performance of the models . Hence 

Monte Carlo a n a l y s e s were also performed. 

For the Monte Carlo ana lyses , s tandard deviation of piezometric head 

w a s taken to be 2 . 1 5 m for the high water table s i tuat ion and 1.05m 

for low water table s i tuat ion, so that they correspond to the same 
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coefficient of variation of the average pore water pressure used in the 

other analyses. 

The results of the analyses are given in tables 6.1 and 6.2. Graphical 

representation is given in figures 6.5 and 6.6. 

A n a l y s i s P r o g r a m D e t e r m i n i s t i c 

M o d e l 

F a c t o r o f 

S a f e t y 

P r o b a b i l i t y o f F a i l u r e A n a l y s i s P r o g r a m D e t e r m i n i s t i c 

M o d e l 

F a c t o r o f 

S a f e t y N o r m a l L o g n o r m a l 

1 Direct Differentiation 

(n(6) deterministic) 

Janbu's 

simplified 

0.8733 71.70% 74.82% 

2 Direct Differentiation 

(n(8) probabilistic) 

Janbu's 

simplified 

-do- 72.32% 75.24% 

3 Duncan (2000) method Janbu's 

simplified 

-do- 71.45% 74.65% 

4 Small Increment -

Central Difference 

Janbu's 

simplified 

-do- 71.42% 74.63% 

5 Small Increment -

Forward Difference 

Janbu's 

simplified 

-do- 71.40% 74.62% 

6 Monte-Carlo a 

Det: 0 .84 h 

Janbu's 

simplified3 

0.844-

0 .845 c 

90.228% -

90.288% c 

S L O P E / W 

assumes only 

n o r m a l 

d i s t r i b u t i o n 7 Monte-Carlo 

Det: 0.876 1' 

Spencer 0.879-

0 .881 c 

95.765% -

95.794% c 

S L O P E / W 

assumes only 

n o r m a l 

d i s t r i b u t i o n 

Note: 

a. SLOPE/W computer program only uses uncorrected factor of safety for Janbu's 

simplified method 

b. In SLOPE/W, deterministic value is slightly different from mean values 

c. Monte-Carlo analysis gives different values for different trials. Hence a range of 

values are specified here for mean factor of safety and probability of failure 

Table 6 . 1 : R e s u l t s for H i g h Water Table S i t u a t i o n (Watawala S lope) 
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F i g u r e 6 . 5 : Graph ica l r e p r e s e n t a t i o n o f R e s u l t s (Watawala s l o p e 

High Water Table S i t u a t i o n ) 

A n a l y s i s P r o g r a m D e t e r m i n i s t i c 

Mode l 

F a c t o r o f 

S a f e t y 

Probab i l i t y o f Fa i lure A n a l y s i s P r o g r a m D e t e r m i n i s t i c 

Mode l 

F a c t o r o f 

S a f e t y N o r m a l L o g n o r m a l 

1 Direct Differentiation 

(n(9) deterministic) 

Janbu's 

simplified 

1.4917 6.23% 3.77% 

2 Direct Differentiation 

(n(8) probabilistic) 

Janbu's 

simplified 

-do- 5.67% 3.30% 

3 Duncan (2000) method Janbu's 

simplified 

-do- 6.12% 3.68% 

4 Small Increment -

Central Difference 

Janbu's 

simplified 

-do- 6.10% 3.66% 

5 Small Increment -

Forward Difference 

Janbu's 

simplified 

-do- 6.28% 3.81% 

6 Monte-Carlo 3 Janbu's 

simplified3 

1.294 0.00% SLOPE/W 

assumes 

only 

normal 

distribution 

7 Monte-Carlo Spencer 1.348 0.00% 

SLOPE/W 

assumes 

only 

normal 

distribution 

Note: 

a. SLOPE/W computer program only uses uncorrected factor of safety for Janbu's 

simplified method 

Tab le 6 . 2 : R e s u l t s for Low Water Table S i t u a t i o n (Watawala S lope) 

120 



v> 
o 

1.5 

1.4 

1.3 -
i 
I 

1.2 -

1.1 

1 

Watawala - Low Water 
~0 9 = 50.00% 

40.00% 
o 

- 30.00% ~ £ 

« ra 
20.00% - S u . o 

k_ 

Q. 

10.00% 

0.00% 
•F v - P f ( N ) —A— Pf(LN) Analysis Program 

Figure 6 . 6 : Graphica l r e p r e s e n t a t i o n o f R e s u l t s 

(Watawala s l o p e - Low Water Table S i t u a t i o n ) 

6 . 1 . 6 D i s c u s s i o n o f R e s u l t s 

From the resul ts it can be seen that the resu l t s from different methods 

from author's programs agree with e a c h other except in the method 

that a s s u m e s n(6) is probabilistic. However, th is problem s h o w s some 

signif icant differences between Monte Carlo resu l t s and author's 

resu l t s . Since there w a s a difference in the way these programs 

cons ider the uncertainty of pore pressures , it is not poss ible to arrive 

at a conc lus ion whether one method is superior to the other one. 

R e s u l t s of the analys i s for two piezometric condi t ions show that a 

great improvement in stability can be expected from drainage. This is 

represented both in deterministic and probabil ist ic ana lyses , and 

confirmed s o m e w h a t by fact the stabil ized s lope is behaving 

satisfactorily to date. 
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6 . 2 S l o p e a t Marangahawe la (Badul la D i s t r i c t ) 

6 . 2 . 1 I n t r o d u c t i o n 

Thi s represent s another landslide that had been initiated very recently 

in the Badul la district of Sri Lanka. The area is located in the 

s o u t h w e s t e r n s lope of the central hill country. Colombo-Ratnapura-

Wel lawaya-Bat icaloa (CRWB) main road lies a c r o s s this s lope, h e n c e 

an identification of instability is very crucial. Plan view of the 

Marangahawela site is given in figure 6.7. 

S ign of a s lope failure w a s first indicated by the subs idence of the 

CRWB m a i n road lying across the landsl ide area. As soon a s this w a s 

not iced , an investigation had been carried out to cover the s u s p e c t e d 

area. The invest igation had cons is ted of 4 boreholes and s u b s e q u e n t 

laboratory tes t ing of soil samples . From t h e s e invest igat ions, a 

probable failure surface had been identified, and it had been analyzed 

u s i n g Bishop's simplified method. According to the resul ts of the 

a n a l y s i s , lowering of the water table had been identified a s a poss ible 

remedial m e a s u r e by the relevant authori t ies , and it had been 

implemented . 

6 . 2 . 2 S t a b i l i z a t i o n o f t h e Marangahawe la S l o p e 

As the stabil ization measure , a s y s t e m conta in ing a drainage well had 

b e e n proposed. Three subsurface subhorizontal dra ins were instal led 

in the form of perforated pipes a s s h o w n in figure 6.8 and the water 

flowing through them are collected to the drainage well. The water 

col lected in th is drainage well is then taken away from the slide area 

by m e a n s of another subsurface drain. 

To observe the groundwater levels p iezometers had been instal led in 

all four boreholes . Measurements are taken c o n t i n u o u s l y on these 
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Figure 6 .7: Plan v i e w of Marangahawela S i t e 
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Figure 6 .8 : Plan v i ew of t h e sub surface dra ins a n d drainage wel l 

123 



piezometers , and a huge drop in the water levels had been not iced 

o n c e the subsurface drains were installed. In addit ion, the flow 

through the s u b surface drains are also being monitored cont inuous ly , 

a n d a remarkable increase of flow had been recorded during periods of 

heavy rain prevailed in April/ May 2 0 0 2 . From these observat ions , the 

officials involved in the remedial work are satisfied that the expected 

lowering of the water table h a s been achieved. 

6 . 2 . 3 A n a l y s i s 

It w a s decided to evaluate the effectiveness of the stabil ization 

m e a s u r e through the developed programs. The identified failure 

surface w a s drawn in AutoCAD and the slice detai ls were obtained. 

Al though the initial computat ions (done by Road Deve lopment 

Authority) had been based on Bishop's simplified analys i s , a n o n -

circular nature w a s observed in the failure surface and J a n b u ' s 

m e t h o d w a s u s e d in this study. The shear strength parameters and 

the m a x i m u m and m i n i m u m piezometric levels were the s a m e a s for 

the original ana lys i s . Hence c' = 5 k N / m 2 and <)>' = 16° were u s e d . The 

failure surface and the m a x i m u m and m i n i m u m piezometric levels 

u s e d are s h o w n in figure 6.9. 

8 0 - , 

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 1 8 0 2 0 0 2 2 0 2 4 0 2 6 0 

D I M E N S I O N S IN M E T R E S 

Figure 6 . 9 : C r o s s - s e c t i o n o f M a r a n g a h a w e l a S l o p e 
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The determinist ic analys i s gave factors of safety v a l u e s that are a lmost 

c lose to the original analys i s with F = 1.15 for high water table 

s i tuat ion , and F = 1.36 for low water table s i tuat ion . In the absence if 

actual data relevant to the uncerta int ies , probabil ist ic analys is w a s 

performed u s i n g some a s s u m e d coefficient of variation values . Hence 

0 .2 w a s u s e d for strength parameters (i.e.: c' a n d (j)') and 0 .25 w a s 

u s e d for pore pressures . This resulted in the following values for the 

probability of failure. 

PffN) PffLN) 

High Water Table 31.77% 35.19% 

Low Water Table 17.47% 16.63% 

Table 6 . 3 : Probabi l i ty o f fai lure for M a r a n g a h a w e l a S lope 

(wi th probabi l i s t i c p a r a m e t e r s e t 1) 

The probability of failure around 16-17% s e e m s unreasonable , if the 

stabil ization had been effective. It should be noted that for the case of 

stabil ized Watawala slope, the probability of failure w a s only around 

6%. Also, D u n c a n (2000) h a s cited a c a s e of a failed slope where the 

factor of safety w a s 1.17 and the probability of failure w a s 18%. 

Hence , another set of lower coefficients of variation w a s a s s u m e d and 

the c a s e w a s reanalyzed. For the coefficients of variation of 0.1 for 

cohes ion , 0 .2 for friction angle and 0 . 1 5 for pore p r e s s u r e s the results 

presented in table 6 .4 were obtained. 

PflN) Pf(LN) 

High Water Table 23.71% 24.76% 

Low Water Table 7.99% 6.02% 

Table 6 . 4 : Probabi l i ty o f Fa i lure for M a r a n g a h a w e l a S lope 

(wi th probab i l i s t i c p a r a m e t e r s e t 2) 
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With th is set , probability of failure of about 6-7% c a n be taken a s 

r e a s o n a b l e (this is j u s t based on the information available at th is 

m o m e n t ) , if the stabilization works performs well. However, it is too 

early to say whether the stabilization work h a s satisfactorily prevented 

the sl ide. Hence these results can be kept open for future u s e . If there 

is any failure taken place again it implies that the remedial m e a s u r e , 

w h i c h improved the factor of safety u p to 1.36 h a s not been sufficient. 

In other words it gives a clear indication that the factor of safety a lone 

is not sufficient to a s s e s s the stability of s lopes , s ince the parameters 

involved had been carrying uncertainty. 

Another important observation is that despite the fact that factor of 

safety is 1.15 under high water table condit ion the slope h a s s h o w n 

s o m e s i g n s of movements . However, according to the basic m e c h a n i c s , 

if the factor of safety is greater than 1, the s lope shou ld be stable. This 

is a n indicat ion that the computed factor of safety h a s not provided a 

sat is factory a s s e s s m e n t of the stability of the s lope, a s in the case 

cited by D u n c a n (2000) . This is due to the uncerta int ies involved in 

the parameters u s e d for the analys is . This is why the probabilistic 

a n a l y s i s is so important. Even us ing small coefficients of variation 

v a l u e s , the s lope had a probability of failure around 2 3 - 2 4 % , w h e n the 

water table is high. 

6 . 3 C o n c l u d i n g R e m a r k s 

Two c a s e s regarding actual slope failures were presented. Analysis of 

Watawala s lope gave another set of resul ts to d i s c u s s the validity of 

the m o d e l s b a s e d on the Janbu's simplified method . In addition, the 

r e s u l t s s h o w e d that probability of failure c a n be taken as an 

appropriate concept to d i s c u s s the effect iveness of the remedial 

m e a s u r e s . 
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Marangahawela slope w a s a good c a s e s tudy to d i s c u s s the 

unsui tabi l i ty of factor of safety a s the sole parameter to a s s e s s the 

stability of a s lope. 

4' 
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C h a p t e r 7 

P R O B A B I L I S T I C E V A L U A T I O N O F 

S A F E T Y O F C U T S L O P E S 

7 . 1 I n t r o d u c t i o n 

Non-eng ineered construct ions in s lopes and surroundings are one of 

the major c a u s e s that can increase the risk of landsl ides . Although 

proper invest igat ions are carried out in major construct ion works, 

non-eng ineered construct ions cannot be easi ly avoided in smal l -scale 

c o n s t r u c t i o n s s u c h a s small h o u s e s . Instead of rigorous computat ions , 

if s o m e b o d y can arrive at some bas ic gu ide l ines that can be 

u n d e r s t o o d by general public, there c a n be a n opportunity of reducing 

the hazards s ince people are aware of the c o n s e q u e n c e s . Therefore 

e s t a b l i s h m e n t of design guidel ines for d i sas ter mitigation activities of 

natural s lope stability h a s become an important aspect in the 

e s t a b l i s h m e n t of environmental ly friendly, hazard free excavat ions in 

natura l s lopes . 

With the objective of developing s u c h guide l ines , National Building 

Research Organization (NBRO) of Sri Lanka had carried out a 

thorough invest igation under the Sri Lanka Urban Multi-hazard 
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Disas ter Mitigation Project (SLUMDMP) (National Bui lding Research 

Organization, 1998). The special at tent ion h a d been paid to the 

a s s e s s m e n t of unsupported earth cut t ings in res idual soils a n d 

co l luv ium in the Rathnapura Municipal Counci l area. 

Under the said project, stability of a large n u m b e r of unsuppor ted 

earth cutt ings had been a s s e s s e d to cover both c u t s by the s ides of 

roads and near buildings. Whole ana lys i s had been based on the 

determinist ic concepts . The purpose of this chapter is to d i s c u s s the 

poss ib le u s e of probabilistic ana lys i s in this kind of a project to 

evaluate the stability and the effectiveness of the remedial measures . 

Hence , two c a s e s , where soil nai l ing can be u s e d a s a remedial 

m e a s u r e have been selected. The detai ls of these c a s e s were obtained 

u n d e r the kind approval of the National Building Research 

Organization of Sri Lanka. 

7 . 2 So i l s t r e n g t h p a r a m e t e r s 

Resource area cons i s t s mainly of res idual soil, col luvium and 

weathered rock. Properties had been evaluated through a series of 

laboratory test ing on undis turbed s a m p l e s . Tes t s inc lude mult i -stage 

consol idated undrained triaxial t e s t s with pore pressure monitoring, 

and mult i - s tage unconsol idated undra ined triaxial tests . The resul ts 

are given a s a range of parameters , and the v a l u e s corresponding to 

res idual soi ls are shown in table 7 . 1 . 

Effective strength 

parameters 

c' = 2 - 12 kN/m 2 

<K = 26° - 32° 

Undrained strength 

parameters 

Saturated c u = 10 - 22 kN/m 2 

«bu = 2° - 3° 

Undrained strength 

parameters 

Unsaturated c u = 9 8 - 115 kPa 

Table 7 . 1 : S t r e n g t h p a r a m e t e r s o f r e s i d u a l s o i l s - R a t h n a p u r a MC 

area 
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7 . 3 G r o u n d w a t e r c o n d i t i o n s 

Groundwater condit ions had been es tab l i shed by the observat ions 

m a d e at the site. Observations include inspect ion of test pits, auger 

h o l e s and d u g wells . 

7 . 4 N e e d for probabi l i s t i c a p p r o a c h 

Average v a l u e s of strength parameters had been u s e d for different 

k ind of soi ls after test ing on number of s a m p l e s . In addition, methods 

of obta in ing the groundwater condit ions are not that accurate . Hence 

the v a l u e s u s e d in the analys i s are subjected to some sort of 

uncerta inty . This uncertainty can be a c c o u n t e d with the u s e of a 

probabil ist ic analys is . 

7 . 5 E x a m p l e Cut S l o p e 1 (Ref: R M C / 0 1 2 ) 

This s lope (figure 7.1) is found adjacent to a h o u s e and cons i s t s of a 

res idual soil formation overlying weathered rock. Identified water table 

locat ion is shown in figure 7 . 1 . Slope had been analyzed in the original 

research u s i n g both the peak strength parameters and residual 

s trength parameters , and the location of failure surfaces had been 

l imited by limiting tangents . But in this s tudy , location of failure 

surface w a s not limited by limiting tangents . Hence , identified critical 

failure surfaces are different, t h u s giving different va lues for factor of 

safety. 
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Analys i s w a s done u s i n g the peak strength parameters obtained by 

u n d i s t u r b e d testing on saturated samples . As that can be seen , an 

effective cohes ion of 10 - 12 k N / m 2 is available in these dense soil 

formations in the fully saturated condit ion a lso . The parameters u s e d 

for the analys i s are given in table 7 .2 . Coefficient of variation of pore 

water pressure w a s 0 .25 . 

Soil Type c' (kN/m 2 ) f(°) cov (c') cov (<)>') y (moist) 

k N / m 3 

y (saturated) 

k N / m 3 

1 12 29 0.3 0.2 18 19.5 

2 15 32 0.2 0.3 19 21.0 

Table 7 . 2 : P e a k s t r e n g t h p a r a m e t e r s for c u t s l o p e 1 

The s lope w a s initially analyzed u s i n g SLIDE computer program to 

identify the mos t critical circular failure surface. Then the same failure 

surface w a s analyzed u s i n g author's programs after taking the slice 

d i m e n s i o n s from the AutoCAD screen. The ana lys i s s h o w s that the 
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s lope is in the verge of failure with a factor of safety of 1 .008 and a 

probabil ity of failure of 4 8 . 3 7 % if the factor of safety is a s s u m e d to be 

normal ly distributed and 5 2 . 1 1 % if the factor of safety is a s s u m e d to 

follow lognormal distribution. However, th is represents the fully 

sa turated s i tuat ion, and the s lope is m u c h stable under partially 

sa turated condit ions , due to high apparent c o h e s i o n result ing from 

the matric suct ion . 

However, if the matric suct ion is lost due to the infiltrated rainwater 

the probability of failure and the factor of safety would be lowered to 

the v a l u e s quoted above and the slope is on the verge of failure. The 

lowering of water table to be lower than the base of the potential 

failure surface w a s considered a s one stabil izing measure . The 

improvement of factor of safety and the probability of failure achieved 

by th i s technique is found to be only marginal (Tables 7 .4 and 7.5). 

Hence , another stabilization technique had to be considered and the 

possibi l i ty of u s i n g soil nail ing w a s s tudied. 

W h e n a nail arrangement is des igned cons ider ing only the critical 

failure surface, another failure surface m a y b e c o m e critical then. 

Hence , a n u m b e r of potential failure surfaces were considered before 

finalizing on the final nail arrangement . Des igned final nail 

arrangement is summarized in table 7 .3 . A shotcrete facing can be 

u s e d to provide a local stability of soil near the face. 

Length of nails 7m 

Orientation 15° below horizontal 

Vertical spacing 1 m 

Horizontal spacing 1 m, on a regular grid 

Diameter of steel bars 25 mm high yield steel 

Nail type Driven 

Durability requirement Hot dip galvanizing 

Table 7 . 3 : So i l na i l a r r a n g e m e n t for c u t s l o p e 1 
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Four poss ible failure surfaces were cons idered a n d they are given in 

figure 7 .2 along with the proposed nai l ing arrangement . Resul t s of the 

a n a l y s e s of four failure surfaces u n d e r the natural condit ion and the 

proposed stabilization method are given in tab les 7 .4 to 7 .6 . 

F igure 7 . 2 : P r o p o s e d nai l a r r a n g e m e n t a n d t h e fai lure s u r f a c e s 

c o n s i d e r e d for c u t s l o p e 1 

Failure Surface Factor of safety Probability of failure Failure Surface Factor of safety 
Normal Lognormal 

1 1.0079 48.37% 52.11% 

2 1.0217 45.63% 49.36% 

3 1.1520 25.23% 26.61% 

4 1.2478 15.82% 15.16% 

Table 7 . 4 : R e s u l t s for Cut S l o p e 1 - w i t h t h e g i v e n w a t e r table 
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Failure Surface Factor of safety Probability of failure Failure Surface Factor of safety 

Normal Lognormal 

1 1.0873 33.64% 36.32% 

2 1.0831 34.56% 37.39% 

3 1.2208 17.79% 17.59% 

4 1.3253 10.70% 8.98% 

Table 7 . 5 : R e s u l t s for Cut S l o p e 1 - w i t h t h e w a t e r t a b l e r e d u c e d 

b e l o w failure s u r f a c e s 

Failure Surface Factor of safety Probability of failure Failure Surface Factor of safety 

Normal Lognormal 

1 1.5635 3.08% 1.24% 

2 1.45 5.56% 3.38% 

3 1.5249 4.18% 2.05% 

4 1.5249 4.12% 2.01% 

Table 7 . 6 : R e s u l t s o f c u t s l o p e 1 - w i t h t h e p r o p o s e d na i l 

a r r a n g e m e n t 

7 . 6 E x a m p l e C u t S l o p e 2 (Ref: R M C / 0 0 2 ) 

The sect ion (figure 7.3) is found adjacent to the road and c o n s i s t s of a 

res idual soil formation of two different dens i t ies . Slope had been 

analyzed in the original research us ing both the peak strength 

parameters and residual strength parameters , and for this s lope also 

the factors of safety va lues computed in this research are different to 

that obta ined in the original analys is performed by NBRO (National 

Bui ld ing Research Organization, 1998). The reasons might be the 

l imitat ions that were there in the selection of the trial failure surfaces 

in the NBRO analys i s . 
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Figure 7 . 3 : G e o m e t r y o f c u t s l o p e 2 

Analys i s w a s done us ing the peak strength parameters obtained by 

undi s turbed testing on saturated samples . It can be seen that, an 

effective cohes ion of about 12 k N / m 2 is available even under fully 

saturated condition. The parameters u s e d for the ana lys i s are given in 

table 7.7. Coefficient of variation for pore water pressure was 0 .25. 

S o i l T y p e c ' ( k N / m 2 ) (°) c o v (c') c o v (<(>') y ( m o i s t ) 

k N / m 3 

y ( s a t u r a t e d ) 

k N / m 3 

1 12 29 0.3 0.2 18 19.5 

2 21 32 0.2 0.3 19 21.0 

Table 7 . 7 : P e a k s t r e n g t h p a r a m e t e r s for c u t s l o p e 2 

The s lope w a s also analyzed u s i n g SLIDE computer program to 

identify the m o s t critical circular failure surface. Then the same failure 

surface w a s analyzed u s i n g author's programs after taking the slice 

d i m e n s i o n s from the AutoCAD screen. The ana lys i s indicates that the 

s lope to be uns tab le with a factor of safety of 0 . 8 5 , a probability of 
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failure of 7 4 . 2 3 % for normal distribution a s s u m p t i o n a n d 7 7 . 1 0 % for 

lognormal distribution as sumpt ion . The reason beh ind the s lope being 

s table at present can be explained u s i n g u n s a t u r a t e d soil m e c h a n i c s ; 

however , risk of instability cannot be neglected with the l o s s of matric 

s u c t i o n d u e to heavy rains. 

Hence , nail arrangements were des igned to stabilize th is s lope a s well. 

If the water table can be lowered to lie below the failure surfaces , it is 

poss ib le to improve the stability, but with the prevailing condi t ions , 

s u c h a lowering is highly unlikely. 

Nail arrangement designed considering a n u m b e r of failure surfaces is 

given in table 7 .8 . A hydroseeded facing can be u s e d to provide a local 

stabil ity of soil near the face and to give a p leasant greenish view that 

b l e n d s nicely with the environment. 

Length of nails 12m 

Orientation 15° below horizontal 

Vertical spacing 0.75 m 

Horizontal spacing 1 m, on a diamond grid 

Diameter of steel bars 25 mm high yield steel 

Nail type Driven 

Durability requirement Hot dip galvanizing 

Table 7 . 8 : So i l nai l a r r a n g e m e n t for c u t s l o p e 2 

Two poss ib le failure surfaces were considered and they are given in 

figure 7 .4 a long with the proposed nail arrangement . Resu l t s of the 

a n a l y s e s of four failure surfaces are given in tables 7 .9 and 7 .10 . 
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Figure 7 . 4 : P r o p o s e d nai l a r r a n g e m e n t a n d t h e fai lure s u r f a c e s 

c o n s i d e r e d for c u t s l o p e 2 

Failure Surface Factor of safety Probability of failure 

Normal Lognormal 

1 0.8510 74.23% 77.10% 

2 0.8761 69.41% 73.26% 

Table 7 . 9 : R e s u l t s for c u t s l o p e 2 - w i t h t h e g i v e n w a t e r table 

Failure Surface Factor of safety Probability of failure 

Normal Lognormal 

1 1.92 4.46% 1.32% 

2 1.5756 9.77% 6.62% 

Table 7 . 1 0 : R e s u l t s o f c u t s l o p e 2 - w i t h t h e p r o p o s e d nai l 

a r r a n g e m e n t 
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7 . 7 C o n c l u d i n g r e m a r k s 

Soil nai l ing c a n satisfactorily be u s e d in stabil izing m a n - m a d e cut 

s l o p e s , s ince the slope angle is high. For the simplicity only the driven 

type of na i l s are used in the given nail arrangements . However, if 

drilled and grouted nails are used , it is poss ib le to have effective 

d iameters around 1 0 0 m m to 1 5 0 m m , t h u s increas ing the pul lout 

re s i s tance of nai ls . Hence, nail spacing m a y be increased. 

Developed probabilistic models were u s e d to evaluate the improvement 

in stability in probabilistic terms. Always probability of failure is 

presented along with the appropriate factor of safety s ince factor of 

safety is still the most familiar parameter to indicate stability to mos t 

geotechnica l engineers . However, with the given comparison, it can be 

s e e n that the concept of probability of failure is a good s u p p l e m e n t to 

d i s c u s s the effectiveness of various stabil ization methods . The main 

just i f icat ion assoc iated with the concept of probability of failure is that 

it formally recognizes the uncerta int ies as soc ia ted in geotechnical 

parameters . 
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C h a p t e r 8 

C O N C L U S I O N S 

Under the research described in th is thes i s , probabilistic analytical 

m o d e l s were developed to cover the following: 

• For Normal Slopes 

o Circular Failure Surfaces 

o Non-circular Failure Surfaces 

• For S lopes stabilized by Soil Nailing 

o Circular Failure Surfaces 

o Non-circular Failure Surfaces 

Models developed for normal s lopes were facilitated to perform 

c o m p u t a t i o n s us ing five different a p p r o a c h e s ranging from 

theoretical ly s o u n d m e t h o d s to s o m e approximate methods . Also, two 

m e t h o d s were u s e d to incorporate the variable nature of the pore 

water pres sures . It was a imed at finding out behavior of each method 

and se lect ing the best suitable method . Monte Carlo analys i s w a s also 

performed u s i n g a commercial computer program to provide a bas i s 

for the compar i sons . 
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Four c a s e s e a c h were d i s c u s s e d under m o d e l s b a s e d on Bishop's 

m e t h o d a n d J a n b u ' s simplified method respectively. The e x a m p l e s 

d i s c u s s e d u n d e r the model based on Bishop's method were e x a m p l e s 

1(a), 1(b), 2 and 3 (discussed in chapters 3 and 4). The examples 

d i s c u s s e d u n d e r the models based on J a n b u ' s simplified method were 

e x a m p l e s 2 , 3 and Watawala slope for high and low water table 

s i t u a t i o n s (d i scussed in chapters 4 and 6). The overall behavior of 

e a c h m e t h o d within each model w a s studied. 

For the model based on Bishop's method, all the m e t h o d s except that 

a s s u m e s M(9) to be probabilistic gave va lues very c lose to each other. 

For the model based on Janbu's simplified method , all five methods 

gave very c lose results . In addition, a significant difference of results 

cou ld not be observed between two m e t h o d s that introduced variability 

of pore p r e s s u r e s in two different ways , w h e n the weighted average is 

u s e d for the average pore pressure and coefficient of variation values . 

However, w h e n the results of mode l s developed by the author are 

c o m p a r e d with the Monte Carlo resul ts , they agree well for dry s lopes , 

b u t there were some differences in the va lues for s lopes having a 

phreat ic surface. The graphical representat ions of the summarized 

re su l t s are given in figures 8.1 and 8 .2 . 
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The r e a s o n s for the difference of va lues assoc ia ted between author's 

m o d e l s and Monte Carlo results can be a s s igned to the difference in 

the m e t h o d s of introducing the uncerta inty of pore pressure . However, 

a justif ication could not be arrived for the different va lues resulted 

w h e n M(9) is taken to be probabilistic. 

In addit ion, d i s c u s s i o n in chapter 4 s h o w e d how the select ion of an 

inappropriate failure m e c h a n i s m or a determinist ic model can produce 

erroneous resul ts . Hence w h e n there is a special geological feature 

that c a n control the position and the s h a p e of the failure surface, it is 

very important to select the appropriate determinist ic model before 

proceeding with the probabilistic analys i s . 

According to the observat ions m a d e in th is research, author sugges t 

the u s e of any of his m e t h o d s except that a s s u m e s M(0) a s 

probabilistic in probabilistic s lope a n a l y s e s . But , out of the five 
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different w a y s a s s u m e d , the following two m e t h o d s were identified a s 

s impler and eas ier than the other methods : 

1. Method that a s s u m e M(0) or n(0) is determinist ic 

2 . D u n c a n (2000) approach 

If a n y person is not willing to evaluate the partial derivatives in a 

theoretical manner , D u n c a n (2000) provides an easy way of 

performing probabilistic analys is . But , if the partial derivatives can be 

evaluated , method that a s s u m e either M(9) or n(9) a s determinist ic 

s e e m to be more efficient utilizing lesser c o m p u t e r disk and memory 

space . 

Author prefers to u s e the method that a s s u m e either M(B) or n(9) a s 

determinist ic . Hence, models developed for s lopes that are stabilized 

by soil nail ing u s e d only this approach. 

Analys i s of hypothetical problems indicated the poss ible u s e of the 

developed probabilistic m e t h o d s in the a s s e s s m e n t of the effectiveness 

of var ious stabilization techniques . Analys is of Watawala slope with 

s o m e reasonable coefficient of variation parameters a lso indicated in 

probabil ist ic terms how the stability of the s lope is improved by 

drainage. From the coefficient of variation v a l u e s a s s u m e d , it showed 

that a probability of failure of about 6% s e e m to be acceptable . If the 

coefficients of variation could have been directly obtained from the 

field test data, this analys i s would have been more realistic. 

The ana lys i s of Marangahawela s lope provided a very good case to 

s h o w the inadequacy of the factor of safety a lone in evaluating the 

stabil i ty of a s lope. It gave a factor of safety around 1.15 for a slope 

that h a s s h o w n s igns of instability, s imilar to the c a s e quoted by 

D u n c a n (2000) . In addition, it showed how the probability of failure is 

affected with the magn i tudes of uncerta int ies . Hence this case s tudy 
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h igh l igh t ed t h e i m p o r t a n c e of p robab i l i s t i c a n a l y s i s , a s a s u p p l e m e n t 

to t h e c o n v e n t i o n a l factor of safety. 

A n a l y s i s of c u t s l opes in R a t n a p u r a MC a r e a s h o w e d t h e poss ib l e u s e 

of t h e p robab i l i s t i c a n a l y s i s in t h e s e t y p e s of p ro j ec t s . 

Wi th t h e above o b s e r v a t i o n s , a u t h o r w i s h e s to c o n c l u d e t h i s 

d i s c u s s i o n r e i t e r a t i n g t h e i m p o r t a n c e of t h e p robab i l i s t i c a n a l y s i s . T h e 

m a i n a d v a n t a g e in p robab i l i s t i c a n a l y s i s is t h a t it formally 

i n c o r p o r a t e s t h e u n c e r t a i n t i e s . As s u c h , it is r e c o m m e n d e d t h a t in 

a d d i t i o n to c o n v e n t i o n a l factor of safety t h a t all a r e famil iar wi th , t h e 

p robab i l i t y of fai lure s h o u l d a l so be e v a l u a t e d u s i n g a p p r o p r i a t e 

coefficients of va r i a t i on to a c c o u n t for t h e u n c e r t a i n t i e s in t h e 

g e o t e c h n i c a l p a r a m e t e r s . It will be a very good s u p p l e m e n t a n d will be 

i m m e n s e l y use fu l to t h e G e o t e c h n i c a l E n g i n e e r in h i s a s s e s s m e n t of 

t h e safety of a n ex i s t ing s lope or t h e effect iveness of t h e p r o p o s e d 

s t ab i l i za t ion m e a s u r e s . Models deve loped u n d e r t h i s r e s e a r c h cou ld 

pe r fo rm sa t i s fac tor i ly in t h i s r e s p e c t . 

P r o p o s a l s for F u t u r e R e s e a r c h 

Fol lowing a r e a s h a v e b e e n identif ied a s p o t e n t i a l a r e a s for fu tu re 

r e s e a r c h . 

1. A la rge d a t a b a s e c a n be col lec ted to c o n t a i n probabi l i ty of 

fai lure v a l u e s for b o t h failed a n d s t a b l e s l o p e s so t h a t gu ide l ines 

for a c c e p t a b l e v a l u e s of p robab i l i t y of fa i lure c a n be e s t a b l i s h e d 

in fu tu r e in Sri L a n k a n con tex t . 

2. F u r t h e r r e s e a r c h c a n be pe r fo rmed to find o u t t h e u n c e r t a i n t i e s 

a s s o c i a t e d wi th t h e c u r r e n t p r a c t i c e s of p a r a m e t e r e s t i m a t i o n 

p reva i l ing in Sri L a n k a . It will n o t only be helpful to provide 

r e a s o n a b l e v a l u e s for t h e p robab i l i s t i c a n a l y s i s b u t a lso be 

use fu l to find o u t w a y s a n d m e a n s of r e d u c i n g s u c h 
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uncerta int ies , so that more reliable da ta c a n be es t imated in 

future. 

The probabilistic models developed in th i s research can be u s e d 

to a s s e s s the risk of lands l ides in the lands l ide prone areas in 

Sri Lanka. This will enable to identify the areas with high risk 

u s i n g aTormal hazard-consequence approach . 
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A n n e x 1 

M O N T E C A R L O A N A L Y S I S P E R F O R M E D 

B Y S L O P E / W S O F T W A R E 

The following have extracted from the On-line help of the SLOPE/W 

software (Geo Slope Office, 1998) to show the way it performs Monte 

Carlo s imulat ion: 

• The u s e of a probabilistic analys i s will not affect the 

determinist ic solution. SLOPE/W c o m p u t e s the factor of safety 

of all sl ip surface first and determines the critical slip surface a s 

if no probabilistic analys is is c h o s e n . 

• A probabil ist ic analys i s is performed on the critical slip surface 

only. 

• The factor of safety presented on the SOLVE main window 

during the probabilistic analys i s is the determinist ic m i n i m u m 

factor of safety of all computed slip surfaces; however w h e n the 

a n a l y s i s is completed, the factor of safety presented on the 

SOLVE m a i n window is the m e a n factor of safety of all Monte 

Carlo trials. 
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• In a p robabi l i s t i c a n a l y s i s , t h e i n p u t v a l u e of a p a r a m e t e r 

r e p r e s e n t s t h e m e a n va lue , a n d t h e var iab i l i ty of t h e p a r a m e t e r 

is a s s u m e d to be no rma l ly d i s t r i b u t e d w i t h a k n o w n s t a n d a r d 

dev ia t ion . 

• D u r i n g t h e Monte Car lo t r ia l , it is n o t u n u s u a l t h a t s o m e of t h e 

t r i a l s m a y n o t have a c o n v e r g e d s o l u t i o n (i.e., factor of 

safety = 999 .0 ) . W h e n th i s h a p p e n , t h e 9 9 9 . 0 factor of safety is 

n o t c o n s i d e r e d in t h e s t a t i s t i ca l a n a l y s i s . 

• The n u m b e r of Mon te Car lo t r i a l s is d e p e n d e n t on the level of 

conf idence a n d t h e a m o u n t of var iab i l i ty in the i n p u t 

p a r a m e t e r s . Theoret ical ly , t h e g r e a t e r t h e n u m b e r of Monte 

Car lo t r i a l s , t h e m o r e a c c u r a t e t h e s o l u t i o n . 

A d i a g r a m s h o w i n g t h e typical p r o b a b i l i t y d i s t r i b u t i o n is given in 

figure A1.1 
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Variability in Pore-Water Pressure 

In a SLOPE/W probabilistic analys i s , the variability in pore-water 

p r e s s u r e is represented by a s tandard deviation of the pore-water 

p r e s s u r e head . In the beginning of a Monte Carlo trial, a net change 

in the pore-water pressure head is c o m p u t e d b a s e d on a random 

n u m b e r and the normal distribution of the pore-water pressure 

variability. Depending on the random number , the net change can be 

posit ive and negative. The net change is then added to the pore-water 

pres sure condi t ions of the entire slope. 

In the c a s e where the resulting pore-water pressure generates an 

equiva lent water table higher than the ground surface of the slope, 

SLOPE/W restricts the resulting pore-water pressure head to be not 

h igher than the ground surface. Figure A l . 2 i l lustrates the Monte 

Carlo trial pos i t ions of the piezometric l ines u s e d in the analys i s w h e n 

the s tandard deviation is 1 unit for s tandard deviates between +3 to -

3 . It shou ld be noted that the piezometric l ines for +2 and +3 

s tandard deviates are restricted in the d o w n s t r e a m slope so that no 

p o n d i n g is al lowed. 
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W h e n the pore-water pressure at the base of a s l ice is higher than the 

weight of the slice, the slice h a s a negative effective normal , which m a y 

c a u s e convergence difficulties in solving the factor of safety equat ions . 

Restricting the piezometric line to the s lope surface will limit 

convergence difficulties by preventing extremely high pore-water 

p r e s s u r e s at the base of the s l ices . 

It is physical ly more correct to restrict the m a x i m u m rise of the pore-

water pressure head to the ground surface; however, this restriction 

in troduces some bias to the variability of the pore-water pressure 

condi t ions in the slope during the Monte Carlo trials. That is, the 

variability of the pore-water pressure a long the downstream slope is 

no longer normally distributed. This b ias h a s s o m e effect on the 

probability density distribution function of the trial factors of safety. 
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A n n e x 2 

A D D I T I O N A L D E T A I L S O F T H E 

E X A M P L E S 

E x a m p l e 1 (a) 

Deta i l s of the critical failure surface 

Center = (34 .23 , 42 .62) 

R a d i u s = 18 .26 m 

10 20 20 

ID 
T—1 

(T zL~^ ID 
T—1 
ID 
T—1 

50 

F i g u r e A 2 . 1 : Cr i t i ca l fai lure s u r f a c e c o n s i d e r e d i n E x a m p l e 1(a) 

v 



Slice Slice Width Pore Pressure Soil 

Type 

Axi 6i r HI h2 ui c' <t>' q> Y 

(m) (<leg) (m) (m) (m) ( k N / m 2 ) ( k N / m 2 ) <•»«••«) ( k N / m 2 ) (kN/n>3) 

1 1.324 6 0 . 7 5 0 1 8 . 2 6 0 0 . 0 0 0 2 . 1 4 3 1 0 .00 3 8 . 0 0 19 .50 

2 1.500 5 2 . 6 7 0 1 8 . 2 6 0 2 . 1 4 3 3 . 3 7 2 1 0 .00 3 8 . 0 0 19 .50 

3 1.500 4 5 . 4 8 0 1 8 . 2 6 0 3 . 3 7 2 4 . 1 5 3 1 0 .00 3 8 . 0 0 19 .50 

4 1.500 3 5 . 1 2 0 1 8 . 2 6 0 4 . 1 5 3 4 . 6 2 6 1 0 .00 3 8 . 0 0 19 .50 

5 1.500 3 3 . 2 8 0 1 8 . 2 6 0 4 . 6 2 6 4 . 8 6 2 2 5 .30 2 3 . 0 0 19 .50 

6 0 . 9 5 4 2 8 . 7 9 0 1 8 . 2 6 0 4 . 8 6 2 4 . 9 0 9 2 5 .30 2 3 . 0 0 19.50 

7 1.500 2 4 . 4 8 0 18 .260 4 . 9 0 9 4 . 8 4 3 3 7 .20 2 0 . 0 0 19 .50 

8 1.500 1 9 . 4 0 0 1 8 . 2 6 0 4 . 8 4 3 4 . 6 2 2 3 7 .20 2 0 . 0 0 19.50 

9 1.500 1 4 . 4 8 0 1 8 . 2 6 0 4 . 6 2 2 4 . 2 6 0 3 7 .20 2 0 . 0 0 19 .50 

10 1.500 9 . 6 6 0 18 .260 4 . 2 6 0 3 .766 3 7 .20 2 0 . 0 0 19 .50 

11 1.500 4 . 9 2 0 18 .260 3 .766 3 .122 3 7 .20 2 0 . 0 0 19 .50 

12 1.500 0 . 0 0 0 18 .260 3 .122 2 . 4 0 0 3 7 .20 2 0 . 0 0 19.50 

13 1.500 - 4 . 5 0 0 1 8 . 2 6 0 2 . 4 0 0 1.532 3 7 .20 2 0 . 0 0 19.50 

14 2 . 0 4 6 - 1 0 . 1 2 0 18 .260 1.532 0 . 1 4 3 3 7 .20 2 0 . 0 0 19.50 

15 0 . 5 6 2 - 1 4 . 3 0 0 18 .260 0 . 1 4 3 0 . 0 0 0 3 7 .20 2 0 . 0 0 19 .50 

Table A 2 . 1 : S l i c e D e t a i l s for E x a m p l e 1(a) 
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E x a m p l e 1(b) 

Point x (m) y (m) 

1 2 0 2 5 

2 3 0 2 5 

3 4 3 2 9 . 7 5 

4 50 3 1 . 5 

5 53 32 

6 56 3 2 . 2 5 

7 70 3 2 . 2 5 

Tab le A 2 . 2 : C o o r d i n a t e s o f t h e p h r e a t i c s u r f a c e for E x a m p l e 1 (b) 

Figure A 2 . 2 : F low N e t for E x a m p l e Kb) 

(Co-ordinates of the Slope Geometry are given in figure 3.9) 



Slice Slice Width Pore Pressure Soil 

Type 

Axi 0, r hi h2 Ui c' <t>' q> Y ' 

(m) (deg) (m) (m) (m) ( k N / m 2 ) ( k N / m 2 ) («!«*) ( k N / m 2 ) ( k N / m 3 ) 

1 1.500 61.960 17.520 0.000 2.870 0.00 1 0.00 38.00 19.50 
2 1.930 51.680 17.520 2.870 4.180 3.13 1 o.oo 38.00 19.50 

3 1.500 43.360 17.520 4.180 4.850 16.28 1 0.00 38.00 19.50 

4 1.490 36.960 17.520 4.850 5.230 24.91 o 5.30 23.00 19.50 

5 1.500 31.060 17.520 5.230 5.380 30.37 5.30 23.00 19.50 

6 1.500 25.490 17.520 5.380 5.350 33.86 3 7.20 20.00 19.50 

7 1.500 20.160 17.520 5.350 5.060 34.11 3 7.20 20.00 19.50 

8 1.500 15.010 17.520 5.060 4.800 32.34 3 7.20 20.00 19.50 

9 1.500 9.990 17.520 4.800 4.320 31.16 3 7.20 20.00 19.50 

10 1.500 5.040 17.520 4.320 3.700 30.43 3 7.20 20.00 19.50 

11 1.500 0.000 17.520 3.700 2.960 25.20 3 7.20 20.00 19.50 

12 1.500 -4.780 17.520 2.960 2.080 18.71 3 7.20 20.00 19.50 

13 1.500 -9.780 17.520 2.080 1.070 15.20 3 7.20 20.00 19.50 

14 1.1 SO -14.210 17.520 1.070 0.180 9.83 3 7.20 20.00 19.50 

15 0.590 -17.220 17.520 0.180 0.1 IOC) 2.42 3 7.20 20.00 19.50 

Table A 2 . 3 : S l i c e D e t a i l s o f E x a m p l e 1(b) 
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E x a m p l e 2 

Deta i l s of critical failure surface (Non-circular) 

Point x (m) y (m) 

1 4 2 2 7 . 7 5 

2 4 4 2 6 . 5 

3 6 3 2 7 

4 7 2 . 5 4 0 

Table A 2 . 4 : Fai lure Surface C o o r d i n a t e s for E x a m p l e 2 

Detai l s of critical failure surface (Circular) 

Center = (50 .25 , 50.25) 

Radius = 2 3 . 7 5 m 

£ 2 . 6 5 I 16 .5 

1 

o 
ru 
o 
ru 
o 
ru 

6 4 

Figure A 2 . 3 : Crit ical Circular Fai lure S u r f a c e for E x a m p l e 2 

(critical Non-circular Failure surface in given in the main text) 

IX 



V 

Slice Slice Width Pore Pressure Soil 

T y p e 

Axi e, H I h 2 ui c' 4' Y 

( m ) ( d c « ) ( m ) ( m ) ( k N / m 2 ) ( k N / m 2 ) (deft) ( k N / m 2 ) ( k N / m 3 ) ' 

1 5.000 53.842 0.000 6.842 1 28.50 20.00 18.84 

2 4.500 53.842 6.842 10.750 1 28.50 20 .00 18.84 

3 6.190 1.507 10.750 7.818 2 0.00 10.00 18.84 

4 6.215 1.507 7.818 4.874 2 0.00 10.00 18.84 

5 6.595 1.507 4.874 1.750 2 0.00 10.00 18.84 

6 1.000 -32.005 1.750 0.625 2 0.00 10.00 18.84 

7 1.000 -32.005 0.625 0.000 1 28.50 20.00 18.84 

Table A2.5: S l i c e D e t a i l s for E x a m p l e 2 (Non Circular Fai lure Surface ) 

X 



Slice Slice Width Pore Pressure Soil 

Type 

Axi 0, r hi h2 Ui c' *' 4' Y 

(m) (m) (m) (m) ( k N / m 2 ) (kN/m2) (dc-g) ( k N / m 2 ) (kN/ni3) 

1 2.174 58.900 23.750 0.000 .3.660 1 28.50 20.00 18.84 

9 2.000 50.200 23.750 3.660 6.075 1 28.50 20.00 18.84 

3 2.000 43.200 23.750 6.075 6.957 1 28.50 20.00 18.84 

4 2.000 36.900 23.750 6.957 7.460 1 28.50 20.00 18.84 

5 2.000 31.100 23.750 7.460 7.667 1 28.50 20.00 18.84 

6 2.000 25.600 23.750 7.667 7.625 1 28.50 20.00 18.84 

7 2.000 20.300 23.750 7.625 7.366 1 28.50 20.00 18.84 

8 2.402 14.800 23.750 7.366 6.913 1 28.50 20.00 18.84 

9 1.598 9.800 23.750 6.913 6.277 2 0.00 10.00 18.84 

10 2.000 5.400 23.750 6.277 5.467 2 0.00 10.00 18.84 

11 2.000 0.600 23.750 5.467 4.488 2 0.00 10.00 18.84 

12 2.000 -4.200 23.750 4.488 3.340 2 0.00 10.00 18.84 

13 2.000 -9.100 23.750 3.340 2.000 2 0.00 10.00 18.84 

14 2.854 -15.100 23.750 2.000 0.000 1 28.50 20.00 18.84 

Table A2.6: S l i c e D e t a i l s for E x a m p l e 2 (Circular Fai lure Surface ) 



E x a m p l e 3 

Detai l s of Critical Failure Surface (Non-Circular) 

> 

Point x (m) y (m) 

1 4 3 2 7 . 7 5 

2 4 9 . 1 5 2 6 . 4 4 

3 7 7 . 0 6 3 4 . 8 6 

4 8 0 4 0 

Table A 2 . 7 : Coord i n a t e s o f t h e Cr i t i ca l Fa i lure Sur face for 

E x a m p l e 3 

Detai l s of Critical Failure Surface (Circular) 

Center = (48 .59 , 71 .30) 

Radius = 4 3 . 3 5 m 
* 

23 24 ,5 16,5 

64 

Figure A 2 . 4 : Cri t ica l Circular Fai lure Sur face for E x a m p l e 3 
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Point x (m) y (m) 

1 2 0 2 7 . 7 5 

2 4 3 2 7 . 7 5 

3 4 9 2 9 . 8 0 

4 6 0 3 4 . 0 0 

5 6 6 3 5 . 8 0 

6 7 4 3 7 . 6 0 

7 8 0 3 8 . 4 0 

8 84 3 8 . 4 0 

Table A 2 . 8 : C o o r d i n a t e s o f P i e z o m e t r i c S u r f a c e for E x a m p l e 3 

Figure A 2 . 5 : F low N e t for E x a m p l e 3 
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Slice Slice Width Port Pressure Soil 

Type 

Axi 6i hi h2 Ui c' q> y 

(m) (deg) (m) (m) (kN/m2) (kN/m2) ( d e S ) (kN/m2) (kN/m3) -

1 2.800 -12.020 0.000 2.000 8.83 1 28.50 20.00 0.00 18.84 

2 2.600 -12.020 2.000 3.850 22.56 1 28.50 20.00 0.00 18.84 

3 3.200 16.780 3.850 4.870 31.39 2 0.00 10.00 0.00 18.84 

4 2.900 16.780 4.870 5.440 31.39 2 0.00 10.00 0.00 18.84 

5 2.900 16.780 5.440 6.020 34.34 2 0.00 10.00 0.00 18.84 

6 2.900 16.780 6.020 6.600 37.28 ? 0.00 10.00 0.00 18.84 

7 2.900 16.780 6.600 7.170 40.22 o 0.00 10.00 0.00 18.84 

8 2.900 16.780 7.170 7.750 40.22 2 0.00 10.00 0.00 18.84 

9 2.000 16.780 7.750 7.840 40.22 0.00 10.00 0.00 18.84 

10 1.900 16.780 7.840 7.270 40.22 2 0.00 10.00 0.00 18.84 

11 2.750 16.780 7.270 6.440 37.28 2 0.00 10.00 22.28 18.84 

12 2.610 16.780 6.440 5.640 34.34 2 0.00 10.00 26.84 18.84 

13 2.040 16.780 5.640 4.550 31.39 2 0.00 10.00 31.71 18.84 

14 2.60 60.26 4.55 0.000 8.83 1 28.50 20.00 36.86 18.84 

Table A 2 . 9 : S l i c e D e t a i l s for E x a m p l e 3 (Non Circu lar Fa i lure Surface ) 
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Slice Slice Width Pore Pressure Soil 

Type 

Axi 6i r HI h2 ui c' <t>' l l ' y 

(m) ( J e K ) (m) (m) (m) ( k N / m 2 ) ( k N / n i 2 ) (de K ) ( k N / m 2 ) (kN/n>3) 

1 1.500 6 1 . 9 6 0 1 7 . 5 2 0 0 . 0 0 0 2 . 8 7 0 0 .00 1 o .oo 3 8 . 0 0 19 .50 

2 1.930 5 1 . 6 8 0 17 .520 2 . 8 7 0 4 . 1 8 0 3 .13 1 0 .00 3 8 . 0 0 19 .50 

3 1.500 4 3 . 3 6 0 17 .520 4 . 1 8 0 4 . 8 5 0 16 .28 1 0 .00 3 8 . 0 0 19.50 

4 1.490 3 6 . 9 6 0 1 7 . 5 2 0 4 . 8 5 0 5 .230 24 .91 o 5.30 2 3 . 0 0 19 .50 

5 1.500 3 1 . 0 6 0 17 .520 5 .230 5 .380 3 0 . 3 7 o 5.30 2 3 . 0 0 19 .50 

6 1.500 2 5 . 4 9 0 1 7 . 5 2 0 5 . 3 8 0 5 .350 3 3 . 8 6 3 7 .20 2 0 . 0 0 19 .50 

7 1.500 2 0 . 1 6 0 1 7 . 5 2 0 5 .350 5 .060 3 4 . 1 1 3 7 .20 2 0 . 0 0 19 .50 

8 1.500 1 5 . 0 1 0 1 7 . 5 2 0 5 .060 4 . 8 0 0 3 2 . 3 4 3 7 .20 2 0 . 0 0 19 .50 

9 1.500 9 . 9 9 0 1 7 . 5 2 0 4 . 8 0 0 4 . 3 2 0 3 1 . 1 6 3 7 .20 2 0 . 0 0 19 .50 

10 1.500 5 .040 17 .520 4 . 3 2 0 3 .700 3 0 . 4 3 3 7 .20 2 0 . 0 0 19 .50 

11 1.500 0 . 0 0 0 1 7 . 5 2 0 3 . 7 0 0 2 . 9 6 0 2 5 . 2 0 3 7 .20 2 0 . 0 0 19.50 

12 1.500 -4 .780 1 7 . 5 2 0 2 . 9 6 0 2 . 0 8 0 18.71 3 7 .20 2 0 . 0 0 19.50 

13 1.500 - 9 . 7 8 0 1 7 . 5 2 0 2 . 0 8 0 1.070 1 5 . 2 0 3 7 .20 2 0 . 0 0 19 .50 

14 1.180 - 1 4 . 2 1 0 1 7 . 5 2 0 1.070 0 . 1 8 0 9 .83 3 7 .20 2 0 . 0 0 19 .50 

15 0 .590 - 1 7 . 2 2 0 1 7 . 5 2 0 0 . 1 8 0 0 . 0 0 0 2 .42 3 7 .20 2 0 . 0 0 19 .50 

Table A 2 . 1 0 : S l i c e D e t a i l s for E x a m p l e 3 (Circular Fa i lure Surface ) 



A n n e x 3 

C H A R T F O R f o IN J A N B U ' S S I M P L I F I E D 

M E T H O D 

Following is the chart given by J a n b u regarding the modification factor 

fo: 

0 0.1 0.2 0.3 0.4 

d/L 

F i g u r e A 3 . 1 : Chart for fo in J a n b u ' s s i m p l i f i e d m e t h o d 

XVI 



A n n e x 4 

S A M P L E S E T O F S P R E A D S H E E T S -

M O D E L B A S E D O N B I S H O P ' S M E T H O D 

{Values correspond to Example 1(b) (FileName: ACAD1C1)} 



I 

S p r e a d s h e e t : BISHOP - PROB - DIRECT 

(COV (u) = based on soil layers) 



C A L C U L A T I O N O F F A C T O R O F S A F E T Y O F A T R I A L F A I L U R E S U R F A C E 

B I S H O P ' S S I M P L I F I E D M E T H O D 

DETERMINISTIC 

(Probabilistic calculations arc valid upto 5 different soil Livers) 

C A L C U L A T I O N - S T A G E 1 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Slice Slice Width Pore Pressure Soil 

Type i(5)+(6) | /2 (2)*(12)*(13) ' (2)*(H) 

Axi 0, r hi h2 ui c* *' V r hav wi Qi tan A ' 

(m) (m) (m) (n.) (kN/m 2) (kN/m2) (<!«••«) (kN/m2) (kN/in3) (•") (kN-pcr m width) (kN-pcr m width) 

1 1.500 61 .960 17.520 0 .000 2 .870 0.00 1 0.00 38 .00 19.50 1.44 41.97 0.78 

2 1.930 51 .680 17.520 2 .870 4 .180 3.13 1 0.00 38 .00 19.50 3.53 132.66 0.78 

3 1.500 43 .360 17.520 4 .180 4 .850 16.28 1 0.00 38.00 19.50 4.52 132.06 0.78 

4 1.490 36 .960 17.520 4 .850 5.230 24.91 2 5.30 23.00 19.50 5.04 146.44 0.42 

5 1.500 31 .060 17.520 5 .230 5.380 30.37 2 5.30 23.00 19.50 5.31 155.17 0.42 

6 1.500 25 .490 17.520 5 .380 5.350 33.86 3 7.20 20.00 19.50 5.37 156.93 0.36 

7 1.500 20 .160 17.520 5 .350 5.060 34.11 3 7.20 20.00 19.50 5.21 152.25 0.36 

8 1.500 15.010 17.520 5 .060 4 .800 32 .34 3 7.20 20 .00 19.50 4.93 144.20 0.36 

9 1.500 9 .990 17.520 4 .800 4 .320 31 .16 3 7.20 20 .00 19.50 4.56 133.38 0.36 

10 1.500 5.040 17.520 4 .320 3.700 30 .43 3 7.20 20.00 19.50 4.01 117.29 0.36 

11 1.500 0 .000 17.520 3.700 2.960 25 .20 3 7.20 20.00 19.50 3.33 97 .40 0.36 

12 1.500 -4 .780 17.520 2 .960 2 .080 18.71 3 7.20 20.00 19.50 2.52 73.71 0.36 

13 1.500 -9 .780 17.520 2 .080 1.070 15.20 3 7.20 20.00 19.50 1.58 46.07 0.36 

14 1.180 -14 .210 17.520 1.070 0 .180 9.83 3 7.20 20 .00 19.50 0.63 14.38 0.36 

15 0 .590 -17 .220 17.520 0 .180 0 .000 2.42 3 7.20 20.00 19.50 0.09 1.04 0.36 

16 

FOS(3) 1.03 FOS(4) 1.03 
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CALCULATION O F PROBABILITY 0 1 : FAILURE O F A SELECTED FAILURE SURFACE 
BISHOP'S S I M P L I F I E D M E T H O D 

PROBABILISTICfFirst Order Second Moment) 
Direct Diffcrent'mtion 

D A T A i r M l ' U T 
Probabilistic GOV Mean c'(kPa) <I>(rau) u (kl'a) 
Parameters c u c'(kl'a) <4J (.(jug) u (kPa) Mean CJ V Mean o V Mean a V 

Soil 1 0 0.3 0.25 0 38 6.47 0.00 0.0000 0.0000 0.66 0.1990 0.0396 6.47 1.6175 2.6163 
Soil 2 0.3 0.4 0.3 5.3 23 27.64 5.30 1.5900 2.5281 0.40 0.1606 0.0258 27.64 "8.2920" 68.7573" 
Soil 3 0.2 0.35 0.35 7.2 20 23.33 7.20 "1.4400 2.0/36 0.35 0.1222 0.0149 " 23.33 8.1655 66.6754 
Soil 4 ""aoTY" 0.0110(1 ().(.)(')(10 0.00""" o.oooo II.00110 o.oo 0.(1000 O.OOOO 
Soil 5 0 . 0 0 0.0(10(1 0.(10(1(1 0 .00 (Mil 100 0.000(1 0 .00 0 . 0 0 0 0 0 . 0 0 0 0 

Xr (3F/3Xr) (dF/dXr)' (3F/aXr)' *V(Xr) 
cl 0.00716 51.-2-05 0" 
c2 0.00493 2F.-05 6F-05 
c3 1T02418 ~~ 0.0006 0.001 
c4 "0.00000 0 0 
c5 0 000:10 0 0 
$1 0.63840 0.4076 0.016 
9 2 0 42615 0.1816 0.005 

1.1338 5 " 172856 0.019 

¥ " (1 OOiKHi o ""0 

4,5 0.0"0000 "0 0 
ul -0.00560 3E-05 0.002 
u2 -0.00209 4i-: 0 6 " 3f:-"(m 
u3 -0.00880" 8F-05" 0 
u4 0.00000 0 0 
u5 0.00000 0 

0.044 

F V(FOS) 0.044 
o(FOS) " a 209 
FOS(MI.V) "" TIB 
COV(IO "O203 

(NORMAL DISTRIBUTION) 
RELIABILITY INDEX 0.133 

RELIABILITY "0.553 5 5/31 " % 

I'UOB. FAIL 0.447 44"."69 % 

(I .OCNORMAL DISTRIBUTION) 
i+l<:ov(ior ToTT 

51.11 % 
48 .50 % 

RELIABILITY INDEX 
HI-1 I \HII TIN 

PROB. FAIL 

0.036 
"0.514 

0.486 
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CALCULATION OP FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
BISHOP'S SIMPLIFIED METHOD 

CALCULATIONS 

CALCULATION-STAGE 1 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Slice Slice Width Pore Pressure Soil 
Type {(5)+(6)}/2 (2)*(12)*(13) (2)*(H) 

Axi 6. r hi h2 ui c' f 1' y hav wi Qi 
(ni) (JcR) (m) (m) (m) (kN/ni2) ( k N / m 2 ) (kN/m2) (kN/n>3) (m) (kN-per m width) (kN-per m width) 

1 1.500 61.960 17.520 2.870 1 38.00 19.50 1.44 41.97 
2 1.930 51.680 17.520 2.870 4.180 3.13 1 38.00 19.50 3.53 132.66 
3 1.500 43.360 17.520 4.180 4.850 16.28 I 38.00 19.50 4.52 132.06 
4 1.490 36.960 17.520 4.850 5.230 24.91 2 5.30 23.00 19.50 5.04 146.44 
5 1.500 31.060 17.520 5.230 5.380 30.37 2 5.30 23.00 19.50 5.31 155.17 
6 1.500 25.490 17.520 5.380 5.350 33.86 3 7.20 20.00 "19.50 5.37 156.93 
7 1.500 20.160 17.520 5.350 5.060 34.11 3 7.20 20.00 19.50 5.21 152.25 
8 1.500 15.010 17.520 5.060 4.800 32.34 3 7.20 20.00 19.50 4.93 144.20 
9 1.500 9.990 17.520 4.800 4.320 31.16 3 7.20 20.00 19.50 4.56 133.38 
10 1.500 5.040 17.520 4.320 3.700 30.43 3 7.20 20.00 19.50 4.01 117.29 
11 1.500 17.520 3.700 2.960 25.20 3 7.20 20.00 19.50 3.33 97.40 1 
12 1.500 -4.780 17.520 2.960 1 2.080 18.71 1 3 7.20 20.00 19.50 2.52 73.71 
13 1.500 -9.780 17.520 2.080 1 i.070 15.20 3 7.20 20.00 19.50 1.58 1 46.07 
14 1.180 -14.210 17.520 1.070 0.180 9.83 3 7.20 20.00 19.50 0.63 "i 14.38 
15 0.590 -17.220 17.520 0.180 2.42 3 7.20 20.00 19.50 0.09 1 1.04 
16 
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
BISHOP'S SIMPLIFIED METHOD 

CALCULATIONS 

CALCULATION-STAGE 2 
16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

Ui= Trial 1 Trial 1 Trial 2 Trial 2 Trial 3 Trial 3 Trial 4 Trial 4 

tan <J>' (wi+Qi) sin Gi c'Axi ui*Axi (wi+Qi -uiAxi) 

(20)*(16) 

(20)*tan<t>' 

(18)+(21) 

Mi(G) 

(22)/(23) 

Mi(0) 
(22)/(2S) 

Mi(8) 

(22)/(27) 

Mi(8) 

(22)/(29) 

0.78 37.05 41.97 32.79 32.7') 1.09 30.14 1.13 29.02 1.14 28.79 1.14 28.75 
0.78 104.08 6.04 126.62 98.93 98.93 1.17 84.60 1.21 81.99 1.21 81.45 1.22 81.34 
0.78 90.67 24.42 107.64 84.10 84.10 1.2! 69.63 1.24 67.80 1.25 67.43 1.25 67.35 
0.42 88.05 7.90 37.12 109.32 46.40 54.30 1.03 52.83 1.04 52.05 1.05 51.88 1.05 51.85 
0.42 80.06 7.95 45.56 109.62 46.53 54.48 1.05 51.74 1.07 51.10 1.07 50.96 1.07 50.93 
0.36 67.53 10.80 50.79 106.14 38.63 49.43 1.04 47.39 1.05 46.96 1.05 46.87 1.05 46.85 
0.36 52.47 10.80 51.17 101.08 36.79 47.59 1.05 45.27 1.06 44.95 1.06 44.88 1.06 44.87 
0.36 37.35 10.80 48.51 95.69 34.83 45.63 1.05 43.44 1.06 43.21 1.06 43.16 1.06 43.15 
0.36 23.14 10.80 46.74 86.64 31.53 42.33 1.04 40.65 1.05 40.50 1.05 40.47 1.05 40.46 
0.36 10.30 10.80 45.65 71.65 26.08 36.88 1.02 35.99 1.03 35.92 1.03 35.90 1.03 35.90 
0.36 10.80 37.80 59.60 21.69 32.49 1.00 32.49 1.00 32.49 1.00 32.49 1.00 32.49 
0.36 -6.14 10.80 28.07 45.65 16.61 27.41 0.97 28.28 0.97 28.33 0.97 28.35 0.97 28.35 
0.36 -7.83 10.80 22.80 23.27 8.47 19.27 0.93 20.72 0.93 20.80 0.93 20.82 0.93 20.82 
6.3*6 -3.53 8.50 11.60 2778" 1 1.01 9.51 0.89 10.69" 0.88 10.76 0.88 10.77 0.88 10.77 
0.36 -0.31 4.25 1.43 -0.39 -0.14 4.11 0.86 4.78 0.85 4.82 0.85 4.83 0.85 4.83 

1.00 1.00 1.00 1.00 
572.90 639.25 598.65 590.69 589.06 588.72 

FOS(ini) 1.116 ros(i) 1.045 FOS (2) 1.031 FOS(3) 1.028 FOS(4) 1.028 

FOS 1.028 
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
BISHOP'S SIMPLIFIED METHOD 

CALCULATIONS 

CALCULATION-STAGE 3 
31 3 2 3 3 3 4 3 5 36 37 3 8 3 9 4 0 4 1 

Soil 1 Soil 2 Soil 3 
( 2 ) / ( 2 9 ) - ( 2 ) * ( 1 6 ) / ( 2 9 ) - ( 2 ) * ( 1 6 ) / ( 2 9 ) 

Axi/Mi(9) sec2<&' (20)*scc2<D'/Mi(9) -Axi*tan07Mi(9) Axi/Mi(9) scc2tD' (20)*scc 2 O7Mi(0) -Axi*ian<DVMi(9) Axi/Mi(9) scc2<t>' (20)*sccV/Mi(9) 

1.31 1.61 5 9 . 2 5 -1 .03 

1.59 1.61 167.66 -1 .24 

1.20 1.61 138 .82 -0 .94 
1.-12274-1052 1.1 8 1 I I 7 8 8 7 123.19501-13 - 0 . 6 0 3 9 1 9 0 2 
1 . 4 0 2 3 6 6 3 4 6 1 .18017887 1 2 0 . 9 4 6 4 1 4 3 - 0 . 5 9 5 2 6 9 1 9 7 

1 .42180242 1 . 1 3 2 4 7 4 3 3 1 1 3 . 9 3 0 5 2 4 7 

1 . 4 1 4 1 1 7 6 4 1 . 1 3 2 4 7 4 3 3 1 0 7 . 9 1 7 8 4 2 2 

1 .41836159 1 . 1 3 2 4 7 4 3 3 1 0 2 . 4 7 1 2 3 5 1 

1 . 4 3 3 6 9 7 2 8 1 . 1 3 2 4 7 4 3 3 9 3 . 7 8 0 6 0 1 4 8 

1 . 4 6 0 2 3 5 4 9 1 . 1 3 2 4 7 4 3 3 7 8 . 9 8 7 9 8 7 5 7 

1.5 1 . 1 3 2 4 7 4 3 3 6 7 . 4 9 8 3 0 1 3 4 

1 . 5 5 1 1 4 9 9 8 1 . 1 3 2 4 7 4 3 3 5 3 . 4 5 4 4 8 0 1 8 

1 . 6 2 1 0 3 0 1 8 1 . 1 3 2 4 7 4 3 3 2 8 . 4 7 7 4 6 0 7 9 

"1.33709895 1 . 1 3 2 4 7 4 3 3 3 . 5 6 9 7 9 7 7 8 5 

0 . 6 9 3 8 0 6 6 7 1 . 1 3 2 4 7 4 3 3 - 0 . 5 2 2 5 0 2 6 3 6 

4 .10 3 6 5 . 7 4 -3 .21 2 . 8 2 5 1 1 0 3 9 8 2 4 4 . 1 4 -1 .20 1 3 . 8 5 1 3 0 0 2 6 4 9 . 5 7 

| dF/dc 1 dF/dO' dF/du dF/dc dF/df|)' dF/du dF/dc dF/dO' 
I ( 3 i ) / Z ( 1 7 ; 

1 
E ( 3 3 ) / E ( 1 7 ) E ( 3 4 ) / E ( 1 7 ) E ( 3 5 ) / E ( 1 7 ) E ( 3 7 ) / E ( 1 7 ) E ( 3 8 ) / Z ( 1 7 ) E ( 3 9 ) / E ( 1 7 ) E ( 4 1 ) / E ( 1 7 ) 

0 . 0 0 7 1 6 0 . 6 3 8 4 0 - 0 . 0 0 5 6 0 0 . 0 0 4 9 3 0 . 4 2 6 1 5 - 0 . 0 0 2 0 9 0 . 0 2 4 1 8 1 .13383 
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C A L C U L A T I O N O F F A C T O R O F S A F E T Y O F A T R I A L F A I L U R E S U R F A C E 

BISHOP'S SIMPLIFIED M E T H O D 
CALCULATIONS 

• 

4 2 4 3 4 4 4 5 4 6 47 4 8 4 9 50 
Soil 4 Soil 5 

-(2)*(16)/(29) 

- A x i * t a n ( D 7 M i ( 9 ) A x i / M i ( 6 ) s c c V (20 )*secV /Mi (0) 

-(2)*(16)/(29) 

-Axi*tan0j>7Mi( l A x i / M i ( 0 ) s e c 2 * ' (20)*scc 2OVMi(0) 

-(2)*(16)/(29) 

- A x i * t a n ( D 7 M i ( 0 ) 

- 0 . 5 1 7 4 9 3 7 6 1 
- 0 . 5 1 4 6 9 6 7 3 

- 0 . 5 1 6 2 4 1 4 0 1 
- 0 . 5 2 1 8 2 3 1 3 6 
- 0 . 5 3 1 4 8 2 2 5 4 

- 0 . 5 4 5 9 5 5 3 5 1 
- 0 . 5 6 4 5 7 2 4 2 1 

- 0 . 5 9 0 0 0 6 7 3 5 
- 0 . 4 8 6 6 6 4 2 1 7 
- 0 . 2 5 2 5 2 4 9 7 8 

-5 .04 0 0 .00 0 .00 0 0 .00 0 .00 

d F / d u 
Z ( 4 2 ) / I ( 1 7 ) 

d F / d c 
I ( 4 3 ) / I ( 1 7 ) 

d F / d O ' 
2 ( 4 5 ) / S ( 1 7 ) 

d F / d u 
Z ( 4 6 ) / S ( ! 7 ) 

d F / d c 
£ ( 4 7 ) / £ ( 1 7 ) 

dF /d<l>' 
2 ( 4 9 ) / S ( 1 7 ) 

d F / d u 
I ( 5 0 ) / Z ( 1 7 ) 

- 0 . 0 0 8 8 0 | 0 . 0 0 0 0 0 0 . 0 0 0 0 0 0 . 0 0 0 0 0 | 0 . 0 0 0 0 0 0 . 0 0 0 0 0 0 . 0 0 0 0 0 

©D.C^i. Meltcwtitida A Cs\ D1cl -li-l'-Di-U-SoilPon-Calciilalioiis 



V 

S p r e a d s h e e t ; BISHOP - PROB - DIRECT 

(COV(u) = cons tant for the slope) 



V 

CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 

BISHOP'S SIMPLIFIED METHOD 
DETERMINISTIC 

(Probabilistic calculations are valid upto 5 different soil layers) 

CALCULATION-STAGE 1 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Slice Slice Width Pore Pressure Suil 

Type l(5)+(6)l/2 (2)*(12)*(13) (2)*(11) 
Axi Bi r hi h2 ui c' *' 1' 1 hav wi Qi tan 4' 

(m) (Jcg) (m) (m) (m) (kN/m2) (kN/m2) (dcK) (kN/m2) (kN/m3) (m) (kN-per m width) (kN-per m width) 

1 1.500 61.960 17.520 0.000 2.870 0.00 1 0.00 38.00 19.50 1.44 41.97 0.78 

2 1.930 51.680 17.520 2.870 4.180 3.13 1 0.00 38.00 19.50 3.33 132.66 0.78 

3 1.500 43.360 17.520 4.180 4.850 16.28 1 0.00 38.00 19.50 4.52 132.06 0.78 

4 1.490 36.960 17.520 4.850 5.230 24.91 2 5.30 23.00 19.50 5.04 146.44 0.42 

5 1.500 31.060 17.520 5.230 5.380 30.37 2 5.30 23.00 19.50 5.31 155.17 0.42 

6 1.500 25.490 17.520 5.380 5.350 33.86 3 7.20 20.00 19.50 5.37 156.93 0.36 

7 1.500 20.160 17.520 5.350 5.060 34.11 3 7.20 20.00 19.50 5.21 152.25 0.36 

8 1.500 15.010 17.520 5.060 4.800 32.34 3 7.20 20.00 19.50 4.93 144.20 0.36 

9 1.500 9.990 17.520 4.800 4.320 31.16 3 7.20 20.00 19.50 4.56 133.38 0.36 

10 1.500 5.040 17.520 . 4.320 3.700 30.43 3 7.20 20.00 19.50 4.01 117.29 0.36 

11 1.500 0.000 17.520 3.700 2.960 25.20 3 7.20 20.00 19.50 1 3.33 97.40 0.36 

12 1.500 -4.780 17.520 2.960 2.080 18.71 3 7.20 20.00 19.50 2.52 73.71 0.36 

13 1.500 -9.780 17.520 2.080 1.070 15.20 3 7.20 20.00 19.50 1.58 46.07 0.36 

14 1.180 -14.210 17.520 1.070 0.180 9.83 3 7.20 20.00 19.50 0.63 14.38 0.36 

15 0.590 -17.220 17.520 0.180 0.000 2.42 3 7.20 20.00 19.50 0.09 1.04 0.36 

16 

F()S(3) 1.03 FOS(4) 1.03 

FOS 1.03 
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CALCULATION OF PROBABILITY OF FAILURE OF A SELECTED FAILURE SURFACE 
BISHOP'S SIMPLIFIED METHOD 

PROBABIHSTIC(First Order Second Moment) 

Direct Differentiation 

DATA INPUT 

Probabilistic COY Mean c'(kPa) cb'(rad) 
Parameters i i 

c 
c'(klJa) Mean a V Mean a V 

Soil 1 0 0.3 0 38 0.00 0.0000 0.0000 0.66 0.1990 0.0396 
Soil 2 0.3 ~~ 0.4 5.3 23 5.30 1.5900 " 2.5281 0.40 0.1606 0.0258 
Soil 3 0.2 0.35 20 7.20 1.4400 2.0736 0.35 0.1222 0.0149 
Soil 4 "O.OTT 0.0000 ' 0.0000 0.00 0.0000 "aOood 

Soil 5 ~0707T "0.0000" 0.(1000 0700 0.0000 0.0000 

Variance 

Xr ( d F / d X r ) ( 0 h / 0 X r ) - (5F/dXr)'*V(Xr) 

cl 0.01 d1:.-Uo 0 
,:2 0.00493 2E-U5 6E-05" 
c3 0.024 IS 6E-U4 O'.ooT 

c4 o U " 0 

c5 0 l.i" 0 
<t>l 0.64 lUUb' 0.016 
*2 ~ 0742615" "0.182' " OJ !05 

*"3" ' T 1 3 3 S 3 " 1.2,% " y.019 
((,4 " 0 ... . . . . . Q 

4>5" ' 0 0 o" 

u -0.02 3L-U4 0.012 
0.053 

F Y(FOS) 0.053 
o(FO"S) ""07231 
FOS(ML\") 1.028 
COY(F) 0.224 

TAYLOR SEIRJES 

(NORMAL DISTRIBUTION) 
RELIABILITY INDEX 0.121 

RELIABILITY7 0.548 54.81 % 
PROB. FAIL 0.452 45.19 % 

(LOGNORMAL DISTRIBUTION) 
l + [COV(F)]- 1.05 

RELIABILITY' INDEX 
RELIABILITY 

PROB. 

0.013 
0.505 50.53 
0.495 49.47 

© D.C-A.Meltananda ACAD1d-B-P-Di-U-S/opePore-Probabilistic 



0 V 

C A L C U L A T I O N O F F A C T O R O F S A F E T Y O F A T R I A L F A I L U R E S U R F A C E 

BISHOP'S SIMPLIFIED METHOD 
CALCULATIONS 

C A L C U L \ T I O N - S T A G E 1 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Slice Slice Width Pore Pressure Soil 

Type )(5)+(6)}/2 (2)*(12)*(13) (2)*(11) 

Axi Oi r hi li2 ui e' 1' Y hav wi Qi 
(m) (m) (m) (m) ( k N / m 2 ) ( k N / m 2 ) (dc-S) ( k N / m 2 ) ( k N / m 3 ) (>») (kN-per m width) (kN-per m width) 

1 1.500 6 1 . 9 6 0 1 7 . 5 2 0 2 . 8 7 0 1 3 8 . 0 0 i 19 .50 1.44 4 1 . 9 7 
2 1 .930 5 1 . 6 8 0 1 7 . 5 2 0 2 . 8 7 0 4 . 1 8 0 3 .13 1 3 8 . 0 0 19 .50 3 .53 1 3 2 . 6 6 
3 1.500 4 3 . 3 6 0 1 7 . 5 2 0 4 . 1 8 0 4 . 8 5 0 1 6 . 2 8 1 3 8 . 0 0 1 9 . 5 0 4 . 5 2 132 .06 
4 1.490 3 6 . 9 6 0 1 7 . 5 2 0 4 . 8 5 0 5 .230 24 .91 2 5 .30 2 3 . 0 0 19 .50 5 .04 1 4 6 . 4 4 
5 1 .500 3 1 . 0 6 0 1 7 . 5 2 0 5 .230 5 .380 3 0 . 3 7 2 5 .30 2 3 . 0 0 19 .50 5.31 1 5 5 . 1 7 

6 1 .500 2 5 . 4 9 0 1 7 . 5 2 0 5 .380 5 .350 3 3 . 8 6 3 7 .20 2 0 . 0 0 1 9 . 5 0 5.37 1 5 6 . 9 3 
7 1 .500 2 0 . 1 6 0 1 7 . 5 2 0 5 .350 5 .060 34 .11 3 7 .20 2 0 . 0 0 1 9 . 5 0 5.21 1 5 2 . 2 5 
7 1 .500 1 5 . 0 1 0 1 7 . 5 2 0 5 . 0 6 0 4 . 8 0 0 3 2 . 3 4 3 7 .20 2 0 . 0 0 19 .50 4 .93 1 4 4 . 2 0 
7 1 .500 9 .990 1 7 . 5 2 0 4 . 8 0 0 4 . 3 2 0 3 1 . 1 6 3 7 .20 2 0 . 0 0 1 9 . 5 0 4 .56 1 3 3 . 3 8 
7 1.500 5 .040 1 7 . 5 2 0 4 . 3 2 0 3 . 7 0 0 30.4.3 3 7 .20 2 0 . 0 0 19 .50 4.01 117 .29 

7 1 .500 1 7 . 5 2 0 3 . 7 0 0 2 . 9 6 0 2 5 . 2 0 3 7 .20 2 0 . 0 0 19.50 3'.33* ' 9 7 . 4 0 
7 1 .500 - 4 . 7 8 0 17 .520 2 . 9 6 0 2 .080 18.71 1 3 7 .20 2 0 . 0 0 1 9 . 5 0 2 .52 73 .71 

7 1 .500 - 9 . 7 8 0 1 7 . 5 2 0 2 . 0 8 0 ' ".070 15 .20 3 7".20 Woo 19.50 1.58 4 6 . 0 7 

7 1 .180 - 1 4 . 2 1 0 1 7 . 5 2 0 1.070 0 .180 9 .83 3 7 .20 2 0 . 0 0 19.50 0 .63 1 4 . 3 8 

7 6.590 - 1 7 . 2 2 0 1 7 . 5 2 0 0 . 1 8 0 2 .42 3 7 .20 2 0 . 0 0 19 .50 0 .09 1.04 

7 
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C A L C U L A T I O N O F F A C T O R O F S A F E T Y O F A T R I A L F A I L U R E S U R F A C E 

BISHOP'S SIMPLIFIED METHOD 
CALCUJ^TIONS 

C A L C U L A T I O N 

16 17 18 19 2 0 21 22 23 24 2 5 26 27 2 8 2 9 3 0 
Ui= Trial 1 Trial 1 Trial 2 Trial 2 Trial 3 Trial 3 Trial 4 Trial 4 

tan <t>' (wi+Qi) sin Oi c'Axi ui*Axi (wi+Qi -niAxi) 

(20)*(1G) 

(20)*ian<t>' 

(18)+(21) 

Mi(0) 

(22)/(23) 

Mi(0) 

(22)/(25) 

Mi(0) 

(22)/(27) 

Mi(0) 

(22)/(29) 

0 .78 3 7 . 0 5 4 1 . 9 7 3 2 . 7 9 3 2 . 7 9 1.09 30 .14 1.13 2 9 . 0 2 i 1.14 2 8 . 7 9 1.14 2 8 . 7 5 

0 . 7 8 1 0 4 . 0 8 6 .04 1 2 6 . 6 2 9 8 . 9 3 9 8 . 9 3 1.17 8 4 . 6 0 1.21 8 1 . 9 9 1.21 8 1 . 4 5 1.22 8 1 . 3 4 

0 .78 9 0 . 6 7 2 4 . 4 2 1 0 7 . 6 4 8 4 . 1 0 8 4 . 1 0 1.21 6 9 . 6 3 1.24 6 7 . 8 0 1.25 6 7 . 4 3 1.25 6 7 . 3 5 

0 .42 8 8 . 0 5 7 .90 3 7 . 1 2 1 0 9 . 3 2 4 6 . 4 0 5 4 . 3 0 1.03 5 2 . 8 3 1.04 5 2 . 0 5 1.05 5 1 . 8 8 1.05 5 1 . 8 5 

0 .42 8 0 . 0 6 7 .95 4 5 . 5 6 1 0 9 . 6 2 4 6 . 5 3 5 4 . 4 8 1.05 5 1 . 7 4 1.07 5 1 . 1 0 1.07 5 0 . 9 6 1.07 5 0 . 9 3 

0 .36 6 7 . 5 3 10 .80 5 0 . 7 9 1 0 6 . 1 4 .38.63 4 9 . 4 3 1.04 4 7 . 3 9 1.05 4 6 . 9 6 1.05 4 6 . 8 7 1.05 4 6 . 8 5 

0 .36 5 2 . 4 7 1 0 . 8 0 51 .17 1 0 1 . 0 8 3 6 . 7 9 4 7 . 5 9 1.05 4 5 . 2 7 1.06 4 4 . 9 5 1.06 4 4 . 8 8 1.06 4 4 . 8 7 

0 .36 3 7 . 3 5 10 .80 48 .51 9 5 . 6 9 34.8.3 4 5 . 6 3 1.05 4 3 . 4 4 1.06 43 .21 1.06 4 3 . 1 6 1.06 4 3 . 1 5 

0 .36 2 3 . 1 4 10 .80 4 6 . 7 4 8 6 . 6 4 .31.53 42 .33 1.04 4 0 . 6 5 1.05 4 0 . 5 0 1.05 4 0 . 4 7 1.05 4 0 . 4 6 

0 .36 10 .30 10 .80 4 5 . 6 5 . 7 1 . 6 5 2 6 . 0 8 3 6 . 8 8 1.02 3 5 . 9 9 1.03 3 5 . 9 2 1.03 3 5 . 9 0 1.03 3 5 . 9 0 

0 .36 10.80 3 7 . 8 0 5 9 . 6 0 2 1 . 6 9 3 2 . 4 9 1.00 3 2 . 4 9 1.66 3 2 . 4 9 1.00 3 2 . 4 9 1.00 3 2 . 4 9 

0 .36 - 6 . 1 4 10 .80 2 8 . 0 7 4 5 . 6 5 1 16.61 27 .41 0 .97 2 8 . 2 8 0 .97 28 .33 0.97 2 8 . 3 5 0 .97 2 8 . 3 5 

0 .36 -7.8.3 io.so 1 2*2.80 2 3 . 2 7 8.47 19.27 0 .93 2 0 . 7 2 0 .93 2 0 . 8 0 0 .93 2 0 . 8 2 0 . 9 3 2 0 . 8 2 

0 .36 -3 .53 8 .50 11 .60 2 . 7 8 1.01 9.51 6.8*9* 10 .69 0 .88 10.7*6* 6.8*8 10 .77 0 . 8 8 10 .77 

0 .36 -0 .31 4 .25 1.43 -0 .39 - 0 . 1 4 4.11 0 .86 4 . 7 8 0 .85 4 .82 0 .85 4 . 8 3 0 .85 4 . 8 3 

1.00 1.00 1.00 1.00 

5 7 2 . 9 0 6 3 9 . 2 5 5 9 8 . 6 5 5 9 0 . 6 9 5 8 9 . 0 6 ' 5 8 8 . 7 2 

F O S ( i n i ) 1.12 F o s m 1.04 FOS(2) 1.03 FOS(3) 1.0.3 F O S ( 4 ) 1.03 

F O S 1.03 
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
BISHOP'S SIMPLIFIED METHOD 

CALCULATIONS 

31 32 33 34 .35 36 37 • 38 39 40 41 42 
Pore Pressure Soil 1 Soil 2 Soil 3 Soil4 
-(2)*(16)/(29) 

-Axi*tan<D7Mi(0) 
(2)/(29) 

Axi/Mi(8) scc2C>' (20)*scc 2O'/Mi(G) Axi/Mi(0) (20)*sccV/Mi(0) Axi/Mi(0) s e e V (20)*scc2O7Mi(9) Axi/Mi(9) sec 2*' 

-1.03 1.31 1.61 1 59.25 
-1.24 1.59 1.61 167.66 
-0.94 1.20 1.61 138.82 
-0.60 1.422744052 1.18017887 123.1950143 
-0.60 1.402366346 1.18017887 120.9464143 
-0.52 1.42180242 1.13247433 113.9305247 
-0.51 1.41411764 1.13247433 107.9178422 
-0.52 1.41836159 1.1.3247433 102.4712351 
-0.52 1.43369728 1.13247433 93.78060148 
-0.53 1.46023549 1.13247433 78.98798757 
-0.55 1.5 1.132474"33 67.49830134 
-0.56 1.55114998 1.13247433 53.45448018 
-0.59" ^ 1.62103018 1.13247433 28.47746079 
-0.49 1.33709895 1.1.3247433 3.569797785 
-0.25 0.69380667 1.13247433 -0.522502636 

-9.45 4.10 365.74 2.825110398 244.14 13.8513002 649.57 0 

dF/du 
Z(31)/Z(17) 

dF/dc | 
S(32)/S(17) 

dF/dcf' 
Z(34)/Z(17) 

dE/dc 
Z(35)/Z(17) 

dE/d<l>' 
Z(37)/S(17) 

dF/dc 
Z(38)/S(17) 

dF/dO' 
Z(40)/Z(17) 

dF/dc 
Z(41)/Z(17) 

-0.02 0.01 0.64 0.004931285 0.42615359 0.02417771 1.133829554 0 
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 

BISHOP'S SIMPLIFIED METHOD 

CALCULATIONS 

43 44 45 46 
Soil 5 

(20)*sec2$7Mi(8) Axi/Mi(9) sec2<l»' (20)*secV/Mi(8) 

0.00 0 0.00 

dF/d<P' 
Z(43)/I(17) 

dF/dc 
S(44)/S(17) 

dF/dcD' 
E(46)/S(17) 

0 0 0 

© D.Cy\Mettananda AC/\DUI-tt-P-Di-U-SlopePore—Calculations Page 4 of 4 



f 

y 

S p r e a d s h e e t : BISHOP - PROB - DIRECT - EXACT 

(COV (u) = based on soil layers) 



s 
v 

CALCULATION OF FACTOR OF SAFE'lY OF A TRIAL FAILURE SURFACE 
BISHOP'S SIMPLIFIED METHOD 

DETERMINISTIC 
( P r o b a b i l i s t i c c a l c u l a t i o n s arc v a l i d u p t o 5 d i f f e r e n t so i l Livers) 

CALCULATION-STAGE 1 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Slice Slice Width Pore Pressure Soil 

Type l(5)+(6))/2 (2)*(12).(13) (2)*(11) 

Axi 6i r hi hZ ui c' ** Y hav wi Qi tan 

(m) (<1CR) (ni) (m) (m) (kN/m2) (kN/m2) (•li-B) (kN/m2) (kN/m3) (in) (kN-per m width) (kN-pcr m width) 

1 1.500 61.960 17.520 0.000 2.870 0.00 I 0.00 38.00 19.50 1.44 4 1.97 0.78 
2 1.930 51.680 17.520 2.870 4.180 3.13 1 0.00 38.00 19.50 3.53 132.66 0.78 
3 1.500 43.360 17.520 4.180 4.850 16.28 1 0.00 38.00 19.50 4.52 132.06 0.78 
4 1.490 36.960 17.520 4.850 5.230 24.91 2 5.30 23.00 19.50 5.04 146.44 0.42 
5 1.500 31.060 17.520 5.230 5.380 30.37 2 5.30 23.00 19.50 5.31 155.17 0.42 
6 1.500 25.490 17.520 5.380 5.350 33.86 3 7.20 20.00 19.50 5.37 156.93 0.36 
7 1.500 20.160 17.520 5.350 5.060 34.11 3 7.20 20.00 19.50 5.21 152.25 0.36 
8 1.500 15.010 17.520 5.060 4.800 32.34 3 7.20 20.00 19.50 4.93 144.20 0.36 
9 1.500 9.990 17.520 4.800 4.320 31.16 3 7.20 20.00 19.50 4.56 133.38 0.36 
10 1.500 5.040 17.520 4.320 3.700 30.43 3 7.20 20.00 19.50 4.01 117.29 0.36 
11 1.500 0.000 17.520 3.700 2.960 25.20 3 7.20 20.00 19.50 3.33 97.40 0.36 
12 1.500 -4.780 17.520 2.960 2.080 18.71 3 7.20 20.00 19.50 2.52 73.71 0.36 
13 1.500 -9.780 17.520 2.080 1.070 15.20 3 7.20 20.00 19.50 1.58 46.07 0.36 
14 1.180 -14.210 17.520 1.070 0.180 9.83 3 7.20 20.00 19.50 0.63 14.38 0.36 
15 0.590 -17.220 17.520 0.180 0.000 2.42 3 7.20 20.00 19.50 0.09 1.04 0.36 
16 

F()S(3) 1.03 FOS(4) 1.03 

FOS 1.03 
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D A T A I N P U T 

CAI.CUI-ATTON OF PROBABILITY OF" FAIFUKF OF A SELECTED FAILURE SURFACE 
BISHOP'S S I M P L I F I E D M E T H O D 

PROBABILISTIC(First Order Second Moment) 
Direct DilTcrcntintion 

Probabilistic GOV Mean c'(kl'a) <P'(rad) u (kl'a) 
Parameters c' u c'(kPa) u Mean CT V Mean a V Mean a V 

Soil 1 0 0.3 0.25 0 38 6 . 4 7 0 .0000 0.0000 0 .0000 0 . 6 6 3 2 0 .1990 0 . 0 3 9 6 6 . 4 7 0 0 1 :6175 2.6163 
S m r 2 " ~ 0 . 3 _ 0.4 0.3 """5.3"" """" 2 3 " 2 7 7 6 4 " "5.3000" 1.5000 2 . 5 2 8 1 0 . 4 0 1 4 0 .1606 0 . 0 2 5 8 2 7 . 6 4 0 0 8 . 2 9 2 0 6 8 . 7 5 7 3 

S o i T 3 0.2 0.35 0.35 7 . 2 20 23 .33 T 2 0 0 0 " " 1.4400 2 . 0 7 3 6 0.3491" 0.1222 0 . 0 1 4 9 2 3 . 3 3 0 0 8 . 1 6 5 5 6 6 . 6 7 5 4 

Soil 4 0.0000 l)"o~6oo" "aoooo" 0 . 0 0 0 0 
" 6.0000 

O.OdOO 0 .0000 0 . 0 0 0 0 0.6666" So"il5 0.0000 ""070000" "070000 " 0 : 0 0 0 0 " " 0 . 0 0 0 0 0 .0000 0 : 0 0 0 0 " ' 0.0000" 
" 6.0000 

Xr (5F /3Xr) (dF/dXi)' (8F/dXtY*V(Xt) 
cl 0.0072 5K-05 0 
c2 0.00493 2F.-05 6. IF 05 
c3 0.024 18 0.00116 0.00121 
c4 II 0 0 
c5 0 0 0 

<t>l 0.3328 0.1 108 0.00439 
<t>2 0.3173 0.1007 0.(1026 
4>3 1.0510 1.1045 11.01649 
<t>"4 "0 .0000 0 0 
$5 "O.OOOO" 0" I) 
ul -0.0056 3F-05 8.2F-05 
u2 -0.0021 411-06 0.0003 
u3 -0.0088 8E-05 0.00516 
u4 0.0000 "6 "" 0 " 
u5 0.0000 0 0 

0.03029 

F V(FOS) 
CT(FOS) 

0.03029 F V(FOS) 
CT(FOS) 0.17403 

1.0279 
0.1693 

F 

FOS(MLV) 
0.17403 

1.0279 
0.1693 

F 

COV(F) 

0.17403 
1.0279 
0.1693 

TAYLOR SF1KIFS 

(NORMAL DISTRIBUTION) 
RELIABILITY INDEX 0.16039 

RELIABILITY 0.56371 "' 56.37 % 
l'ROB. FAIL 0.43629 43.63 % 

(LOGNORMAL DISTRIBUTION) 
T+pTvvJor 1.02866 

RELIABILITY INDEX 
_'_ RELIABILITY 

l'ROB. FAIL 

0.07971 
0.53176 
0746824 

53.18 %_ 
"46:82 % 
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C A L C U L A T I O N O F F A C T O R O F S A F E T Y O F A T R I A L F A I L U R E S U R F A C E 

BISHOP'S SIMPLIFIED METHOD 
CALCULATIONS 

C A L C U L A T I O N - S T A G E 1 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Slice Slice Width Pore Pressure Soil 

Type i (5)+(6)} /2 (2)*(12)*(13) (2)*(ll) 

Axi 8i r hi h2 ui c' 4' Y liav wi Qi 
(m) (dcg) (m) (m) (m) ( k N / m 2 ) ( k N / m 2 ) (deg) ( k N / m 2 ) (kN/m3) (m) (kN-per m width) (kN-per m width) 

1 1 .5000 6 1 . 9 6 0 0 1 7 . 5 2 0 0 2 . 8 7 0 0 1 138.0000 1 9 . 5 0 0 0 1.4350 4 1 . 9 7 3 8 
2 1 .9300 5 1 . 6 8 0 0 1 7 . 5 2 0 0 2 . 8 7 0 0 4 . 1 8 0 0 3 . 1 3 0 0 1 3 8 . 0 0 0 0 19 .5000 3 . 5 2 5 0 1 3 2 . 6 6 3 4 

3 1 .5000 4 3 . 3 6 0 0 1 7 . 5 2 0 0 4 . 1 8 0 0 4 . 8 5 0 0 1 6 . 2 8 0 0 1 3 8 . 0 0 0 0 1 9 . 5 0 0 0 4 . 5 1 5 0 1 3 2 . 0 6 3 8 

4 1 .4900 3 6 . 9 6 0 0 1 7 . 5 2 0 0 4 . 8 5 0 0 5 .2300 2 4 . 9 1 0 0 2 5 .3000 2 3 . 0 0 0 0 1 9 . 5 0 0 0 5 .0400 1 4 6 . 4 3 7 2 

5 1 .5000 3 1 . 0 6 0 0 1 7 . 5 2 0 0 5 .2300 5 . 3 8 0 0 3 0 . 3 7 0 0 2 5 . 3 0 0 0 2 3 . 0 0 0 0 1 9 . 5 0 0 0 5 . 3 0 5 0 1 5 5 . 1 7 1 3 

6 1 .5000 2 5 . 4 9 0 0 1 7 . 5 2 0 0 5 .3800 5 . 3 5 0 0 3 3 . 8 6 0 0 3 7 . 2 0 0 0 2 0 . 0 0 0 0 1 9 . 5 0 0 0 5 . 3 6 5 0 1 5 6 . 9 2 6 3 

7 1 .5000 2 0 . 1 6 0 0 1 7 . 5 2 0 0 5 .3500 5 .0600 3 4 . 1 1 0 0 3 7 . 2 0 0 0 2 0 . 0 0 0 0 1 9 . 5 0 0 0 5 .2050 1 5 2 . 2 4 6 3 

8 1 .5000 1 5 . 0 1 0 0 1 7 . 5 2 0 0 5 .0600 4 . 8 0 0 0 3 2 . 3 4 0 0 3 7 . 2 0 0 0 2 0 . 0 0 0 0 19 .5000 4 . 9 3 0 0 1 4 4 . 2 0 2 5 

9 1 .5000 9 . 9 9 0 0 1 7 . 5 2 0 0 4 . 8 0 0 0 4 . 3 2 0 0 3 1 . 1 6 0 0 3 7 . 2 0 0 0 2 0 . 0 0 0 0 1 9 . 5 0 0 0 4 . 5 6 0 0 1 3 3 . 3 8 0 0 

10 1 .5000 5 .0400 1 7 . 5 2 0 0 4 . 3 2 0 0 3 . 7 0 0 0 3 0 . 4 3 0 0 3 7 . 2 0 0 0 2 0 . 0 0 0 0 19 .5000 4 . 0 1 0 0 1 1 7 . 2 9 2 5 

11 1.5000 1 7 . 5 2 0 0 3 . 7 0 0 0 2 . 9 6 0 0 2 5 . 2 0 0 0 3 7 . 2 0 0 0 2 0 . 0 0 0 0 19 .5000 3 . 3 3 0 0 9 7 . 4 0 2 5 

12 1 .5000 - 4 . 7 8 0 0 1 7 . 5 2 0 0 2 . 9 6 0 0 2 . 0 8 0 0 1 8 . 7 1 0 0 3 7 . 2 0 0 0 2 0 . 0 0 0 0 1 9 . 5 0 0 0 2 . 5 2 0 0 7 3 . 7 1 0 0 

13 1.5000 - 9 . 7 8 0 0 1 7 . 5 2 0 0 2 . 0 8 0 0 1.0700 1 5 . 2 0 0 0 3 7 . 2 0 0 0 26.6666I 1 9 . 5 0 0 0 1 .5750 4 6 . 0 6 8 8 

14 1 .1800 - 1 4 . 2 1 0 0 17.52661 1.0700 0 . 1 8 0 0 9 . 8 3 0 0 3 7 . 2 0 0 0 2 0 . 0 0 0 0 1 9 . 5 0 0 0 0 . 6 2 5 0 1 4 . 3 8 1 3 

15 0 . 5 9 0 0 - 1 7 . 2 2 0 0 1 7 . 5 2 0 0 0 . 1 8 0 0 2 . 4 2 0 0 3 7 . 2 0 0 0 2 0 . 0 0 0 0 1 9 . 5 0 0 0 0 . 0 9 0 0 1 .0355 

16 
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
BISHOP'S SIMPLIFIED METHOD 

CALCULATIONS 

CALCULATION - STAGE 2 
16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

Ui= Trial 1 Trial 1 Trial 2 Trial 2 Trial 3 Trial 3 Trial 4 Trial 4 

tan <J>' (wi + Qi) sin Oi c'Axi ui*Axi (wi+Qi -uiAxi) 

(20)*(16) 

(2())*tan<t>' 

(18) + (21) 

Mi(0) 

(22)/(23) 

Mi(0) 

(22)/(25) 

Mi(0) 

(22)/(27) 

Mi(6) 

(22)/(29) 

0.7813 37.0469 41.9738 32.7935 .32.7935 1.0881 30.1388 1.1300 29.0209 1.1389 28.7943 1.1407 28.7474 
0.7813 104.0824 6.0409 126.6225 98.9283 98.9283 1.1694 84.5984 1.2066 1 81.9863 1.2145 81.4527 1.2162 81.3421 
0.7813 90.6723 24.4200 107.6438 84.1005 84.1005 1.2078 69.6320 1.2404 67.8017 1.2473 67.4257 1.2488 67.3476 
0.4245 88.0464 7.8970 37.1159 109.3213 46.4041 54.3011 1.0278 52.83.34 1.0433 1 5'2.0478 1.0466 51.8842 1.0473 51.8501 
0.4245 80.0583 7.9500 45.5550 109.6163 46.5293 54.4793 1.0529 51.7424 1.0662 51.0964 1.0690 50.9615 1.0696 50.9333 
0.3640 67.5338 10.8000 50.7900 106.1363 38.6304 49.4304 1.0430 47.3909 1.0526 46.9622 1.0546 46.8723 1.0550 46.8535 
0.3640 52.4706 10.8000 51.1650 101.0813 36.7906 47.5906 1.0512 45.2747 1.0588 44.9486 1.0604 44.8801 1.0607 44.8658 
0.3640 37.3467 10.8000 48.5100 95.6925 34.8292 45.6292 1.0504 43.4415 1.0561 43.2059 1.0573 43.1562 1.0576 43.1458 
0.3640 23.1383 10.8000 46.7400 86.6400 31.5344 42.3344 1.0414 40.6505 1.0453 40.5012 1.0461 40.4697 1.0462 40.4631 
0.3640 10.3043 10.8000 45.6450 71.6475 26.0776 36.8776 1.0248 .35.9855 1.0267 35.9174 1.0271 35.9030 1.0272 35.8999 
0.3640 10.8000 37.8000 59.6025 21.6935 32.4935 1.0000 32.4935 1.0000 32.4935 1.0000 32.4935 1.0000 32.4935 
0.3640 -6.1423 10.8000 28.0650 45.6450 16.6134 27.4134 0.9693 28.2805 0.9675 28.3344 0.9671 28.3458 0.9670 28.3482 
0.3640 -7.8255 10.8000 22.8000 23.2688 8.4691 19.2691 0.9301 20.7182 0.926.3 20.8022 0.9255 20.8201 0.9253 20.8239 
0.3640 -3.5.303 8.4960 11.5994 2.7819 1.0125 9.5085 0.8893 10.6918 0.8839 10.7574 0.8827 10.7715 0.8825 10.7744 
0.3640 -0.3065 4.2480 1.4278 -0.3924 -0.1428 4.1052 0.8586 4.7812 0.8521 4.8180 0.8507 4.8258 0.8504 4.8275 

1.0000 1.0000 1.0000 1.0000 
572.8954 639.2548 598.6532 590.6940 589.0565 588.7162 

FOS(ini) 1.12 FOS ( l ) 1.04 FOS(2) 1.03 FOS(3) 1.03 FOS(4) 1.03 

FOS 1.03 
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 

BISHOP'S SIMPLIFIED METHOD 
CALCULATIONS 

31 32 33 34 35 36 37 38 39 40 41 
Soi l l Soil 2 

(2)/(29) -(2)*(16)/(29) 
cos 8 tan 6 Axi/Mi (8) sec2<D' (20)*secV/Mi(e) 

C= 
A*d(l/Mie)/d<t> 

l ) = C + D = 
-Axi*tanO>7Mi(9) Axi/Mi(0) sec2<D' (20)*sec2<D7Mi(9) 

0.4701 1.8776 1.3149 1.6104 59.2549 -34.8467 24.4082 -1.0273 
0.6201 1.2653 1.5869 1.6104 167.6645 -82.2082 85.4562 -1.2398 
0.7271 0.9443 1.2012 1.6104 . 138.8188 -58.01 18 80.8069 -0.9385 
0.7991 0.7525 1.4227 1.1802 123.1950 
0.8566 0.6023 1.4024 1.1802 120.9464 
0.9027 0.4768 
0.9387 0.3671 
0.9659 0.2681 
0.9848 0.1761 
0.9961 0.0882 
1.0000 
0.9965 -0.0836 
0.9855 -0.1724 
0.9694 -0.2532 
0.9552 -0.3099 
1.0000 

4.1030 190.6713 -3.2056 2.8251 

| d F / d c d F / d O ' dF /du dF/dc 
I (33) /S(17) Z(37)/S(17) I (38) /Z(17) I (39) /Z(17) 

| 0.01 1 0.33 -0.01 0.004931285 
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CALCULATION OF FACTOR OF SAFETY OF' A TRIAL FAILURE SURFACE 
BISHOP'S SIMPLIFIED METHOD 

CALCULATIONS 

42 43 44 45 46 47 48 49 50 51 52 
Soil 3 Soil 4 

A*d(l/Mi8)/d<t) 
n= C + D = 

-(2)*(16)/(29) 

-Axi*tanO7Mi(0 Axi /Mi (8 ) s c c V (20)*scc 2 O7Mi(Q) A*d(l/MiQ)/d((> 
l)= 

-(2)*(16)/(29) 

-Axi*tantD'/Mi(8) Axi /Mi (0 ) sec24>' 

-34.1776 89.0174 -0.6039 
-28.2072 92.7393 -0.5953 

1.4218 1.1325 113.9305 -21.0566 92.8739 -0.5175 
1.4141 1.1325 107.9178 -16.0602 91.8576 -0.5147 
1.4184 1.1325 102.4712 -11.6409 90.8304 -0.5162 
1.4337 1.1325 93.7806 -7.3916 86.3890 1 -0.5218 
1.4602 1.1325 78.9880 -3.3826 75.6054 -0.5315 
1.5000 1.1325 67.4983 67.4983 -0.5460 
1.5511 1.1325 53.4545 2.6913 56.1458 -0.5646 
1.6210 1.1325 28.4775 4.2115 32.6890 -0.5900 
1.3371 1.1325 3.5698 3.3019 6.8717 -0.4867 
0.6938 1.1325 -0.522" 1.8515 1.3290 -0.2525 

181.7566 -1.1992 13.8513 602.0901 -5.0415 0.0000 

dF/dcD' 
Z(43)/Z(17) 

dF/du 
Z(44)/Z(17) 

dF/dc 
Z(45)/Z(17) 

dF/dO' 
Z(49)/Z(17) 

dF/du 
Z(50)/Z(17) 

dF /dc 
Z(51)/Z(17) 

0.32 0.00 0.02417771 1.05 -0.01 0 
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
BISHOP'S SIMPLIFIED METHOD 

CALCULATIONS 

53 54 55 56 57 58 59 60 61 62 
Soil 5 

(20)*sec2O'/Mi(6) A*d(l/Mi8)/d<f> 
1) = c+n= 

-(2)*(16)/(29) 

Axi/Mi(8) scc20' (20)*sec 2O*/Mi(G) ^*d(l/MiG)/d< 
1) ( • ; > 

-(2)*(16)/(29) 

-Axi*tan<P7Mi(e) 

0.0000 0.0000 0.0000 0.0000 0.0000 

dF/d<D' 
Z(55)/Z(17) 

dF/du 
Z(56)/Z(17) 

dF/dc 
Z(57)/Z(17) 

dF/cIO' 
Z(61)/Z(17) 

dF/du 
Z(62)/Z(17) 

0.00 0.00 0 0.00 0.00 
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i 

S p r e a d s h e e t : BISHOP - PROB - SMALLINCREMENT 

(COV (u) = based on soil layers) 

t 



C A L C U L A T I O N O F F A C T O R O F S A F E T Y O F A T R I A L F A I L U R E S U R F A C E 

BISHOP'S SIMPLIFIED METHOD 
DETERMINISTIC 

C A L C U L A T I O N - S T A G E 1 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Slice Slice Width Pore Pressure Soil 

Type i (5)+(6)} /2 (2)*(12)*(13) 

Axi 0, r hi h2 ui c' <t>' 4' 1 hav wi 

(m) («U-K) on) (•») ('») ( k N / i u 2 ) ( k N / m 2 ) (ile K) ( k N / m 2 ) ( k N / i n 3 ) (m) (kN-per m width) 

1 1 .500 6 1 . 9 6 0 1 7 . 5 2 0 0 . 0 0 0 2 . 8 7 0 0 .00 1 0 .00 3 8 . 0 0 19 .50 1 .4350 4 1 . 9 7 3 8 

2 1 .930 5 1 . 6 8 0 1 7 . 5 2 0 2 . 8 7 0 4 . 1 8 0 3 .13 1 0 .00 3 8 . 0 0 1 9 . 5 0 3 . 5 2 5 0 1 3 2 . 6 6 3 4 

3 1 .500 4 3 . 3 6 0 1 7 . 5 2 0 4 . 1 8 0 4 . 8 5 0 1 6 . 2 8 1 0 .00 3 8 . 0 0 1 9 . 5 0 4 . 5 1 5 0 1 3 2 . 0 6 3 8 

4 1 .490 3 6 . 9 6 0 1 7 . 5 2 0 4 . 8 5 0 5 .230 24 .91 2 5 .30 2 3 . 0 0 19.50 5 . 0 4 0 0 1 4 6 . 4 3 7 2 

5 1 .500 3 1 . 0 6 0 1 7 . 5 2 0 5 .230 5 .380 3 0 . 3 7 2 5 .30 2 3 . 0 0 19.50 5 . 3 0 5 0 1 5 5 . 1 7 1 3 

6 1 .500 2 5 . 4 9 0 1 7 . 5 2 0 5 . 3 8 0 5 .350 3 3 . 8 6 3 7 .20 2 0 . 0 0 19.50 5 . 3 6 5 0 1 5 6 . 9 2 6 3 

7 1 .500 2 0 . 1 6 0 1 7 . 5 2 0 5 . 3 5 0 5 .060 34 .11 3 7 .20 2 0 . 0 0 1 9 . 5 0 5 . 2 0 5 0 1 5 2 . 2 4 6 3 

8 1 .500 1 5 . 0 1 0 1 7 . 5 2 0 5 .060 4 . 8 0 0 3 2 . 3 4 3 7 .20 2 0 . 0 0 1 9 . 5 0 4 . 9 3 0 0 1 4 4 . 2 0 2 5 

9 1 .500 9 .990 1 7 . 5 2 0 4 . 8 0 0 4 . 3 2 0 3 1 . 1 6 3 7 .20 2 0 . 0 0 19 .50 4 . 5 6 0 0 1 3 3 . 3 8 0 0 

10 1.500 5 .040 1 7 . 5 2 0 4 . 3 2 0 3 . 7 0 0 3 0 . 4 3 3 7 .20 2 0 . 0 0 19.50 4 . 0 1 0 0 1 1 7 . 2 9 2 5 

11 1.500 0 . 0 0 0 1 7 . 5 2 0 3 . 7 0 0 2 . 9 6 0 2 5 . 2 0 3 7 .20 2 0 . 0 0 19 .50 3 . 3 3 0 0 9 7 . 4 0 2 5 

12 1 .500 - 4 . 7 8 0 1 7 . 5 2 0 2 . 9 6 0 2 . 0 8 0 18.71 3 7 .20 2 0 . 0 0 19 .50 2 . 5 2 0 0 7 3 . 7 1 0 0 

13 1 .500 - 9 . 7 8 0 1 7 . 5 2 0 2 . 0 8 0 1 .070 1 5 . 2 0 3 7 .20 2 0 . 0 0 19 .50 1 .5750 4 6 . 0 6 8 8 

14 1 .180 - 1 4 . 2 1 0 1 7 . 5 2 0 1 .070 0 . 1 8 0 9 .83 3 7 .20 2 0 . 0 0 19 .50 0 . 6 2 5 0 1 4 . 3 8 1 3 

15 0 .590 - 1 7 . 2 2 0 1 7 . 5 2 0 0 . 1 8 0 0 . 0 0 0 2 . 4 2 3 7 .20 2 0 . 0 0 19 .50 0 . 0 9 0 0 1 .0355 

16 
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
BISHOP'S SIMPLIFIED METHOD 

CAI^CULATIONS 

CALCULATION 
15 16 17 18 19 20 21 22 23 24 25 26 27 

Ui= Trial 1 Trial 1 Trial 2 Trial 2 Trial 3 

(2)*(11) (20)*(16) (18)+(21) (22)/(23) (22)/(25) 

Qi tan ()>' (wi+Qi) sin 8i c'Axi ui*Axi (wi+Qi -uiAxi) (20)*tan(f>' Mi(0) Mi(8) Mi(6) 

(kN-pcr m width) 

0.7813 37.0469 41.9738 32.7935 32.7935 1.0881 30.1388 1.1300 29.0209 1.1389 

0.7813 104.0824 6.0409 126.6225 98.9283 98.9283 1.1694 84.5984 1.2066 81.9863 1.2145 

0.7813 90.6723 24.4200 107.6438 84.1005 84.1005 1.2078 69.6320 1.2404 67.8017 1.2473 

0.4245 88.0464 7.8970 37.1159 109.3213 46.4041 54.3011 1.0278 52.8334 1.0433 52.0478 1.0466 

0.4245 80.0583 7.9500 45.5550 109.6163 46.5293 54.4793 1.0529 51.7424 1.0662 51.0964 1.0690 

0.3640 67.5338 10.8000 50.7900 106.1363 38.6304 49.4304 1.0430 47.3909 1.0526 46.9622 1.0546 

0.3640 52.4706 10.8000 51.1650 101.0813 36.7906 47.5906 1.0512 45.2747 1.0588 44.9486 1.0604 

0.3640 37.3467 10.8000 48.5100 95.6925 34.8292 45.6292 1.0504 43.4415 1.0561 43.2059 1.0573 

0.3640 23.1383 10.8000 46.7400 86.6400 31.5344 42.3344 1.0414 40.6505 1.0453 40.5012 1.0461 

0.3640 10.3043 10.8000 45.6450 71.6475 26.0776 36.8776 1.0248 35.9855 1.0267 35.9174 1.0271 

0.3640 10.8000 37.8000 59.6025 21.6935 32.4935 1.0000 32.4935 1.0000 32.4935 1.0000 

0.3640 -6.1423 10.8000 28.0650 45.6450 16.6134 27.4134 0.9693 28.2805 0.9675 28.3344 0.9671 

0.3640 -7.8255 10.8000 22.8000 23.2688 8.4691 19.2691 0.9301 20.7182 0.9263 20.8022 0.9255 

0.3640 -3.5303 8.4960 11.5994 2.7819 1.0125 9.5085 0.8893 10.6918 0.8839 10.7574 0.8827 

0.3640 -0.3065 4.2480 1.4278 -0.3924 -0.1428 4.1052 0.8586 4.7812 0.8521 4.8180 0.8507 

1.0000 1.0000 1.0000 
572.8954 639.2548 598.6532 590.6940 

FOS(ini) 1.1158 K)S(l) 1.0450 FOS(2) 1.0311 FOS(3) 
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28 29 30 
Trial 3 Trial 4 Trial 4 

( 2 2 ) / ( 2 7 ) 

Mi(0) 

( 2 2 ) / ( 2 9 ) 

28.7943 1.1407 28.7474 
81.4527 1.2162 81.3421 
67.4257 1.2488 67.3476 
51.8842 1.0473 51.8501 
50.9615 1.0696 50.9333 
46.8723 1.0550 46.8535 
44.8801 1.0607 44.8658 
43.1562 1.0576 43.1458 
40.4697 1.0462 40.4631 
35.9030 1.0272 35.8999 
32.4935 1.0000 32.4935 
28.3458 0.9670 28.3482 
20.8201 0.9253 20.8239 
10.7715 0.8825 10.7744 
4.8258 0.8504 4.8275 

1.0000 
589.0565 588.7162 

1.0282 FOS(4) 1.0276 

FOS 1.0279 
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CALCULATION OF FACTOR OF' SAFETY OF' A TRIAL FAILURE SURFACE 

BISHOP'S SIMPLIFIED M E T H O D 

PRQBABILISTICfFirst Order Second Moment - small increment) 

c u 
P E G ) (RAD) 

Soil! Mean COV Del C s V Mean COV DclC s Mean del fi rad s V Mean C( )V Del C s V 
1 0 0 0 0 0 3 8 0.3 11.4 11.4 0 . 6 6 3 2 2 5 0 . 1 9 8 9 6 8 0 .199 0 . 0 3 9 5 8 8 6.47 0 .25 1.6175 1.6175 2 . 6 1 6 3 0 6 

2 5.3 0.3 1.59 1.59 2 .5281 2 3 0.4 9.2 9.2 0 . 4 0 1 4 2 6 0 .16057 0 . 1 6 0 6 0 . 0 2 5 7 8 3 ~ 2 7 . 6 4 0.3 8 .292 8.292 6 8 . 7 5 7 2 6 

3 7.2 0 .2 1.44 1.44 2 .0736 2 0 0.35 7 7 "0 .349066 0 . 1 2 2 1 7 3 0 .1222 0 . 0 1 4 9 2 6 23 .33 0 .35 8 .1655 8 .1655 6 6 . 6 7 5 3 9 

4 0 0 0 0 0 0 0 0 0 

5 0 0 0 0 0 0 0 0 o 

OUTPUT 

I 'Ml .V 1.0279 

FC1 + 1.0279 

FC1-- 1.0279 

FC2+ 1.0378 

FC2- 1.01811 

Fc3+ 1.0715 

Fc3- 0.9838 

1x4+ 1.0279 

Fc4- 1.0279 

Fc5+ 1.0279 

l-'c5- 1.0279 

F<|>1 + 1.1167 Ful + 1.0165 
I-<t> 1 0.9444 I'ul- 1.0357 
1;4>2+ 1.0926 Fu2+ 1.0060 

F<t>2-- 0.9621 l-'u2- 1.0498 
F<j i3V _ 1.1941 Fu3 + 0.9362 

l-<(>3- 0.8675 Fu3- 1.1144 

F'i(>4+ 1.0279 Fu4+ 1.0279 

F<j>4- 1.0279 Fu4- 1.0279 

F<j>5 + 1.0279 Fu5 + 1.0279 

F<t>5-~- 1.0279 Fu5~ 1.0279 

CENTRAL DIFFERENCES FORWARD DIFFERENCES 
A Fcl 0.0000 

A Fc2 0.0198 
o u. A Fc3 0.0877 

A F'c4 0.0000 

A F'c5 0.000(1 

A F<|>l 0.1723 
A F4>2 0.1305 
A l-4>3 0.3266 
A 1 •<t>-4 0.0000 

A F<)>5 0.0000 

A Ful -0.0192 

A Fu2 -0.0438 

A F'u3 -0.1781 

A F'u4 0.0000 

A F'u5 0.0000 

A 1 cl 0.0000 
A 1 c2 0.0099 

o u. A 1 c3 0.0436 
A 1 V-l 0.01«111 
A 1 c5 (1.0000 

cl/2A c l I) A l-'«t»l/2A I'll 0.43300757 A •ul/2A ul -0.0059 A I 'd/A cl 0 

c2/2A c2 0.00622 A !-'4i2/2A Ff2 0.40633596 A •'u2/2A u2 -0.0026 A Fc2/Ac2 O.O0622325 
< c3/2A c3 0.03047 A 1'4>3/2A F'1'3 1.33649009 A •'u3/2A u.3 -0.0109 < A I 'd /A c.3 0.0302916 

c4/2A c4 0 A l'^4/2A I'f4 0 A •u4/2A u4 0 A I-C4/A c4 0 

c5/2A c5 (1 A F<t>572A F'6 0 A •'u5/2A u5 (1 A !Y5/.\ c5 0 

A !-<(> 1 0.0888 

A F'(j>2 0.0647 
A 1 "cf>3 0.1662 

A \'$4 0.0000 

A F'(|)5 0.0000 

A l'<j>l/2A FIT 

A l ;*2/2A_Ff2 

A l-'ij)3/2A l'T3 

A [•'di4/2A Ff4 

A l-'<t>5/2A IT5 

(I.44M5547 

0.40301968 
1.3600159 

0 

0 

A Ful -0.0114 

A Fu2 -0.0219 

A F'u3 -0.0917 
A Fu4 0.0000 
A l-'u5 0.0000 

A Ful/A ul -0.0070439 
A Fu2/A u2 -0.0026366 
A Fu3/A u3 -0.0112281 
A F'u4/A u4 0 
A Fu5/A u5 0 

•0 D.CA.Metlunaiuk ACA0ni-n4'-SI-V-S,ii!Pun-lni,n---V,vhMI:slu Pag I of 2 



c 0 

s 2 0.00989 .a 
•7. 3 0.04387 < 4 0 

5 0 

0.08615445 
2 0.06524548 
3 0.16328307 
4 0 
5 0 

V(I'OS) 0.04887 

[T | 

CT(FOS) 0.22106 

l;OS(ML' 
1.0279 

cov(F) 0.21506 

(NORMAL DISTRIBUTION) 
REI.IABII.I IY INDEX (1.1263 

reliability (1.55(12 55.112 % 

l'ROB. I'.MI. 
0.4498 44.98 "/„ 

(LOGNORMAL DISTRIBUTION) 
1+|CQV(IQ1:

 1.0462 

RELIABILITY INDEX 0.0232 

REI.IAB 0.5(192 50.92 % 

l'ROB. I-0.491 IK 49.08 "/„ 

Q DXi.A.MclltiiiiiiuLi 

0 
2 (1.0(1989497 
_3 (1.04361991 
4 0 

5 0 

§ 0.08881025 
2 0.06471299 
3 0.16615729 
4 0 
5 0 

-0.0113935 
2 -0.021863 
3 -0.0916827 
4 0 
5 0 

V(LOS) 11.11506974 
a ( l ; O S ) 0.22516083 

u. 
a ( l ; O S ) 

l-X )S(MI.V) 1.0279 

COV(IO 0.21904668 

(N( )RMAI. DISTKIM.ITK IN) 
RELIABILITY INDEX o 1219671 

RELIABILITY 0.519329 W 54.93 "/„ 
l'R( )B. I-'AII. 0.45067(162 45.07 "... 

(I.( X;N0RMAI. DISTRIBUTION) i+|(.:ov(ior 1.04798145 

rei.iabii.ity index 0.01892571 

KI'.I.IABILI 0.50754985 50.75 "/a 
l'ROB. LAI 

0.49245015 49.25 

'a/71 'on -1'natt---\>rolhibi!i.\tti Page 2 of 2 



C A L C U L A T I O N O P F A C T O R OF" S A F E T Y O F ' A T R I A L F A I L U R E S U R F A C E 

BISHOP'S SIMPLIFIED METHOD 
Fcl-h 

C A L C U L A T I O N - S T A G E 1 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Slice Slice Width Pore Pressure Soil 

Type {(5)+(6)}/2 (2)*(12)*(13) 

Axi Oi r hi h2 ui c' <l' Y hav wi 

(m) (<ieg) (m) (m) (m) ( k N / m 2 ) ( k N / m 2 ) <"•<-•«) ( k N / i n 2 ) ( k N / m 3 ) (m) (kN-per m width) 

1 1.500 6 1 . 9 6 0 1 7 . 5 2 0 2 . 8 7 0 1 3 8 . 0 0 0 1 9 . 5 0 0 1.44 4 1 . 9 7 

? 1.930 5 1 . 6 8 0 1 7 . 5 2 0 2 . 8 7 0 4 . 1 8 0 3 . 1 3 0 1 .38.000 1 9 . 5 0 0 3 .53 1 3 2 . 6 6 

3 1.500 4 3 . 3 6 0 1 7 . 5 2 0 4 . 1 8 0 4 . 8 5 0 16 .280 1 3 8 . 0 0 0 1 9 . 5 0 0 4 . 5 2 1 3 2 . 0 6 

4 1.490 3 6 . 9 6 0 1 7 . 5 2 0 4 . 8 5 0 5 .230 2 4 . 9 1 0 2 5 .300 2 3 . 0 0 0 1 9 . 5 0 0 5.04 1 4 6 . 4 4 

5 1.500 3 1 . 0 6 0 1 7 . 5 2 0 5 .230 5 .380 3 0 . 3 7 0 2 5 .300 2 3 . 0 0 0 1 9 . 5 0 0 5.31 1 5 5 . 1 7 

6 1.500 2 5 . 4 9 0 1 7 . 5 2 0 5 .380 5 .350 3 3 . 8 6 0 3 7 .200 2 0 . 0 0 0 1 9 . 5 0 0 5.37 1 5 6 . 9 3 

7 1.500 2 0 . 1 6 0 1 7 . 5 2 0 5 .350 5 .060 3 4 . 1 1 0 3 7 . 2 0 0 2 0 . 0 0 0 1 9 . 5 0 0 5.21 1 5 2 . 2 5 

S 1.500 15 .010 1 7 . 5 2 0 5 .060 4 . 8 0 0 3 2 . 3 4 0 3 7 .200 2 0 . 0 0 0 19 .500 4 . 9 3 1 4 4 . 2 0 

9 1.500 9 .990 1 7 . 5 2 0 4 . 8 0 0 4 . 3 2 0 3 1 . 1 6 0 3 7 .200 2 0 . 0 0 0 1 9 . 5 0 0 4 .56 1 3 3 . 3 8 

10 1.500 5 . 0 4 0 1 7 . 5 2 0 4 . 3 2 0 3 . 7 0 0 3 0 . 4 3 0 j 3 7 . 2 0 0 2 0 . 0 0 0 1 9 . 5 0 0 4 .01 , 1 1 7 . 2 9 

11 1.500 1 7 . 5 2 0 3 .700 2 . 9 6 0 2 5 . 2 0 0 3 7 .200 2 0 . 0 0 0 1 9 . 5 0 0 3 .33 9 7 . 4 0 

12 1.500 - 4 . 7 8 0 1 7 . 5 2 0 2 . 9 6 0 2 . 0 8 0 1 8 . 7 1 0 .3 7 . 2 0 0 2 0 . 0 0 0 1 9 . 5 0 0 2 . 5 2 1 7 3 . 7 1 

13 1.500 - 9 . 7 8 0 1 7 . 5 2 0 2 . 0 8 0 1.070 1 5 . 2 0 0 3 7 . 2 0 0 2 0 . 0 0 0 1 9 . 5 0 0 1.58 4 6 . 0 7 

14 1.180 - 1 4 . 2 1 0 1 7 . 5 2 0 1.070 0 . 1 8 0 9 . 8 3 0 3 7 .200 2 0 . 0 0 0 1 9 . 5 0 0 0 .63 1 4 . 3 8 

15 0 .590 - 1 7 . 2 2 0 1 7 . 5 2 0 0 . 1 8 0 2 . 4 2 0 3 7 . 2 0 0 2 0 . 0 0 0 1 9 . 5 0 0 0 .09 1.04 

16 



CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
BISHOP'S SIMPLIFIED METHOD 

Fcl+ 

CALCULATION 
ES 16 17 18 19 20 21 22 23 24 25 26 27 28 

(2)*(11) 

Qi 

(kN-per m width) 

tan <j)' (wi+Qi) sin Oi c'Axi 

Ui= 

ui*Axi (wi+Qi -uiAxi) 

(20)*(!") 

(20)*taii(t>' 

(1«) + (2I) 

Trial 1 Trial 1 Trial 2 Trial 2 Trial 3 Trial 3 

(2)*(11) 

Qi 

(kN-per m width) 

tan <j)' (wi+Qi) sin Oi c'Axi 

Ui= 

ui*Axi (wi+Qi -uiAxi) 

(20)*(!") 

(20)*taii(t>' 

(1«) + (2I) 

Mi(0) 

(22)/(23) 

Mi(0) 

(22)/(25) 

Mi(0) 

(22)/(27) 

0.78 37.05 41.97 32.79 32.79 1.09 30.14 1.1.3 29.02 1.14 28.79 

1" 0.78 104.08 6.04 126.62 98.9.3 98.93 1.17 84.60 1.21 81.99 1.21 81.45 

0.78 90.67 24.42 107.64 84.10 84.10 1.21 69.63 1.24 67.80 1.25 67.43 

0.42 88.05 7.90 37.12 109.32 46.40 54.30 1.03 52.83 1.04 52.05 1.05 51.88 

0.42 80.06 7.95 45.56 109.62 46.53 54.48 1.05 51.74 1.07 51.10 1.07 50.96 

0.36 67.53 10.80 50.79 106.14 38.63 49.43 1.04 47.39 1.05 46.96 1.05 46.87 

0.36 52.47 10.80 51.17 101.08 .36.79 47.59 1.05 45.27 1.06 44.95 1.06 44.88 

0.36 37.35 10.80 48.51 95.69 34.83 45.63 1.05 43.44 1.06 43.21 1.06 43.16 

0.36 23.14 10.80 46.74 86.64 31.53 42.33 1.04 40.65 1.05 40.50 1.05 40.47 

0.36 10.30 10.80 45.65 71.65 26.08 36.88 1.02 35.99 1.03 35.92 1.03 35.90 

0.36 10.80 37.80 59.60 21.69 .32.49 1.00 32.49 1.00 32.49 1.00 32.49 

0.36 1 -6.14 10.80 28.07 45.65 16.61 27.41 0.97 28.28 0.97 28.33 1 0.97 28.35 

0.36 -7.83 10.80 22.80 23.27 8.47 19.27 0.93 20.72 0.93 20.80 J 0.93 20.82 

0.36 -3.53 8.50 11.60 2.78 1.01 9.51 0.89 10.69 0.88 10.76 0.88 10.77 

0.36 -0.31 4.25 1.43 -0.39 -0.14 4.11 0.86 4.78 0.85 4.82 0.85 4.83 

1.00 1.00 1.00 
572.90 639.25 598.65 590.69 589.06 

l 'OS(i iu) 1.12 l ' O S ( l ) I .(14 l'( )S(2) 1.03 FOS (3) 1.03 



29 30 
Trial 4 Trial 4 

Mi(0) 

(22)/(29) 

1.14 28.75 
1.22 81.34 
1.25 67.35 
1.05 51.85 
1.07 50.93 
1.05 46.85 
1.06 44.87 
1.06 43.15 
1.05 40.46 
1.03 35.90 
1.00 32.49 
0.97 28.35 
0.93 20.82 
0.88 10.77 
0.85 4.83 
1.00 

588.72 

FOS(4) 1.03 

FOS 1.03 



C A L C U L A T I O N O F F A C T O R O F S A F E T Y O F A T R I A L F A I L U R E S U R F A C E 

BISHOP'S SIMPLIFIED METHOD 
Fcl-

C A L C U L A T I O N - S T A G E 1 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Slice Slice Width Pore Pressure Soil 

Type l (5)+(6)} /2 (2)*(12)*(13) 

Axi 8i r hi h2 ui c' qi Y hav wi 

(m) (dcg) (m) (m) (m) ( k N / m 2 ) ( k N / m 2 ) (dcg) ( k N / n i 2 ) (kN/m3) (m) (kN-per m width) 

1 1.500 6 1 . 9 6 0 1 7 . 5 2 0 2 . 8 7 0 1 3 8 . 0 0 0 1 19 .500 , 1.44 4 1 . 9 7 

2 1.930 5 1 . 6 8 0 1 7 . 5 2 0 2 . 8 7 0 4 . 1 8 0 3 . 1 3 0 1 3 8 . 0 0 0 1 9 . 5 0 0 3 .53 1 3 2 . 6 6 

3 1.500 4 3 . 3 6 0 1 7 . 5 2 0 4 . 1 8 0 4 . 8 5 0 1 6 . 2 8 0 1 3 8 . 0 0 0 1 9 . 5 0 0 4 . 5 2 1 3 2 . 0 6 

4 1.490 3 6 . 9 6 0 1 7 . 5 2 0 4 . 8 5 0 5 .230 2 4 . 9 1 0 2 5 .300 2 3 . 0 0 0 1 9 . 5 0 0 5 .04 1 4 6 . 4 4 

5 1.500 3 1 . 0 6 0 1 7 . 5 2 0 5 . 2 3 0 5 .380 3 0 . 3 7 0 2 5 . 3 0 0 2.3.000 1 9 . 5 0 0 5.31 1 5 5 . 1 7 

6 1.500 2 5 . 4 9 0 1 7 . 5 2 0 5 .380 5 .350 3 3 . 8 6 0 3 7 . 2 0 0 2 0 . 0 0 0 19 .500 5.37 1 5 6 . 9 3 

7 1.500 2 0 . 1 6 0 1 7 . 5 2 0 5 .350 5 .060 3 4 . 1 1 0 3 7 . 2 0 0 2 0 . 0 0 0 1 9 . 5 0 0 5.21 1 5 2 . 2 5 

8 1.500 1 5 . 0 1 0 1 7 . 5 2 0 5 .060 4 . 8 0 0 3 2 . 3 4 0 3 7 .200 2 0 . 0 0 0 19 .500 4 . 9 3 1 4 4 . 2 0 

9 1.500 9 .990 1 7 . 5 2 0 4 . 8 0 0 4 . 3 2 0 3 1 . 1 6 0 3 7 . 2 0 0 2 0 . 0 0 0 1 9 . 5 0 0 4 .56 1 3 3 . 3 8 

10 1.500 5 .040 1 7 . 5 2 0 4 . 3 2 0 3 .700 3 0 . 4 3 0 3 7 . 2 0 0 2 0 . 0 0 0 1 9 . 5 0 0 4 .01 1 1 1 7 . 2 9 

11 1.500 1 7 . 5 2 0 3 . 7 0 0 2 . 9 6 0 2 5 . 2 0 0 3 7 .200 2 0 . 0 0 0 1 9 . 5 0 0 3 .33 9 7 . 4 0 

1 2 1.500 - 4 . 7 8 0 1 7 . 5 2 0 2 . 9 6 0 2 . 0 8 0 1 8 . 7 1 0 3 7 . 2 0 0 2 0 . 0 0 0 1 9 . 5 0 0 2 .52 7 3 . 7 1 

13 1.500 - 9 . 7 8 0 1 7 . 5 2 0 2 . 0 8 0 1.070 1 5 . 2 0 0 I 3 7 .200 2 0 . 0 0 0 19 .500 1.58 4 6 . 0 7 

14 1.180 - 1 4 . 2 1 0 1 7 . 5 2 0 1.070 0 . 1 8 0 9 . 8 3 0 3 7 . 2 0 0 2 0 . 0 0 0 1 9 . 5 0 0 0 . 6 3 14 .38 

15 0 . 5 9 0 - 1 7 . 2 2 0 1 7 . 5 2 0 0 . 1 8 0 2 . 4 2 0 3 7 . 2 0 0 2 0 . 0 0 0 1 9 . 5 0 0 0 .09 1.04 

16 



C A L C U L A T I O N O F F A C T O R O F S A F E T Y O F A T R I A L F A I L U R E S U R F A C E 

BISHOP'S SIMPLIFIED METHOD 
Fcl-h 

C A L C U L A T I O N 

15 16 17 18 19 20 21 22 23 24 25 26 27 28 

(2)*(11) 

Qi 

(kN-per m width) 

tan <(>' (wi+Qi) sinGi c'Axi 

Ui= 

ui*Axi (wi+Qi -uiAxi) 

(20)*(16) 

(20)*ian<t>' 

(18)+(21) 

Trial 1 Trial 1 Trial 2 Trial 2 Trial 3 Trial 3 

(2)*(11) 

Qi 

(kN-per m width) 

tan <(>' (wi+Qi) sinGi c'Axi 

Ui= 

ui*Axi (wi+Qi -uiAxi) 

(20)*(16) 

(20)*ian<t>' 

(18)+(21) 

Mi(0) 

(22)/(23) 

Mi(9) 

(22)/(2S) 

Mi(0) 

(22)/(27) 

0.78 37.05 41.97 32.79 32.79 1.09 30.14 1.13 29.02 1.14 28.79 

0.78 104.08 6.04 120.62 08.93 98.93 1.17 84.60 1.21 81.99 1.21 81.45 

0.78 90.67 24.42 107.64 84.10 84.10 1.21 69.63 1.24 67.80 1.25 67.43 

0.42 88.05 7.90 37.12 109.32 46.40 54.30 1.03 52.83 1.04 52.05 1.05 51 . 88 

0.42 80.06 7.95 45.56 109.62 46.53 54.48 1.05 51.74 1.07 51.10 1.07 50.96 

0.36 67.53 10.80 50.79 106.14 38.63 49.43 1.04 47.39 1.05 46.96 1.05 46.87 

0.36 52.47 10.80 51.17 101.08 36.79 47.59 1.05 45.27 1.06 44.95 1.06 44.88 

0.36 37.35 10.80 48.51 95.69 34.83 45.63 1.05 43.44 1.06 43.21 1.06 43.16 

0.36 23.14 10.80 46.74 86.64 31.53 42.33 1.04 40.65 1.05 40.50 1.05 40.47 

0.36 10.30 10.80 45.65 71.65 26.08 36.88 1.02 35.99 1.03 35.92 1.03 35.90 

0.36 10.80 37.80 59.60 21.69 32.49 1.00 32.49 1.00 32.49 1.00 32.49 

0.36 -6.14 10.80 28.07 45.65 16.61 27.41 0.97 28.28 0.97 28.33 0.97 28 .35 

0.36 -7.83 10.80 22.80 23.27 8.47 19.27 0.93 20.72 0.93 20.80 0.93 2 0 . 8 2 

0.36 -3.53 8.50 11.60 2.78 1.01 9.51 0.89 10.69 0.88 10.76 0.88 10.77 

0.36 -0.31 4.25 1.43 -0.39 -0.14 4.11 0.86 4.78 0.85 4.82 0 .85 ' 4.83 

1.00 1.00 1.00 

572.90 6.39.25 598.65 590.69 589.06 

FOS( in i ) 1.12 F O S ( l ) 1.04 FOS(2) 1.03 FOS(3) 1.03 



29 3 0 

Trial 4 Trial 4 

Mi(9) 

(22)/(29) 

1.14 2 8 . 7 5 

1.22 8 1 . 3 4 

1.25 6 7 . 3 5 

1.05 5 1 . 8 5 

1.07 5 0 . 9 3 

1.05 4 6 . 8 5 

1.06 4 4 . 8 7 

1.06 4 3 . 1 5 

1.05 4 0 . 4 6 

1.03 3 5 . 9 0 

1.00 3 2 . 4 9 

0 .97 2 8 . 3 5 

0 .93 2 0 . 8 2 

0 . 8 8 10 .77 

0 .85 4 . 8 3 

1.00 

5 8 8 . 7 2 

F O S ( 4 ) 1.03 

F-OS 1.03 



A n n e x 5 

S A M P L E S E T O F S P R E A D S H E E T S 

M O D E L B A S E D O N J A N B U ' S 

S I M P L I F I E D M E T H O D 

{Data c o r r e s p o n d to E x a m p l e 3 (FileName:ACAD4)} 



S p r e a d s h e e t : J a n b u - Prob - D i r e c t 

(COV (u) = based on soil layers) 



.Note: i ' .n i i ' r \ all ies o n l v in v c l l o w cell: 

CALCULATION OF FACTOR OF SAFETY OF A SELECTED FAILURE SURFACE 

JANBU'S SIMPLIFIED METHOD 
DETERMINISTIC 

' (Probabilistic Calculations are valid upto 5 different soil layers) 

INPUTS CALCULATION-STAGE 1 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Slice Sl ice Width Pore P r e s s u n Soil 

T y p e l(4) + ( 5 ) } / 2 (2)*(10)*(11) (9)*(2) 

Axi 6i h i h2 ui c' q> Y hav wi Qi tan <J> 

( m ) ( m ) ( m ) ( k N / m 2 ) ( k N / m 2 ) (<•«-•>{) ( k N / m 2 ) (kN/m.V) (m) k N - p e r m width k N - p e r m width) 

1 2.800 -1 2.020 0.000 2.000 8.83 1 28.51) 20.00 0.00 18.84 1.00 52.75 0.36 

2 2.600 -12.020 2.000 3.850 22.56 1 28.50 20.00 0.00 18.84 2.93 143.28 0.36 

3 3.200 16.780 3.850 4.870 31.39 2 0.00 10.00 0.00 18.84 4.36 262.86 0.18 

4 2.900 16.780 4.870 5.440 31.39 2 0.00 10.00 0.00 18.84 5.16 281.65 0.18 

5 2.900 16.780 5.440 6.020 34.34 2 0.00 10.00 0.00 18.84 5.73 313.06 0.18 

6 2.900 16.780 6.020 6.600 37.28 2 0.00 10.00 0.00 18.84 6.31 344.75 0.18 

7 2.900 16.780 6.600 7.170 40.22 2 0.00 10.00 0.00 18.84 6.89 376.17 0.18 

8 2.900 16.780 7.170 7.750 40.22 2 0.00 10.00 0.00 18.84 7.46 407.58 0.18 

9 2.000 16.780 7.750 7.840 40.22 2 0.00 10.00 0.00 18.84 7.80 293.72 0.18 

10 1.900 16.780 7.840 7.270 40.22 2 0.00 10.00 0.00 18.84 7.56 270.44 0.18 

11 2.750 16.780 7.270 6.440 37.28 2 0.00 10.00 22.28 18.84 6.86 j 355.16 61.27 0.18 

12 2.610 16.780 6.440 5.640 34.34 2 0.00 10.00 26.84 18.84 6.04 297.00 70.05 0.18 

13 2.040 16.780 5.640 4.550 31.39 2 0.00 10.00 31.71 18.84 5.10 195.82 64.69 0.18 

14 2.60 60.26 4.55 0.000 8.83 1 28.50 20.00 36.86 18.84 2.28 111.44 95.84 0.36 

15 

16 

fO 1.05 

FOS(4) 0.70 FOS(5) 

F0S(F0) 

FOS 

0.70 

0.70 

0.73 

©D.C.A.Mct tanandi i 



CALCULATION OF PROBABILITY OF FAILURE OF A SELECTED FAILURE SURFACE 
JANBU'S SIMPLIFIED METHOD 

PROBABILISTIC(First Order Second Moment) 
Direct Differentiation 

DATA I N P U T 

Probabilistic COV Mean c'(kPa) <P'(rad) u (kPa) 
Parameters 1 1 

c 
u c'(kPa) u Mean a V Mean o V Mean a V 

Soil 1 0.2 0.3 0.3 28.5 20 13.29 28.50 5.7000 32.4900 0.35 0.1047 0.0110 13.29 3.9870 15.8962 
Soil 2 0 _ U . 2 ~ " 0.2 0 10 36.05 0.00 0.0000 0.0000 0.17 0.0349 0.0012 36.05 7.2100 51.9841 
Soil 3 0.00 0.0000 0 . 0 0 0 0 0 . 0 0 0.0000 0.0000 0 . 0 0 0.0000 o.oOoo" 
Soil 4 "o.oo 0.0000 0.0000 0.00 ' 0.0000 0.0000 0.00 0.0000" "0.0000 
"ScTil"5 nxoo" 0.0000 0.0000 0 . 0 0 0.0000 0.0000 — 0" .00 — aoooO" 070000" 

Xr (cJF/cJXr) (dV/dXt)" ( a p / 5Xr ) ' *V (Xr ) 

cl 0.0085 7E-05 0.002 
c"2 "0.0209" 4F. 04 0 
c3 ' 0 0 0 
c4 0 0 0 
c5 0 ( ) 0 

4.1 0.4231 0.179 0.002 
1.8969 3.598 0.004 

*"3 0 "0 0 
(j)4 0 0 0 
$5" 0 0 0 
ul -0.0031 9K-06 2E-04 
u2 -0.0037 1E-05 7E-04 ' " 
u3 0 0 o ' " 
u T 0 ~ ' 0 '" 0 
u5 (i 0 0 

0.01 

1-0 V(FOS) 0.0095 
c(FOS) 0.0976 
FOS(MIA') 0.7014 
COV(10| 0.1392 

fO 1.0450 
Uh V(FOS) 

a(FOS) 
. 

• - - -

0.0104 
0.1020 



FOS(MLV) 0/7330 
COV(F) 0.1392 

(NORMAL DISTRIBUTION) 
RELIABILITY INDEX -2.617 

RELIABILITY 0.004 0.44 % 
PROB/FAIL 0.996 " 99756 % 

(LOGNORMAL DISTRIBUTION) 
l + [COV(F)]-

. . 
1.019 

RELIABILI'lY INDEX - 2 . 3 1 2 
RELIABILITY 0.01 1.04 "/«! 

l'ROB. FAIL 0.9V 9 8 . 9 6 <>/ 
/ I! 



V 

JANBU'S SIMPLIFIED METHOD 
DETERMINISTIC/ PROBABILISTIC 

Calculations 

INPUTS CALCULATION-STAGE 1 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Slice Slice Width Pore Pressure 

| ( 4 ) + ( 5 ) ) / 2 (2)*(10)*(11) (9)*(2) 

Axi 6i h i h2 ui c' q ; Y hav \vi Qi tan <(> (wi+Qi) tan 6i 

(m) (dcg) (m) (m) ( k N / m 2 ) ( k N / m 2 ) (Jeg) ( k N / m 2 ) ( k N / m 3 ) (m) kN-per m width kN-per m width) 

1 2 .8000 -12 .0200 2 .0000 8 .8300 28 .5000 20 .0000 18.8400 1.0000 52 .7520 0 .3640 -11 .2320 

2 2 .6000 -12 .0200 2 .0000 3 .8500 22 .5600 28 .5000 20 .0000 18.8400 2 .9250 143.2782 0 .3640 -30 .5070 

3 3 .2000 16.7800 3 .8500 4 .8700 31 .3900 10.0000 18.8400 4 .3600 262.8557 0 .1763 79.2607 

4 2 .9000 16.7800 4 .8700 5 .4400 31 .3900 10.0000 18 .8400 5 .1550 281 .6486 0 .1763 84 .9275 

5 2 .9000 16.7800 5.4400 6 .0200 34 .3400 10.0000 18.8400 5 .7300 313 .0643 0 .1763 94 .4004 

6 2 .9000 16.7800 6 .0200 6 .6000 37 .2800 10.0000 18 .8400 6 .3100 344 .7532 0 .1763 103.9558 

7 2 .9000 16.7800 6 .6000 7 .1700 40 .2200 10.0000 18 .8400 6 .8850 376 .1689 0 .1763 113.4288 

8 2 .9000 16.7800 7 .1700 7 .7500 40 .2200 10.0000 18.8400 7 .4600 407 .5846 0 .1763 122.9018 

9 2 .0000 16.7800 7 .7500 7 .8400 40 .2200 10.0000 18 .8400 7 .7950 293 .7156 0 .1763 88.5661 

10 1.9000 16.7800 7 .8400 7 .2700 40 .2200 10 .0000 18 .8400 7 .5550 270 .4388 0 .1763 81 .5473 

11 2 .7500 16.7800 7 .2700 6 .4400 37 .2800 10.0000 22 .2800 18.8400 6 .8550 355 .1576 61 .2700 0 .1763 125.5683 

12 2 .6100 16.7800 6 .4400 5.6400 34 .3400 10.0000 26 .8400 18.8400 6 .0400 297 .0013 70 .0524 0 .1763 110.6803 

13 2 .0400 16.7800 5.6400 4 .5500 31 .3900 10.0000 31 .7100 18.8400 5 .0950 195.8192 64 .6884 0 .1763 78 .5527 

14 2 .6000 60 .2600 4 .5500 8 .8300 28 .5000 20 .0000 36 .8600 18.8400 2 .2750 111.4386 95 .8360 0 .3640 362 .8023 

15 

16 

1404.8529 

ro 1.0450 



• 

JANBU'S SIMPLIFIED METHOD 
DETERMINISTIC/ PROBABILISTIC 

Calculations 

CALCULATION - STAGE 2 

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 32 

Ui= Trial 1 Trial 1 Trial 2 Trial 2 Trial 3 Trial 3 Trial 4 Trial 4 T r i a l s Trial 5 

c'Axi ui*Axi (wi+Qi -uiAxi) (18)*tan<t>' 

(16)+(19) 

ni(0) 

(20)/(21) 

ni(8) 

(20)/(23) 

ni(6) 

(20)/(25) 

ni(9) 

(20)/(27) 

ni(6) 

(20) / (29) (2) / (23) 

Ax i /n i (8 ) 

79.8000 24.7240 28.0280 10.2014 90.0014 0.8240 109.2198 0.8473 106.2246 0.8504 105.8339 0.8509 105.7768 0.8509 105.7683 3.2905 

74.1000 58.6560 84.6222 30.8000 104.9000 0.8240 127.2998 0.8473 123.8087 0.8504 123.3534 0.8509 123.2868 0.8509 123.2770 3.0555 

100.4480 162.4077 28.6369 28.6369 1.0038 28.5279 0.9885 28.9687 0.9865 29.0291 0.9862 29.0379 0.9861 29.0393 

91.0310 190.6176 33.6110 33.6110 1.0038 33.4831 0.9885 34.0005 0.9865 34.0713 0.9862 34.0818 0.9861 34.0833 

99.5860 213.4783 37.6420 37.6420 1.0038 37.4987 0.9885 38.0782 0.9865 38.1575 0.9862 38.1692 0.9861 38.1709 

108.1120 236.6412 41.7262 41.7262 1.0038 41.5674 0.9885 42.2097 0.9865 42.2977 0.9862 42.3106 0.9861 42.3126 

116.6380 259.5309 45.7623 45.7623 1.0038 45.5881 0.9885 46.2926 0.9865 46.3890 0.9862 46.4032 0.9861 46.4053 

116.6380 290.9466 51.3017 51.3017 1.0038 51.1065 0.9885 51.8962 0.9865 52.0043 0.9862 52.0203 0.9861 52.0226 

80.4400 213.2756 37.6062 37.6062 1.0038 37.4631 0.9885 38.0420 0.9865 38.1213 0.9862 38.1330 0.9861 38.1347 

76.4180 194.0208 34.2111 34.2111 1.0038 34.0809 0.9885 34.6075 0.9865 34.6796 0.9862 34.6903 0.9861 34.6918 

102.5200 313.9076 55.3504 55.3504 1.0038 55.1397 0.9885 55.9917 0.9865 56.1084 0.9862 56.1236 0.9861 56.1282 

89.6274 277.4263 48.9177 48.9177 1.0038 48.7316 0.9885 49.4846 0.9865 49.5877 0.9862 49.6029 0.9861 49.6051 

64.0356 196.4720 34.6433 34.6433 1.0038 34.5115 0.9885 35.0447 0.9865 35.1178 0.9862 35.1285 0.9861 35.1301 

74.1000 22.9580 184.3166 67.0858 141.1858 0.5265 268.1770 0.4773 295.7823 0.4707 299.9377 0.4697 300.5578 0.4696 300.6501 5.5366 

1.0000 1.0000 1.0000 1.0000 1.0000 

1.0000 1.0000 1.0000 1.0000 1.0000 

785.4959 952.3949 980.4320 984.6888 985.3247 985.4194 11.8826 

FOS(nii) 0 . 5 5 9 1 P O S ( l ) 0.6779 !•'( )S(2) 0.6979 FX >S(3) 0.7009 Fc)S(4) 0.7014 FOS(5) 0.7014 d F O / d c l 

FOS(FO) 0.7014 S(32)/Z(15) 

F O S 0.7330 0.0085 



33 34 35 36 37 38 39 40 41 42 
Soill Soil 2 Soil 3 

sec2*' 
(18)*(33)/(23) 

(18)*sec2OVni(9) 
-(2)*(14)/(23) 

-Axi*tan<D7ni(( 
( 2 ) / ( 2 3 ) 

Axi/ni(6) scc2<t>' 
(18)*(36)/(23) 

(18)*sccV/ni(9) 
-(2)*(14)/(23) 

-Axi*tan<l>7ni(6 
(2)/(23) 

Axi/ni(9) sec2*' 
(18)*(39)/(23) 

(I8)*scc20>7ni(0 
-(2)*(14)/(23) 

-Axi*tan<U7ni( 
(2) / (23) 

Axi/ni(9) sec2<l>' 

1.1325 37.3016 -1.1977 
1.1325 112.6210 -1.1121 

3.2450 1.0311 169.8102 -0.5722 
2.9408 1.0311 199.3060 -0.5185 
2.9408 1.0311 223.2086 -0.5185 
2.9408 1.0311 247.4273 -0.5185 
2.9408 1.0311 271.3603 -0.5185 
2.9408 1.0311 304.2079 -0.5185 
2.0281 1.0311 222.9967 -0.3576 
1.9267 1.0311 202.8643 -0.3397 
2.7886 1.0311 328.2155 -0.4917 
2.6467 1.0311 290.0714 -0.4667 
2.0687 1.0311 205.4272 -0.3648 

1.1325 444.4914 -2.0152 

594.4139 -4.3249 29.4075 2664.8955 -5.1853 0.0000 0.0000 0.0000 0.0000 

dF0/d(t>l 
I(34)/S(15) 

dFO/dul 
S(00)/S(15) 

dF0/dc2 
I(35)/I(15) 

dF0/d<t>2 
S(37)/I(15) 

dF0/du2 
S(00)/I(1.=>) 

dF0/dc3 
I(38)/S(I5) 

dF0/d<|>3 
I(40)/I(15) 

dF0/du3 
I(00)/I(15) 

dF0/dc4 
S(41)/I(15) 

0.4231 -0.0031 0.0209 1.8969 -0.0037 0.0000 0.0000 0.0000 0.0000 



43 44 45 46 
Soil 4 Soil 5 
(18)*(42)/(23) 

(18)*secV/ni(6) 
-(2)*(14)/(23) 

-Axi*tan<D7ni(( 
(2)/(23) 

Axi/ni(9) sec2«t>' 
(18)*<45)/(23) 

(18)*sec207ni(6) 
-(2)*(14)/(23) 

-Axi*tan07ni(9) 

0.0000 0.0000 0.0000 0.0000 0.0000 

dl'0/d(J)4 
Z(43)/I(15) 

dl ;0/du4 
1(00)/S( 15) 

dl ;()/dc5 
S(44)/Z(15) 

dH)/d(j>5 
Z(46)/I(15) 

dl'()/du5 
Z(00)/v(15) 

0.0000 0.0000 0.0000 0.0000 0.0000 



f 

S p r e a d s h e e t : BISHOP - PROB - DIRECT 

(COV (u) = constant for the slope) 

> 



:\oie: I'.nier \ alucs only in yellow cell 

CALCULATION OF FACTOR OF SAFETY OF A SELECTED FAILURE SURFACE 

JANBU'S SIMPLIFIED M E T H O D 

DETERMINISTIC 
> (Probabilistic Calculations are valid upto 5 diiterent soil layers) 

INPUTS CALCULATION-STAGE 1 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Slice Slice Width Pore Pressure Soil 

Type {(4)+(5)}/2 (2)*(10)*(11) (9)*(2) 

Axi 9. hi h2 ui c' q> Y hav wi Qi tan 4> 
(m) (deg) (m) (m) (kN/m2) (kN/m2) (deg) (kN/m2) (kN/m3) (m) kN-per m width kN-per m width) 

1 2.800 -12.020 0.000 2.000 8.83 1 28.50 20.00 0.00 18.84 1.00 52.75 0.36 

2 2.600 -12.020 2.000 3.850 22.56 1 28.50 20.00 0.00 18.84 2.93 143.28 0.36 

3 3.200 16.780 3.850 4.870 31.39 2 0.00 10.00 0.00 18.84 4.36 262.86 0.18 

4 2.900 16.780 4.870 5.440 31.39 2 0.00 10.00 0.00 18.84 5.16 281.65 0.18 

5 2.900 16.780 5.440 6.020 34.34 2 0.00 10.00 0.00 18.84 5.73 313.06 0.18 

6 2.900 16.780 6.020 6.600 37.28 2 0.00 10.00 0.00 18.84 6.31 344.75 0.18 

7 2.900 16.780 6.600 7.170 40.22 2 0.00 10.00 0.00 18.84 6.89 376.17 0.18 

8 2.900 16.780 7.170 7.750 40.22 2 0.00 10.00 0.00 18.84 7.46 407.58 0.18 

9 2.000 16.780 7.750 7.840 40.22 2 0.00 10.00 0.00 18.84 7.80 293.72 0.18 

10 1.900 16.780 7.840 7.270 40.22 2 0.00 10.00 0.00 18.84 7.56 270.44 0.18 

11 2.750 16.780 7.270 6.440 37.28 2 0.00 10.00 22.28 18.84 6.86 355.16 61.27 0.18 

12 2.610 16.780 6.440 5.640 34.34 2 0.00 10.00 26.84 18.84 6.04 297.00 70.05 0.18 

13 2.040 16.780 5.640 4.550 31.39 2 0.00 10.00 31.71 18.84 5.10 195.82 64.69 0.18 

14 2.60 60.26 4.55 0.000 8.83 1 28.50 20.00 36.86 18.84 2.28 111.44 95.84 0.36 

15 

16 

to 1.05 

*OS(4) 0.70 FOS(5) 

FOS(FO) 

FOS 

0.70 

0.70 

0.73 

(c) D.CA.MellMidiidd ACAn4-]-P-Di-V:-Sln^cPun—Delm/iinL<lh- Pagi I oft 



CALCULATION OF PROBABILITY OF FAILURE OF A SELECTED FAILURE SURFACE 
JANBU'S SIMPLIFIED METHOD 

PROBABILISTIC(First Order Second Moment) 
Direct Differentiation 

DATA INPUT 

Probabilistic 
Parameters 

COV Mean c'(kPa) 0»(rad) Probabilistic 
Parameters c c'(kPa) Mean a V Mean a V 

Soil 1 0.2 0.3 28.5 20 28.50 5.7000 32.4900 0.35 0.1047 0.0110 
Soil 2 0 0.2 0 10 0.00 0.0000 0.0000 0.17 0.0349 0.0012 
Soil 3 "~~0~ "6"" 0" 0 0.0(1 0.0000 0.0000 0.00 0.0000 0.0000 
Soil 4 0 b'~ 0 0 o.orJ" 0.0000 0.0000 0.00 0.0000 0.0000 
Soil 5 0 0 0 0 0.00 0.0000 0.0000 0.00 0.0000 0.0000 

Variance 

|u (klV) 42.381 

Xr (dV/tiXt) (dV/dXiy ( c F / 5 X r ) ' * V ( X r ) 

cl 0.0085 / b - l b 0.002 
c2 0.0209 4 E - 0 4 0 
c3 0 0 0 
c4 0 U 0 
c5 0 0 0 
4>i 0.4231 0.002 
<f>2 1.8969 3 . 5 9 8 0.004 
<t>3 0 0 0 
tj)4 0 0 0 
<j>5 0 0 " 0 
u -0.0068 0.002 

0.011 

F0 V(FOS) 0.0106 
CT(FOS) 0.4030 
FOS(MI.V) 0.7014 
COV(F) 0.1469 

T A Y L O R S E I R I E S 

fO 1.0450 
V(FOS) 
CT(FD"S)" 

0.0116 
0 . 1 0 " 
0.7330 
0.1469 

V(FOS) 
CT(FD"S)" 

0.0116 
0 . 1 0 " 
0.7330 
0.1469 

FOS(ML\0 
COV(F)| 

0.0116 
0 . 1 0 " 
0.7330 
0.1469 

=f,r*v(F„) 

(NORMAL DISTRIBUTION) 
RELIABILITY INDEX -2.48 

RELIABILITY " Tj.'007 0.66 % 
PROB. FAIL 0993 

(LOGNORMAL DISTRIBUTION) 
l + [COV(F)]- 1.022 

RELIABILITY INDEX 
_" RELIABILITY 
~ PROB. FAIL 

-2.199 
0.014 
0.986 

1.39 % 
98.61 % 

(c) IXC.'I. Mtlltimmdii A(y\D4.J.P-Di-V-Shpd>orr---Pmbl,biliilic l ' u X e I o f ] 



V 

JANBU'S SIMPLIFIED METHOD 
DETERMINISTIC/ PROBABILISTIC 

Calculations 

INPUTS CALCULATION-STAGE 1 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Slice Slice Width Pore Pressure 

)(4)+(5)}/2 (2)*(10)*(11) (9)*(2) 

Axi e. h i h2 ui c' <p Y hav wi Qi tan 4> (wi+Qi) tan 0i 

(m) (deg) (m) (m) ( k N / m 2 ) ( k N / m 2 ) (deg) ( k N / m 2 ) ( k N / m 3 ) ( i n ) kN-per m width kN-per m width) 

1 2.8000 -12.0200 2.0000 8.8300 28.5000 20.0000 18.8400 1.0000 52.7520 0.3640 -11.2320 
2 2.6000 -12.0200 2.0000 3.8500 22.5600 28.5000 20.0000 18.8400 2.9250 143.2782 0.3640 -30.5070 
3 3.2000 16.7800 3.8500 4.8700 31.3900 10.0000 18.8400 4.3600 262.8557 0.1763 79.2607 
4 2.9000 16.7800 4.8700 5.4400 31.3900 10.0000 18.8400 5.1550 281.6486 0.1763 84.9275 
5 2.9000 16.7800 5.4400 6.0200 34.3400 10.0000 18.8400 5.7300 313.0643 0.1763 94.4004 
6 2.9000 16.7800 6.0200 6.6000 37.2800 10.0000 18.8400 6.3100 344.7532 0.1763 103.9558 
7 2.9000 16.7800 6.6000 7.1700 40.2200 10.0000 18.8400 6.8850 376.1689 0.1763 113.4288 
8 2.9000 16.7800 7.1700 7.7500 40.2200 10.0000 18.8400 7.4600 407.5846 0.1763 122.9018 
9 2.0000 16.7800 7.7500 7.8400 40.2200 10.0000 18.8400 7.7950 293.7156 0.1763 88.5661 

10 1.9000 16.7800 7.8400 7.2700 40.2200 10.0000 18.8400 7.5550 270.4388 0.1763 81.5473 

11 2.7500 16.7800 7.2700 6.4400 37.2800 10.0000 22.2800 18.8400 6.8550 355.1576 61.2700 0.1763 125.5683 

12 2.6100 16.7800 6.4400 5.6400 34.3400 10.0000 26.8400 18.8400 6.0400 297.0013 70.0524 0.1763 110.6803 

13 2.0400 16.7800 5.6400 4.5500 31.3900 10.0000 31.7100 18.8400 5.0950 195.8192 64.6884 0.1763 78.5527 

14 2.6000 60.2600 4.5500 8.8300 28.5000 20.0000 36.8600 18.8400 2.2750 111.4386 95.8360 0.3640 362.8023 

15 
16 

1404.8529 

to 1.0450 



J A N B U ' S S I M P L I F I E D M E T H O D 

DETERMINISTIC/ PROBABILISTIC 
Calculations 

CALCULATION - STAGE 2 CALULATIONS 
16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 

Ui= Trial 1 Trial 1 Trial 2 Trial 2 Trial 3 Trial 3 Trial 4 Trial 4 Trial 5 Tr ia l5 Pore Pressure 

c'Axi ui*Axi (wi+Qi -uiAxi) (18)*ian(t>' 
(16)+(19) 

ni(8) 

(20)/(21) 

ni(9) 

(20) / (23) 

ni(9) 

(20) / (25) 

ni(8) 

(20) / (27) 

ni(8) 

(20) / (29) -<2)*(14)/(23) 

-Axi*tan<I>'/ni(e) 

79.801)0 24.7240 28.0280 10.2014 90.0014 0.8240 109.21 98 0.8173 106.2246 0 . 8 5 0 4 105.8359 0.8.5(19 10.5.7768 0.8509 105.7683 -1.1977 
74.1000 58.6560 84.6222 30.8000 104.9000 0.8240 127.2998 0.8473 123.8087 0.8504 123.3534 0.8.509 123.2868 0.8509 123.2770 -1.1121 

100.4480 162.4077 28.6369 28.6369 1.0038 28.5279 0.9885 28.9687 0.9865 29.0291 0.9862 29.0379 0.9861 29.0393 -0.5722 
91.0310 190.6176 33.6110 33.6110 1.0038 33.4831 0.9885 34.0005 0.9865 34.0713 0.9862 34.0818 0.9861 34.0833 -0.5185 
99.5860 213.4783 37.6420 37.6420 1.0038 37.4987 0.9885 38.0782 0.9865 38.1575 0.9862 38.1692 0.9861 38.1709 -0.5185 
108.1120 236.6412 41.7262 41.7262 1.0038 41.5674 0.9885 42.2097 0.9865 42.2977 0.9862 42.3106 0.9861 42.3126 -0.5185 
116.6380 259.5309 45.7623 45.7623 1.0038 45.5881 0.9885 46.2926 0.9865 46.3890 0.9862 46.4032 0.9861 46.4053 -0.5185 
116.6380 290.9466 51.3017 51.3017 1.0038 51.1065 0.9885 51.8962 0.9865 52.0043 0.9862 52.0203 0.9861 52.0226 -0.5185 
80.4400 213.2756 37.6062 37.6062 1.0038 37.4631 0.9885 38.0420 0.9865 38.1213 0.9862 38.1330 0.9861 38.1347 -0.3576 
76.4180 194.0208 34.2111 34.2111 1.0038 34.0809 0.9885 34.6075 (1.9865 34.6796 0.9862 .34.6903 0.9861 34.6918 -0.3397 
102.5200 313.9076 55.3504 55.3504 1.0038 55.1397 0.9885 55.9917 0.9865 56.1084 0.9862 56.1256 0.9861 56.1282 -0.4917 
89.6274 277.4263 48.9177 48.9177 1.0038 48.7316 0.9885 49.4846 0.9865 49.5877 0.9862 49.6029 0.9861 49.6051 -0.4667 
64.0356 196.4720 34.6433 34.6433 1.0038 34.5115 0.9885 35.0447 0.9865 35.1178 0.9862 35.1285 0.9861 35.1301 -0.3648 

74.1000 22.9580 184.3166 67.0858 141.1858 0.5265 268.1770 0.4773 295.7823 0.4707 299.9377 0.4697 300.5578 0.4696 300.6501 -2.0152 
1.0000 1.0000 1.0000 1.0000 1.0000 
1.0000 1.0000 1.0000 1.0000 1.0000 

785.4959 952.3949 980.4320 984.6888 985.3247 985.4194 -9.5103 

FOS(ini) 0.55") i FOS(l) 0.6779 l-( )S(2) 0.6979 F( )S(3) 0.7009 R)S(4) 0.7014 F()S(5) 0.7014 dFO/du 
FOS(FO) 0.7014 Z(31)/Z(15) 
FOS 0.7330 - 0 . 0 0 6 8 



- S T A G E 3 

32 33 34 35 36 37 38 39 40 41 42 43 44 

Soil 1 Soil 2 Soil 3 Soil 4 

(2) / (23) 

Ax i /n i (9 ) sec2<t>' 
(18)*(33)/(23) 

(18)*sec2*7ni(e) 

(2) / (23) 

Ax i /n i (9 ) sec2fJ>' 
(18)*(36)/(23) 

(18)*sccV/ni(0) 

(2 ) / (23) 

Axi /n i (9) sec2<I>' 
(18)*(39)/(23) 

(18)*sccV/ni(8) 

(2) / (23) 

Axi /n i (9) sec2<t>' 
(18)*(42)/(23) 

(18)*sec2<D7ni(8) 

(2) / (23) 

Axi /n i (9) 

3.2905 1.1325 37 .3016 

3.0555 1.1325 112.6210 

3 .2450 1.0311 169.8102 

2.9408 1.0311 199.3060 

2.9408 1.0311 223 .2086 

2.9408 1.0311 247 .4273 

2.9408 1.0311 271 .3603 

2.9408 1.0311 304 .2079 

2.0281 1.0311 222.9967 

1.9267 1.0311 202 .8643 

2.7886 1.0311 328 .2155 

2.6467 1.0311 290 .0714 

2.0687 1.0311 205 .4272 

5.5366 1.1325 444 .4914 

11.8826 594 .4139 29 .4075 2664 .8955 0 .0000 0 .0000 0 .0000 0 .0000 0 .0000 

d F 0 / i l c 1 

I (32 ) /Z (15) 

dH)/d(t>l 

S ( 3 4 ) / S ( I 5 ) 

d l ' ( ) /dc2 

S ( 3 5 ) / v ( 1 5 ) 

dH)/d<|>2 

Z(37) /Z(I5) 

d l ' ' 0 /dc3 

Z ( 3 8 ) / V ( i 5 ) 

dl ;()/il(|)3 

Z ( 4 0 ) / V ( I 5 ) 

d l ' 0 / d c 4 

V ( 4 1 ) / X ( 1 5 ) 

dl ; 0/d(( i4 

Z(43)/Z(15) 

d F 0 / d c 5 

S ( 4 4 ) / Z ( 1 5 ) 

0.0085 0.4231 0.0209 1.8969 0.0000 0.0000 0.0000 0.0000 0.0000 



45 46 

S o i l 5 

sec 2 fJ>' 

( 1 8 ) * ( 4 5 ) / ( 2 3 ) 

(18)*sec 2fD7ni(8) 

0.0000 

dF0/d«t»5 
S(46)/2(15) 

0.0000 



y 

S p r e a d s h e e t : J a n b u - Prob - D i r e c t - E x a c t 

(COV (u) = Based on soil layers) 



CALCULATION OF FACTOR OF SAFETY OF A SELECTED FAILURE SURFACE 
JANBU'S SIMPLIFIED METHOD 

DETERMINISTIC 
. \ o ( c : I ' . M K T \ a l l i e s o n l y i n v c l l o w c e l l s (Probabi l is t ic Calcu lat ions arc valid u p t o 5 di l fcrcnt soil layers) 

I N P U T S CALCULATION-STAGE 1 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Sl ice Sl ice Width Pore Pressure Soil 

T y p e { ( 4 ) + ( 5 ) } / 2 (2)*(10)*(11) (9)*(2) 

Axi 6i h i h2 ui c* q> Y hav wi Qi tan (Ji 

( m ) (deg) ( m ) ( m ) ( k N / m 2 ) ( k N / m 2 ) (deg) ( k N / m 2 ) ( k N / m 3 ) ( m ) k N - p e r m width k N - p e r m width) 

1 2 . 8 0 0 - 1 2 . 0 2 0 0 . 0 0 0 2 . 0 0 0 8 .83 1 2 8 . 5 0 2 0 . 0 0 0 .00 18 .84 1.00 5 2 . 7 5 0 .36 

2 2 . 6 0 0 - 1 2 . 0 2 0 2 . 0 0 0 3 . 8 5 0 2 2 . 5 6 1 2 8 . 5 0 2 0 . 0 0 0 .00 18 .84 2 .93 143 .28 0 .36 

3 3 . 2 0 0 1 6 . 7 8 0 3 . 8 5 0 4 . 8 7 0 3 1 . 3 9 2 0 . 0 0 1 0 . 0 0 0 . 0 0 18 .84 4 .36 2 6 2 . 8 6 0 .18 

4 2 . 9 0 0 1 6 . 7 8 0 4 . 8 7 0 5 .440 3 1 . 3 9 2 0 .00 1 0 . 0 0 0 . 0 0 1 8 . 8 4 5 .16 2 8 1 . 6 5 0 .18 

5 2 . 9 0 0 1 6 . 7 8 0 5 . 4 4 0 6 . 0 2 0 3 4 . 3 4 2 0 .00 1 0 . 0 0 0 .00 18.84 5 .73 3 1 3 . 0 6 0 .18 

6 2 . 9 0 0 1 6 . 7 8 0 6 . 0 2 0 6 .600 3 7 . 2 8 2 0 . 0 0 1 0 . 0 0 0 .00 1 8 . 8 4 6.31 3 4 4 . 7 5 0 .18 

7 2 . 9 0 0 1 6 . 7 8 0 6 . 6 0 0 7 . 1 7 0 4 0 . 2 2 2 0 .00 1 0 . 0 0 0 .00 1 8 . 8 4 6 .89 3 7 6 . 1 7 0 .18 

8 2 . 9 0 0 1 6 . 7 8 0 7 . 1 7 0 7 . 7 5 0 4 0 . 2 2 2 0 .00 1 0 . 0 0 0 .00 18 .84 7 .46 4 0 7 . 5 8 0 . 1 8 

9 2 . 0 0 0 16 .78 7 . 7 5 0 7 . 8 4 0 4 0 . 2 2 2 0 . 0 0 1 0 . 0 0 0 .00 1 8 . 8 4 7 .80 2 9 3 . 7 2 0 .18 

10 1 .900 16.78 7 . 8 4 0 7 . 2 7 0 4 0 . 2 2 2 0 . 0 0 10 .00 0 .00 18 .84 7 .56 2 7 0 . 4 4 0 .18 

11 2 .75 16 .78 7 .27 6 . 4 4 0 3 7 . 2 8 2 10.00 2 2 . 2 8 18.84 6 .86 3 5 5 . 1 6 61 .27 0 .18 

12 2.61 16 .78 6 .44 5 .640 3 4 . 3 4 2 10 .00 2 6 . 8 4 18.84 6.04 2 9 7 . 0 0 7 0 . 0 5 0 .18 

13 2 .04 16 .78 5 .64 4 . 5 5 0 3 1 . 3 9 2 1 0 . 0 0 31 .71 1 8 . 8 4 5 .10 1 9 5 . 8 2 6 4 . 6 9 0 . 1 8 

14 2 .60 6 0 . 2 6 4 .55 8.83 1 2 8 . 5 0 2 0 . 0 0 3 6 . 8 6 18 .84 2 .28 1 1 1 . 4 4 9 5 . 8 4 0 .36 

15 

16 

•OS(4) 0 .70 FOS(5) 0 .70 

FOS(FO) 0 .70 

FOS 0 .73 

fO 1.05 



V 

CALCULATION OF PROBABILITY OF FAILURE OF A SELECTED FAILURE SURFACE 
JANBU'S SIMPLIFIED METHOD 

PROBABILISTIC(First Order Second Moment) 
Direct Differentiation 

DATA INPUT 

Probabilistic COV Mean c'(kPa) cp'(rad) u(kPa) 
Parameters c' u c'(kPa) u Mean o V Mean o V Mean a V 

Soil 1 0.2 0.3 0.3 28.5 20 13.29 28.50 5.7000 32.4900 0.35 0.1047 0.0110 13.29 3.9870 15.8962 
Soil 2 0 " 0 2 " 0.2 0 10 "T6 .0T" 0.00 0.0000 0.0000 O.I 7 * 0.0349 0.0012 "36765" 7.2100 51.9841 
Soil 3 0 0 0 0 " oToo" 0.0000 0.0000 ~~6766~~ 0.0000 0.0000 0.00 0~.0000 " '6.6660" 
Soil 1 0 '" " 0"" 0 0.01) 0.0000 0.0000 0.00 0.0000 0.0000 0.00 0.0000 0.0000' 
Soil 5 0 0 0 0 o.oo 0.0000 0.0000 0.00 0.0000 0.0000 0.00 0.0000 0.0000 

Xr (dV/dXt) (dV/dXt)" (dlVdXiT *V(Xr) 

cl 0.0085 7E-05 0.002 
c2 0.0209 4E-U4" . 0 
c3 o 0 0 
c4 o' ( ) 0 
c5 0 0 0 
f l 0.1692 0.029 3E-04 
*2 1.7633 3.109 0.004 
<j>3 0 " 0 0 
<j>4 _ _Q 6 " 
w 0 " 0 " 0 
ul -0.0031 9K-06 2E-04 
u2 -0.0037 1E-05 7E-04 
u3 0 0 0 
u4 0 0 0 
u5 0 0 0 

0.007 

F'O V(F'OS) 
a(FOS) 

0.007 
0.085 

FOS(MLV) 0.70 
COV(F)| 0.122 

T A Y L O R S E 1 R 1 E S 



V 

ro 1.05 
u. V(FOS) "0.008 

o(FOS) 0.089 
FOS(MLY) 0.73 
COV(F) "0.122 

(NORMAL DISTRIBUTION) 
RELIABILITY INDEX -2.994 

RELIABILITY' 0.001 0.14 % 
PROB. FAIL "07999 99786 % 

(LOGNORMAL DISTRIBUTION) 
l + [COV(F)]-

RELIABILITY' I N D E X 
RELIABILITY 

PROB. FAIL 

1.015 

-2.623 
0.004 
0.996 

0.44 % 
99.56 % 



JANBU'S SIMPLIFIED METHOD 
DETERMINISTIC/ PROBABILISTIC 

Ciilcuhitions 

INPUTS CALCULATION-STAGE 1 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Slice Slice Width Pore Pressure 
I (4) +(5)}/2 (2)*(10)*(U) (9)*(2) 

B= 

Axi 6i hi h2 u i c1 

V Y liav Qi tan <j> (wi+Qi) tan 9i 
(m) (deg) (m) (m) (kN/m2) (kN/m2) (deg) (kN/m2) (kN/m3) (m) kN-per m width kN-per m width) 

1 2.8000 -12.0200 2.0000 8.8300 28.5000 20.0000 18.8400 1.0000 52.7520 0.3640 -11.2320 
2 2.6000 -12.0200 2.0000 3.8500 22.5600 28.5000 20.0000 18.8400 2.9250 143.2782 0.3640 -30.5070 
3 3.2000 16.7800 3.8500 4.8700 31.3900 10.0000 18.8400 4.3600 262.8557 0.1763 79.2607 
4 2.9000 16.7800 4.8700 5.4400 31.3900 10.0000 18.8400 5.1550 281.6486 0.1763 84.9275 
5 2.9000 16.7800 5.4400 6.0200 34.3400 10.0000 18.8400 5.7300 313.0643 0.1763 94.4004 
6 2.9000 16.7800 6.0200 6.6000 37.2800 10.0000 18.8400 6.3100 344.7532 0.1763 103.9558 
7 2.9000 16.7800 6.6000 7.1700 40.2200 10.0000 18.8400 6.8850 376.1689 0.1763 113.4288 
8 2.9000 16.7800 7.1700 7.7500 40.2200 10.0000 18.8400 7.4600 407.5846 0.1763 122.9018 
9 2.0000 16.7800 7.7500 7.8400 40.2200 10.0000 18.8400 7.7950 293.7156 0.1763 88.5661 

10 1.9000 16.7800 7.8400 7.2700 40.2200 10.0000 18.8400 7.5550 270.4388 0.1763 81.5473 
11 2.7500 16.7800 7.2700 6.4400 37.2800 10.0000 22.2800 18.8400 6.8550 355.1576 61.2700 0.1763 125.5683 
12 2.6100 16.7800 6.4400 5.6400 34.3400 10.0000 26.8400 18.8400 6.0400 297.0013 70.0524 0.1763 110.6803 
13 2.0400 16.7800 5.6400 4.5500 31.3900 10.0000 31.7100 18.8400 5.0950 195.8192 64.6884 0.1763 78.5527 

14 2.6000 60.2600 4.5500 8.8300 28.5000 20.0000 36.8600 18.8400 2.2750 111.4386 95.8360 0.3640 362.8023 

15 
16 

1404.8529 

fO .0450 



JANBU'S SIMPLIFIED METHOD 
DETERMINISTIC/ PROBABILISTIC 

Calculations 

CALCULATION - STAGE 2 
16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 

Ui= A = Trial 1 Trial 1 Trial 2 Trial 2 Trial 3 Trial 3 Trial 4 Trial 4 Trial 5 Trial 5 

c'Axi ui*Axi (wi+Qi -uiAxi) (18)*tan<(>' 

(16)+(19) 

ni(9) 

(20) / (2I) 

ni(8) 

(20) / (23) 

ni(8) 

(20) / (25) 

ni(8) 

(20) / (27) 

ni(8) 

(20) / (29) 

cos 6 

79.8000 24.7240 28.0280 10.2014 90.0014 0.8240 109.2198 0.8473 106.2246 0.8504 105.8339 0.8509 105.7768 0.8509 105.7683 0.9781 
74.1000 58.6560 84.6222 30.8000 104.9000 0.8240 127.2998 0.8473 123.8087 0.8504 123.3534 0.8509 123.2868 0.8509 123.2770 0.9781 

100.4480 162.4077 28.6369 28.6369 1.0038 28.5279 0.9885 28.9687 0.9865 29.0291 0.9862 29.0379 0.9861 29.0393 0.9574 
91.0310 190.6176 33.6110 33.6110 1.0038 33.4831 0.9885 34.0005 0.9865 34.0713 0.9862 34.0818 0.9861 34.0833 0.9574 
99.5860 213.4783 37.6420 37.6420 1.0038 37.4987 0.9885 38.0782 0.9865 38.1575 0.9862 38.1692 0.9861 38.1709 0.9574 
108.1120 236.6412 41.7262 41.7262 1.0038 41.5674 0.9885 42.2097 0.9865 42.2977 0.9862 42.3106 0.9861 42.3126 0.9574 
116.6380 259.5309 45.7623 45.7623 1.0038 45.5881 0.9885 46.2926 0.9865 46.3890 0.9862 46.4032 0.9861 46.4053 0.9574 
116.6380 290.9466 51.3017 51.3017 1.0038 51.1065 0.9885 51.8962 0.9865 52.0043 0.9862 52.0203 0.9861 52.0226 0.9574 
80.4400 213.2756 37.6062 37.6062 1.0038 37.4631 0.9885 38.0420 0.9865 38.1213 0.9862 38.1330 0.9861 38.1347 0.9574 
76.4180 194.0208 34.2111 34.2111 1.0038 34.0809 0.9885 34.6075 0.9865 34.6796 0.9862 34.6903 0.9861 34.6918 0.9574 
102.5200 313.9076 55.3504 55.3504 1.0038 55.1397 0.9885 55.9917 0.9865 56.1084 0.9862 56.1256 0.9861 56.1282 0.9574 
89.6274 277.4263 48.9177 48.9177 1.0038 48.7316 0.9885 49.4846 0.9865 49.5877 0.9862 49.6029 0.9861 49.6051 0.9574 
64.0356 196.4720 34.6433 34.6433 1.0038 34.5115 0.9885 35.0447 0.9865 35.1178 0.9862 35.1285 0.9861 35.1301 0.9574 

74.1000 22.9580 184.3166 67.0858 141.1858 0.5265 268.1770 0.4773 295.7823 0.4707 299.9377 0.4697 300.5578 0.4696 300.6501 0.4961 
1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

785.4959 952.3949 980.4320 984.6888 985.3247 985.4194 

FOS(ini) 0.55'.' 1 FOS ( l ) 0.6779 F( )S(2) 0.6979 F( 1S(3) 0.7009 FOS(4) 0.7014 FOS(5) 0.7014 
FOS(FO) 0.7014 
FOS 0.7330 



32 34 35 36 37 38 39 40 41 42 43 Soil 1 Soil 2 
tan 6 

(2)/(23) 
Axi/ni(0) scc2<D' (18)*(35)/(23) (18)*scc2d>7ni(e) 

c= 

A*d(l/ni9)/d<t> 
l.) = 

-(2)*(14)/(23) 
-Axi*tan<l>7n 

o n 

(2)/(23) 
Axi/ni(6) sec2<J>' 

(18)*(40)/(23) 
(18)*sec2cD7ni(9) 

C = 

A*d(l/ni9)/d<|> 
0 = 

-(2)*(14)/(23) 
-Axi*tan<I)7ni 

-0.2129 3.2905 1.1325 37.3016 40.8776 78.1791 -1.1977 
-0.2129 3.0555 1.1325 112.6210 47.6443 160.2653 -1.1121 
0.3015 3.2450 1.0311 169.8102 . -11.9652 157.8451 -0.5722 
0.3015 2.9408 1.0311 199.3060 -14.0435 185.2624 -0.5185 
0.3015 2.9408 1.0311 223.2086 -15.7277 207.4809 -0.5185 
0.3015 2.9408 1.0311 247.4273 -17.4342 229.9931 -0.5185 
0.3015 2.9408 1.0311 271.3603 -19.1206 252.2397 -0.5185 
0.3015 2.9408 1.0311 304.2079 -21.4351 282.7728 -0.5185 
0.3015 2.0281 1.0311 222.9967 -15.7128 207.2839 -0.3576 
0.3015 1.9267 1.0311 202.8643 -14.2942 188.5700 -0.3397 
0.3015 2.7886 1.0311 328.2155 -23.1267 305.0887 -0.4917 
0.3015 2.6'167 1.031 1 290.0714 -20.4390 269.6324 -0.4667 
0.3015 2.0687 1.0311 205.4272 -14.4748 190.9524 -0.3648 
1.7503 5.5366 1.1325 444.4914 -445.2378 -0.7464 -2.0152 

11.8826 2.37.6980 -4.3249 29.4075 2477.1214 -5.1853 

dFO/dcl 
Z(34)/Z(15) 

dF0/dtt)l 
Z(38)/Z(15) 

dl-O/dul 
I(00)/S(15) 

dF0/dc2 
Z(39)/Z(15) 

dF0/d<(>2 
Z(43)/Z(15) 

dF0/du2 
Z(00)/S(15) 

0.0085 0.1692 -0.0031 0.0209 1.7633 -0.0037 



44 45 46 47 48 49 50 51 52 53 54 55 

Soil 3 Soil 4 

(2 ) / (23) 

A x i / n i ( 9 ) sec2<I>' 

(18)*(45)/(23) 

(18)*scc2<P7ni(9) 

(--

A*d(l/ni9)/di)) 

1) = 

-(2)*(14)/(23 

|-Axi*tan<l>' / 

C : + D = 

(2 ) / (23) 

Ax i /n i (6 ) s c c V 
(18)*(50)/(23) 

(18)*scc2cD7ni(9) 

t: 

A*d(l/ni9)/dC> 

1) C- ! ) - ' 

-(2)*(14)/(23) 

-Axi*tan<t>'/i 

(2 ) / (23) 

A x i / n i ( 9 ) sec2<l>' 

0 .0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

d F 0 / d c 3 

Z ( 4 4 ) / Z ( 1 5 ) 

dF0/d<|»3 

Z ( 4 8 ) / Z ( 1 5 

d F 0 / d u 3 

Z ( 0 0 ) / Z ( 1 5 

d F 0 / d c 4 

Z ( 4 9 ) / Z ( 1 5 ) 

dF0/d<t>4 

Z ( 5 3 ) / Z ( 1 5 ) 

d F 0 / d u 4 

Z ( 0 0 ) / Z ( 1 5 ) 

d F 0 / d c 5 

Z ( 5 4 ) / Z ( 1 5 ) 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 



X . 

56 57 58 
Soil 5 

(18)*(55)/(23) 

(18)*secV/ni(9) 

O 
A*d(l/ni9)/d<|> 

n= 01) = 

-(2)*(14)/(23) 
-Axi*tunCt)7r 

o.oooo 0 . 0 0 0 0 

dF0/d<t>5 
I(58)/E(15) 

dF0/du5 
S(00)/Z(15) 

0 . 0 0 0 0 0 . 0 0 0 0 



S p r e a d s h e e t : J a n b u - Prob - S m a l l l n c r e m e n t 

(COVfu) = based on soil layers) 

4 

y 

\ 



CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
JANBU'S SIMPLIFIED M E T H O D 

DETERMINISTIC 
Probability calculation is valid upto 5 different soil layers 

CALCULATION-STAGE 1 
1 2 3 4 5 6 7 8 9 10 11 12 13 

Slice Slice Width Pore Pressun Soil 

Type )(4)+(5)}/2 (2)*(10)*(11) (9)*(2) 

Axi 0i hi h2 ui c' M' r hav wi Qi 
(m) (deg) (m) (m) (kN/m2) (kN/m2) (dcR) <kN / in2) (kN/m3) (m) kN-per m width kN-pcr m width] 

1 2.800 -12.020 0.000 2.000 8.83 1 28.50 20.00 0.00 18.84 1.0000 52.7520 
2 2.600 -12.020 2.000 3.850 22.56 1 28.50 20.00 0.00 18.84 2.9250 143.2782 
3 3.200 16.780 3.850 4.870 31.39 2 0.00 10.00 0.00 18.84 4.3600 262.8557 
4 2.900 16.780 4.870 5.440 31.39 2 0.00 10.00 0.00 18.84 5.1550 281.6486 
5 2.900 16.780 5.440 6.020 34.34 2 0.00 10.00 0.00 18.84 5.7300 313.0643 
6 2.900 16.780 6.020 6.600 37.28 2 0.00 10.00 0.00 18.84 6.3100 344.7532 
7 2.900 16.780 6.600 7.170 40.22 2 0.00 10.00 0.00 18.84 6.8850 376.1689 
8 2.900 16.780 7.170 7.750 40.22 2 0.00 10.00 0.00 18.84 7.4600 407.5846 
9 2.000 16.780 7.750 7.840 40.22 2 0.00 10.00 0.00 18.84 7.7950 293.7156 
10 1.900 16.780 7.840 7.270 40.22 2 0.00 10.00 0.00 18.84 7.5550 270.4388 
11 2.750 16.780 7.270 6.440 37.28 2 0.00 10.00 22.28 18.84 6.8550 355.1576 61.2700 
12 2.610 16.780 6.440 5.640 34.34 2 0.00 10.00 26.84 18.84 6.0400 297.0013 70.0524 
13 2.040 16.780 5.640 4.550 31.39 2 0.00 16.66 31.71 18.84 5.0950 195.8"l92 64.6884 
14 2.60 60.26 4.55 6.66b 1 8.83 1 28.50 20.00 36.86 18.84 2.2750 111.4386 95.8360 
15 
16 

fO 1.05 



CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
JANBU'S SIMPLIFIED METHOD 

DETERMINISTIC 

CALCULATION 
14 15 16 17 18 19 20 21 22 23 24 25 26 

Ui= Trial 1 Trial 1 Trial 2 Trial 2 Trial 3 Trial 3 

) 

tan ij> (wi+Qi) tan Gi c'Axi ui*Axi (wi+Qi -uiAxi) (18)*tanf 
(16)+(19) 

ni(9) 
(20)/(21) 

ni(9) 
(20)/(23) 

ni(8) 
(20)/(25) 

0.3640 -1 1.2320 79.8000 24.7240 2 8 . 0 2 8 0 10.201 1 9 ( 1 . 0 0 1 4 0.8240 109.2198 0.8473 106.2246 0.8504 105.8339 
0.3640 -30.5070 74.1000 58.6560 84.6222 3 0 . 8 0 0 0 104.90110 0.8240 127.2998 0.8473 12.3.8087 0.8504 123.3534 
0.1763 79.2607 100.4480 162.4077 28.6369 28.6369 1.0038 28.5279 0.9885 28.9687 0.9865 29.0291 
0.1763 84.9275 91.0310 190.6176 33.61 10 33 .61 10 1 . 0 0 3 8 3 3 . 4 8 . 3 1 0.9885 34.0005 0.9865 34.0713 
0.1763 94.4004 99.5860 213.4783 37.6420 37.6420 1.0038 37.4987 0.9885 38.0782 0.9865 38.1575 
0.1763 103.9558 108.1120 236.6412 41.7262 41.7262 1.0038 41.5674 0.9885 42.2097 0.9865 42.2977 
0.1763 113.4288 116.6380 259.5309 45.7623 45.7623 1.0038 45.5881 0.9885 46.2926 0.9865 46.3890 
0.1763 122.9018 116.6380 290.9466 51.3017 51.3017 1.0038 51.1065 0.9885 51.8962 0.9865 52.0043 
0.1763 88.5661 80.4400 213.2756 37.6062 37.6062" 1.0038 37.4631 0.9885 38.0420 0.9865 38.1213 
0.1763 81.5473 76.4180 194.0208 34.2111 1 34.2111 1.0038 34.0809 0.9885 34.6075 0.9865 34.6796 
0.1763 125.5683 102.5200 313.9076 55.3504 i 55.3504 1.0038 55.1397 0.9885 55.9917 0.9865 56.1084 
0.1763 110.6803 89.6274 277.4263 48.9177 48.9177 1.0038 48.7316 0.9885 49.4846 0.9865 49.5877 
0.1763 78.5527 64.0356 196.4720 34.6433 34.6433 1.0038 34.5115 6.9885 35.0447 0.9865 35.1178 
0.3640 362.8023 74.1000 22.9580 184.3166 67.0858 141.1858 0.5265 268.1770 0.4773 295.7823 0.470"7 299.9377 

1.0000 1.0000 1.0000 
1.0000 1.0000 1.0000 

1404.8529 785.4959 952.3949 980.4320 984.6888 

FOS(ini) 0.5591 EOS(l) 0.6779 FOS(2) 0.6979 FOS(3) 0.7009 



27 28 29 30 
Trial 4 Trial 4 Trial 5 Trial 5 

ni(8) 

(20)/(27) 
ni(6) 

(20)/(29) 

0.8509 105.7768 0.8509 105.7683 
0.8509 123.2868 0.8509 123.2770 
0.9862 29.0379 0.9861 29.0393 
0.9862 34.0818 0.9861 34.0833 
0.9862 38.1692 0.9861 38.1709 
0.9862 42.3106 0.9861 42.3126 
0.9862 46.4032 0.9861 46.4053 
0.9862 52.0203 0.9861 52.0226 
0.9862 38.1330 0.9861 38.1347 
0.9862 34.6903 0.9861 34.6918 
0.9862 56.1256 0.9861 56.1282 
0.9862 49.6029 0.9861 49.6051 
0.9862 35.1285 0.9861 35.1301 
0.4697 300.5578 0.4696 300.6501 
1.0000 1.0000 
1.0000 1.0000 

985.3247 985.4194 

FOS(4) 0.7014 FOS(5) 0.7014 
FOS(FO) 0.7014 

FOS 0.7330 



CALCULATION < )!•' FACTOR OF SAFIiTY OF A TRIAL I-AII.UK1-: SURFACE 

JANBU'S SIMPLIFIED METHOD 

PRQBASILISTICfFirst Order Second Moment - small increment) 

c * u 

(DL:C.) ( R A D ) 
Soil 'IV Mean COV IXIC S V Mean COV IXI I I s Mean ilil fi ru! s V COV IXIC S V 

1 28.5 0 2 5.7 5.7 32.49 20 0.3 6 6 0.349066 0.10472 0.10472 0.010966 13.29 0.3 3.99 3.99 15.9 
2 0 0 0 10 __0.2 2 2 0.174533 0.034907 0.034907 0.001218 36.05 0.2 7.21 7.21 51.98 
3 0 "o (1 0 0 0 0 0 0 
4 (1 (.) ll II l) 1) 1) (1 0 

5 (1 II l) II 1) 0 I) 0 n 

O U T P U T 

1'U.MI.V 0.71)14 

0.7584 FC1 + 

0.71)14 

0.7584 F<frl + (1.7242 

l - 'C l - 0.6451 \:i>\- 0.6824 

l ; C2+ 0.7(114 I-<(>2 + (1.7736 

FC2-- (1.7014 I-<>2-- 0.6288 

1x3 + 0.71)14 1 - <b3 +- (1.7014 

F c 3 - 0.7014 I-«J>3-- 0.7014 

Fc4+ 0.7014 l;(|)4+ 0.7014 

F c 4 - 0.7014 

(1.7014 

0.7014 

F<j>4- 0.7014 

Fc5+ 

0.7014 

(1.7014 

0.7014 

F<t>5 + 

\:t>5~ 

0.7014 

0.7014 FcS--

0.7014 

(1.7014 

0.7014 

F<t>5 + 

\:t>5~ 

0.7014 

0.7014 

I'ul + 0.687(1 

F ' u l - 0.7159 

Fu2+ 0.6701 

I ;u2-- 0.7327 

Fu3 + 0.7014 

Fu.3~ 0.7014 

Fu4 + 0.7014 

l-"u4-- 0.7014 

Fu5 + 0.7014 

F u 5 - 0.7014 

CENTRAL DIFFERENCES F O R W A R D D I F F E R E N C E S 

A I x l 0.1133 
A Fc2 0.0000 

o 
LL A Fc3 0.0001) 

A 1x4 0.000(1 
A Fc5 ().[)(100 

a r-<t> 1 0.0418 A I 'ul #### 

A Y-i>2 0.1448 A l ; u2 #### 

A F<j>3 0.0000 A Fu3 (1.(1000 
A F'f l 0.0000 A hu4 0.0000 

A l-4>5 0.0000 A Fu5 0.01100 

x l / 2 A c l ().()()yi)4 A l'it>l/2A F'fl (1.19976 A F u l / 2 A ul •0.004 
X 2 / 2 A c2 I) A l-'<t>2/2A F'f2 2.07352 A I ; u2/2A u2 -0.0(14 

A I x l 0.057(1 

A F'c2 (I.OOOO 
© 
u . A 1x3 (1.0000 

A 1x4 11.11000 

A 1x5 0.0011(1 

A I- i-1 / A 1 1 0.01 

A 1' c2 /A c2 II 

A !--«> 1 0.0228 A Ful -0.0144 

A F<|>2 0.0722 A Fu2 -0.0313 

A 0.0000 A I ;u3 0.0000 

A F f l 0.00(10 A Fu4 0.0000 

A l-ct>5 0.01)00 A Fu5 0.0000 

/2A l-TI 0.2I78III8 A I ' u l / A u l -0.0036118 

'2A Fl2 2.06801333 A I 'u2/Au2 -0.0043403 



< ; c3/2A c3 0 A I-I&3/2A IT3 0 A l-'u3/2A u3 0 

•c4/2A c4 1) A l'ij>4/2A I-T4 (1 A I'u4/2A u4 I) 

•o72A c5 (1 A l-<J>5/2A I f 5 (1 A l-u5/2A u5 0 

c 0.05664 

2 1) 

3 0 

4 (1 

5 0 

* 0.02092 

2 0.07238 

3 0 

4 0 

5 1) 

u -0.014 

2 -0.031 

3 0 

4 0 

5 0 

o u. V(K)S) 0.01(107 
a(l-OS) 0.10035 

l''OS(MI.\ 0.70 

COV(T) 0.14307 

TAYLOR s i : i K i i : s 

fo 1.05 
u. V(K).S) (1.011 

a(l-OS) (1.10487 

l-'OS(MI.\ 0.733(1 

COV(l ' ) 0.14307 

= tVV(i-„) 

( N O R M A L D ISTRIBUTION) 

RKLIABI I .T IY I N D L X -2.546 

RKl . IAB I I . l TY 0.0054 0.54 % 

l'ROB. F A I L 0.9946 99.46 % 

( L U C N O R M A L D ISTRIBUTION) 

l + |c;OV(10r 1,0205 

J U i l J A B I L I T Y I N D L X 
RU1.IAB 
PROB. I 

-2.254 

0.0121 

0.9879 
1.21 % 

98.79 

A TV3/A c3 

A l-c4/A c4 

A l ; o / A c 5 

A I-C33/2A m 

A Lr>-t/2A h'f-l 

S l '«5/2A l'T5 

A l u l / A u3 0 
A I 'u4/A u4 0 

0 A I'u5/A u5 

0 

0 

c 0.057 0.022K0909 
-> 1) 2 0.07218728 

3 0 3 0 

4 (1 4 0 

5 0 5 0 

u -0.0144003 

2 -0.0312936 
3 

4 

5 

0 

0 

0 

o V(l<< 'S) 0.0102 
n(l-'OS) I), loos 

!•'( )S(M 0.70 

(X iv ( i ' (1.1437 

II) 1.05 
V(K IS) 0 HI I I 

o(r'OS) 0.1053 

!•'( )S(M (1.7330 

C O V ( l ; (1.1437 

=i"„ :-v(i--„) 

( N O R M A L D ISTRIBUTION) 

RT'.I.lABIl.TTY I N D L X -253 
RKI .LABILITY 0.006 0.56 "•'„ 

PROB. TAIL 0.994 99.44 ".. 

(1.1 K I N O K M A I . D I S T R I B U T I O N ) 

l + |COV(10r 1.021 

RT'.I.lABIl.TTY I N D K X 
RLI . IA 
PROB. 



CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
JANBU'S SIMPLIFIED METHOD 

Fcl+ 

CALCULATION-STAGE 1 
1 2 3 4 5 6 7 8 9 10 11 12 

Slice Sl ice Width Pore Pressure Soil 

T y p e { ( 4 ) + ( 5 ) } / 2 (2)*(10)*(11) 
Axi e. h i h2 ui c' M' y hav wi 

( m ) ( d e g ) ( m ) ( m ) ( k N / m 2 ) ( k N / m 2 ) ( d e g ) (kN/m2) ( k N / m 3 ) ( m ) kN-per m w i d t h 

1 2 . 8 0 0 - 1 2 . 0 2 0 2 . 0 0 0 8 .830 1 34.20 20.000 18 .840 1.000 5 2 . 7 5 2 

2 2 . 6 0 0 - 1 2 . 0 2 0 2 . 0 0 0 3 . 8 5 0 2 2 . 5 6 0 1 3 4 . 2 0 2 0 . 0 0 0 18 .840 2 . 9 2 5 1 4 3 . 2 7 8 
3 3 . 2 0 0 1 6 . 7 8 0 3 . 8 5 0 4 . 8 7 0 3 1 . 3 9 0 2 1 0 . 0 0 0 1 8 . 8 4 0 4 . 3 6 0 2 6 2 . 8 5 6 
4 2 . 9 0 0 1 6 . 7 8 0 4 . 8 7 0 5 .440 3 1 . 3 9 0 2 1 0 . 0 0 0 18 .840 5 .155 2 8 1 . 6 4 9 
5 2 . 9 0 0 1 6 . 7 8 0 5 .440 6 .020 3 4 . 3 4 0 2 1 0 . 0 0 0 1 8 . 8 4 0 5 .730 3 1 3 . 0 6 4 
6 2 . 9 0 0 1 6 . 7 8 0 6 .020 6 .600 3 7 . 2 8 0 2 1 0 . 0 0 0 1 8 . 8 4 0 6 .310 3 4 4 . 7 5 3 
7 2 . 9 0 0 1 6 . 7 8 0 6 .600 7 .170 4 0 . 2 2 0 2 1 0 . 0 0 0 1 8 . 8 4 0 6 .885 3 7 6 . 1 6 9 

8 2 . 9 0 0 1 6 . 7 8 0 7 . 1 7 0 7 . 7 5 0 4 0 . 2 2 0 2 1 0 . 0 0 0 18.8"40 7 . 4 6 0 4 0 7 . 5 8 5 

9 2 . 0 0 0 1 6 . 7 8 0 7 . 7 5 0 7 . 8 4 0 4 0 . 2 2 0 2 1 0 . 0 0 0 1 8 . 8 4 0 7 .795 2 9 3 . 7 1 6 

10 1 .900 1 6 . 7 8 0 7 . 8 4 0 7 .270 4 0 . 2 2 0 ? 1 0 . 0 0 0 1 8 . 8 4 0 7 .555 2 7 0 . 4 3 9 

11 2 . 7 5 0 1 6 . 7 8 0 7 . 2 7 0 6 .440 3 7 . 2 8 0 2 i 6.66b 2 2 . 2 8 0 1 8 . 8 4 0 6 .855 3 5 5 . 1 5 8 

12 2 . 6 1 0 1 6 . 7 8 0 6 . 4 4 0 5 .640 3 4 . 3 4 0 i 2 1 0 . 0 0 0 2 6 . 8 4 0 18 .840 6 .040 2 9 7 . 0 0 1 

13 2 . 0 4 0 1 6 . 7 8 0 5 .640 4 . 5 5 0 3 1 . 3 9 0 2 1 0 . 0 0 0 3 1 . 7 1 0 1 8 . 8 4 0 5 .095 1 9 5 . 8 1 9 

14 2 . 6 0 0 6 0 . 2 6 0 4 . 5 5 0 8 .830 1 3 4 . 2 0 26.660 3 6 . 8 6 0 18 .840 2 .275 1 1 1 . 4 3 9 

15 

16 



V 

CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
JANBU'S SIMPLIFIED M E T H O D 

Fcl+ 

CALCULATION 
13 14 15 16 17 18 19 20 21 22 23 24 25 

Ui= Trial 1 Trial 1 Trial 2 Trial 2 Trial 3 
(9)*(2) (16)+(19) (20)/(21) (20)/(23) 

Qi tan <)> (wi+Qi) tan 0i c'Axi ui*Axi (wi+Qi -uiAxi) (18)*lan(j)' ni(0) 111(6) ni(8) 
kN-per m width) 

0.364 -11.23 95.76 24.72 28.03 10.20 105.96 0.8.3 127.46 0.86 123.91 0.86 
0.364 -30.51 88.92 58.66 84.62 30.80 1 19.72 0.8.3 144.01 0.86 139.99 0.86 
0.176 79.26 100.45 162.41 28.64 28.64 1.00 28.66 0.98 29.12 0.98 
0.176 84.93 91.03 190.62 33.61 3 3". 61 1.00 33.64 0.98 34.18 0.98 
0.176 94.40 99.59 213.48 37.64 37.64 1.00 37.68 0.98 38.28 0.98 
0.176 103.96 108.11 236.64 41.73 41.73 1.00 41.77 0.98 42.43 0.98 
0.176 113.43 116.64 259.53 45.76 45.76 1.00 45.81 0.98 46.54 0.98 
0.176 122.90 116.64 290.95 51.30 51.30 1.00 51.35 0.98 52.17 0.98 
0.176 88.57 80.44 2*13.28 "1 37.61 37.61 i .66 1 37.64 0.98 3*8.2*4 0.98 
0.176 81.55 76.42 194.02 1 34.21 34.21 i .66 1 34.24 0.98 34.7*9 0.98 

61.270 0.176 125.57 102.52 313.91 55.35 55.35 LOO 55.40 0.98 56.29 0.98 
70.052 0.176 110.68 89.63 277.43 48.92 1 48.92 j 1.00 48.96 0.98 49.75 0.98 
64.688 6.176 78.55 64.04 196.47 34.64 34.64 1.00 34.68 0.98 35.23 0.98 
95.836 6364 1 362.80 88.92 22.96 184.32 67.09 " 156.01 0.51 305.25 0.46 338.68 0.45 

1.00 1.00 1.00 
1.00 1.00 1.00 

1404.85 831.10 1026.56 1059.60 

FOS(ini) 0.59 FOS(l) 0.73 FOS(2) 0.75 FOS(3) 



26 27 28 29 30 
Trial 3 Trial 4 Trial 4 Trial 5 Trial 5 

(20)/(25) 
ni(8) 

(20)/(27) 

ni(0) 

(20)/(29) 

123.-15 0.86 123.38 0.86 123.37 
139.48 0.86 139.40 0.86 139.39 
29.18 0.98 29.19 0.98 29.19 
34.25 0.98 34.26 0.98 34.26 
38.36 0.98 38.37 0.98 38.37 
42.52 0.98 42.54 0.98 42.54 
46.64 0.98 46.65 0.98 46.65 
52.28 0.98 52.30 0.98 52.30 
38.32 0.98 38.34 0.98 38.34 
34.86 0.98 34.87 0.98 34.88 
56.41 0.98 56.42 0.98 56.43 
49.85 0.98 49.87 0.98 49.87 
35.30 0.98 35.32 0.98 35.32 
343.68 6.45 344.41 0.45 344.52 

1.00 1.00 
1.00 1.00 

1064.59 1065.33 1065.44 

0.76 FOS(4) 0.76 FOS(5) 0.76 
FOS(FO) 0.76 ' 

FOS 0.79 



V 

CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
JANBU'S SIMPLIFIED METHOD 

Fcl-

1 
CALCULATION-STAGE 1 

1 2 3 4 5 6 7 8 9 10 11 12 

Slice Slice Width 

Axi 

(m) 

e. 

(deg) 

hi 

(m) 

h2 

(m) 

Pore Pressure 

ui 

(kN/m2) 

Soil 

Type 

c' 

(kN/m2) (dcg) 
-!' 

<kN/m2) 
Y 

(kN/m3) 

l(4)+(5)}/2 

hav 

(m) 

(2)*(10)*(U) 

wi 

kN-per m width 

1 2.800 -12.020 2.000 8.8.30 1 22.80 20.000 18.840 1.000 52.752 
2 2.600 -12.020 2.000 3.850 22.560 1 22.80 20.000 18.840 2.925 143.278 
3 3.200 16.780 3.850 4.870 31.390 2 10.000 18.840 4.360 262.856 
4 2.900 16.780 4.870 5.440 31.390 2 10.000 18.840 5.155 281.649 
5 2.900 16.780 5.440 6.020 34.340 2 10.000 18.840 5.730 313.064 
6 2.900 16.780 6.020 6.600 37.280 2 10.000 18.8:40 6.310 344.753 
7 2.900 16.780 6.600 7.170 40.220 2 10.000 18.840 6.885 376.169 
8 2.900 16.780 7.170 7.750 40.220 2 10.000 18.840 7.460 407.585 
9 2.000 16.780 7.750 7.840 40.220 2 10.000 18.840 7.795 293.716 

10 1.900 16.780 7.840 7.270 40.220 2 10.000 18.840 7.555 270.439 
11 2.750 16.780 7.270 6.440 37.280 2 16.66b 22.280 18.840 6.855 355.158 
12 2.610 16.780 6.440 1 5.640 34.340 2 10.000 26.840 18.840 6.040 297.001 
13 2.040 16.780 5.640 J 4.550 31.390 2 10.000 31.710 18.840 5.095 195.819 
14 2.600 60.260 4.550 8.830 1 22.80 20.000 36.860 18.840 2.275 111.439 
15 
16 

fO 1.045 



CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
JANBU'S SIMPLIFIED METHOD 

Fcl-

CALCULATION 
13 14 15 16 17 18 19 20 21 2 2 2 3 2 4 2 5 

Ui= Trial 1 Trial 1 Trial 2 Trial 2 Trial 3 
(9)*(2) 

Qi tan <j) (wi+Qi) tan 8i c'Axi ui*Axi (wi+Qi -uiAxi) (18)*tan())' 
(16)+(19) 

ni(6) 
( 2 0 ) / ( 2 1 ) 

ni(8) 
( 2 0 ) / ( 2 3 ) 

ni(8) 
kN-pcr m width) 

0 .364 - 1 1 . 2 3 6 3 . 8 4 2 4 . 7 2 2 8 . 0 3 10.20 7 4 . 0 4 0 .82 9 0 . 7 5 0 .84 8 8 . 3 4 0 .84 

0 . 3 6 4 -30 .51 5 9 . 2 8 5 8 . 6 6 8 4 . 6 2 3 0 . 8 0 9 0 . 0 8 0 .82 1 1 0 . 4 1 0 . 8 4 1 0 7 . 4 8 1 0 . 84 
0 . 1 7 6 7 9 . 2 6 100 .45 162 .41 2 8 . 6 4 2 8 . 6 4 1.01 2 8 . 3 8 0 .99 2*8.79 l 0 . 99 
0 .176 8 4 . 9 3 9 1 . 0 3 1 9 0 . 6 2 3 3 . 6 1 3 3 . 6 1 1.01 3 3 . 3 0 0 .99 3 3 . 7 9 0 .99 

0 .176 9 4 . 4 0 9 9 . 5 9 2 1 3 . 4 8 3 7 . 6 4 3 7 . 6 4 1.01 3 7 . 3 0 0 .99 3 7 . 8 5 0 .99 

0 .176 1 0 3 . 9 6 108 .11 2 3 6 . 6 4 4 1 . 7 3 4 1 . 7 3 1.01 4 1 . 3 5 0 .99 4 1 . 9 5 0 .99 

0 .176 1 1 3 . 4 3 1 1 6 . 6 4 2 5 9 . 5 3 4 5 . 7 6 4 5 . 7 6 i . d i 1 4 5 . 3 5 0 .99 4 6 . 0 1 0 .99 

0 .176 122 .90 116 .64 2 9 0 . 9 5 5 1 . 3 0 5 1 . 3 0 1.01 I 5 0 . 8 3 0 .99 5 1 . 5 8 0 .99 

0 .176 8 8 . 5 7 8 0 . 4 4 2 1 3 . 2 8 37 .61 37 .61 i . o i 3*7.2*6* 0 .99 3 7 . 8 1 0 .99 

0 . 1 7 6 8 1 . 5 5 7 6 . 4 2 194 .02 , 34.2*1 j 34 .21 1.01 3 3 . 9 0 0 .99 3 4 . 4 0 0 .99 

6 1 . 2 7 0 0 .176 1 2 5 . 5 7 1 0 2 . 5 2 31*3.9*1 1 5 5 . 3 5 5 5 . 3 5 1.01 5*4.8*5 0 .99 5 5 . 6 5 0 .99 

7 0 . 0 5 2 0 .176 1 1 0 . 6 8 8 9 . 6 3 2 7 7 . 4 3 4 8 . 9 2 4 8 . 9 2 1.01 4 8 . 4 7 0.9*9 4 9 . 1 9 0 .99 

6*4.6*88 0 .176 7 8 . 5 5 6*4.0*4 19*6.47 " 3 4 . 6 4 34*.*64 ' 1.01 3 4 . 3 3 0 .99 3 4 . 8 3 0 .99 

9 5 . 8 3 6 6.3*64 3 6 2 . 8 0 5 9 . 2 8 2 2 . 9 6 1 8 4 . 3 2 6 7 . 0 9 126 .37 0 .54 2 3 2 . 4 0 0 .50 2*54.42' 0 .49 

1.00 1.00 1.00 

1.00 1.00 1.00 

1 4 0 4 . 8 5 7 3 9 . 9 0 8 7 8 . 8 8 9 0 2 . 1 1 

FOS(ini) 0 . 5 3 FOS(l) 0 .63 FOS(2) 0 .64 FOS(3) 



26 27 28 29 30 
Trial 3 Trial 4 Trial 4 TrialS Trial 5 

(20)/(25) 

ni(9) 

(20)/(27) 

ni(6) 

(20)/(29) 

88.02 O.S4 87.97 0.84 87.97 
107.09 0.84 107.03 0.84 107.02 
28.85 0.99 28.86 0.99 28.86 
33.86 0.99 33.87 0.99 3.3.87 
37.92 0.99 37.94 0.99 37.94 
42.04 0.99 42.05 0.99 42.05 
46.11 0.99 46.12 0.99 46.12 
51.69 0.99 51.70 0.99 51.70 
37.89 0.99 37.90 0.99 37.90 
34.47 0.99 34.48 0.99 34.48 
55.77 0.99 55.78 0.99 55.78 
49.28 0.99 49.30 0.99 49.30 
34.90 0.99 34.91 6.99 34.92 
257.77 6.49 258.28 0.49 258.35 

1.00 1.00 

1.66 1.00 
905.66 906.20 906.28 

0.64 FOS(4) 0.65 FOS(5) 0.65 
FOS(FO) 0.65 

FOS 0.67 



A n n e x 6 

S A M P L E S E T O F S P R E A D S H E E T S -

M O D E L B A S E D O N B I S H O P ' S M E T H O D 

F O R S L O P E S S T A B I L I Z E D B Y S O I L 

N A I L I N G 

{Data correspond to Example 5 (FileName: ACAD la)} 



CALCULATION O F FACTOR O F SAFETY O F A TRIAL FAILURE SURFACE 
BISHOP'S SIMPLIFIED M E T H O D (to account for soil nails) 

INPUT/OUTPUT 

Slice Slope Geometry Nail Data 
Slice Width No. of Nails Diameter 

Axi 6i r hi h 2 n (1 k fy 
(m) (...) (n.) (...) (...) (...) N / m m A 2 

1 1.010 49.80 26.44 0.000 1.258 
2 1.500 45.75 26.44 1.258 1.728 2.67 1 0.025 9.8 1 460 
3 1.500 41.27 26.44 1.728 2.557 1.33 0.025 8.87 1 460 
4 1.500 37.08 26.44 2.557 2.941 2.67 0.025 8.2 1 460 
5 1.500 33.10 26.44 2.941 3.170 1.33 0.025 7.6 1 460 
6 1.500 29.30 26.44 3.170 3.262 1.33 0.025 7.39 1 460 
7 1.500 25.64 26.44 3.262 3.300 1.33 0.025 7.31 1 460 
8 1.500 22.16 26.44 3.300 3.092 1.33 0.025 7.54 1 460 
9 1.500 18.62 26.44 3.092 2.847 1.33 0.025 7.74 1 460 
10 1.500 15.22 26.44 2.847 2.505 1.33 0.025 7.4 1 460 
11 1.50 11.87 26.44 2.51 2.071 
12 1.50 8.57 26.44 2.07 1.547 1.33 0.025 8.59 1 460 
13 1.50 5.30 26.44 1.55 0.936 
14 1.94 1.56 26.44 0.94 0.000 
15 0.000 
16 0.000 

0.000 

©D. CslMcttaiianda AC:,'\Dla-lW-Di-U-Sk/x-l'orc-N.i/kri - / / / ()nl 



CALCULATION O F FACTOR O F SAFETY O F A TRIAL FAILURE SURFACE 
BISHOP'S SIMPLIFIED M E T H O D (to account for soil nails^ 

INPUT/OUTPUT 

Pore Pressure 
ui 

( k N / m 2 ) 

Soil Type c' 

( k N / m 2 ) 

f 
(deg) 

'i' 
( k N / m 2 ) 

Y 
( k N / m 3 ) 

Depth from T o p 

(m) 

Inclination 
a 

(deg) 

Pore Pressure 
ui 

( k N / m 2 ) 

Soil Type c' 

( k N / m 2 ) 

f 
(deg) 

'i' 
( k N / m 2 ) 

Y 
( k N / m 3 ) 

0.00 1 3.00 19.60 20.00 
1.49335 r \i 

0.00 1 3.00 19.60 20.00 
2.1424 12 0.00 1 3.00 19.60 20.00 
2.7488 12 0.00 1 3.00 19.60 20.00 

3.05545 12 0.00 1 3.00 19.60 20.00 
3.21605 12 0.00 1 3.00 19.60 20.00 
3.28115 12 0.00 1 3.00 19.60 20.00 
3.19575 12 0.00 1 3.00 19.60 20.00 
2.96925 12 0.00 1 3.00 19.60 20.00 
2.6761 12 0.00 1 3.00 19.60 20.00 

5.66 1 3.00 19.60 20.00 
1.8088 12 0.00 1 3.00 19.60 20.00 

0.00 i 1 3.66 19.60 20.00 
0.00 

1 j 3.00 19.60 20.00 

FOS 1.68 

I t t h e r e is a s u r c h a r g e i n v o l v e d t o r a s t r u c t u r e w i t h a nail a r r a n g e m e n t 
t h e v a l u e o t Q a p p l i c a b l e s h o u l d b e m a n u a l l y i n s e r t e d in t h e 
N a i l R e s i s t a n c e w o r k s h e e t . 

©D. C-AMettananda ACADUt-B-P-Di-U-S/opePore-Nmkd -InOut 



CALCULATION OF PROBABILITY OF FAILURE OF A SELECTED FAILURE SURFACE 
BISHOP'S SIMPLIFIED METHOD 

PROBABILISTIC(First Order Second Moment) 
Direct Differentiation 

DATA INPUT 

Probabilistic COV Mean c'fkPa) (b'(rad) 
Parameters c c'(kPa) <4Uaeg) Mean a V Mean o Y 

Soil 1 0.2 0.3 3 19.6 3.00 0.6000 0.3600 0.34 0.1026 0.0105 
Soil 2 0.00 0.001 )0 0.0000 0.00 " 0.0000 0.0000 
Soil 3 0.00 0.0000 0.0000 0.00 "0.0000 "0.0000 
Soil 4 ~oToo" ' 0.0000 o.oobo 0.00 ' 0.0000 0.0000 
Soil 5 0.00 0.0000 0.0000 ""0700 "0.0000 0.0000 

|u (kPa) u 

Xr (dV/dXt) ( 3 F / 3 X r ) ' * V ( X r ) 

cl 0.09 0.008 0.003 
c2 0.00 0 0 
c3 0.00 0 0 
c4 o.bo 0 0 
c5 0.00 0 " 
<t)l 4.50 20.21 0.213 
*2 0.00 . n 0 

0.00" 0 0 
<()4 0.00 0 0 " 
05 " ' ' b.oo 0 0 
u -0.03 0 

0.2161 

F Y(FOS) 0.216 
"d"(FOS) 1)7464 
F O S ^ I L ^ 1.6804 
CO\'(l-";| "1T.276 

TAYLOR SEIRIES 

(NORMAL DISTRIBUTION) 
RELIABILITY INDEX 1.466 

RELIABILITY 0.929 92.86 % 
PROB. FAIL 0.071 7.14 % 

(LOGNORMAL DISTRIBUTION) 
l + [COV(F)j- 1.076 

RELIABILITY' INDEX 
' ~" RELIABILITY 

PROB. FAIL 

1.778 
0.962 

"0.03~8 
96.23 % 

3.77 % 



CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
BISHOP'S SIMPLIFIED M E T H O D (to account for soil nails) 

CALCULATIONS 
INPUTS CALCULATION 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Slice Slice Width Force in Nail Inclination Pore Pressure 

) (5)+(6)} /2 

Axi 01 r hi h2 T N a ui Soil Type c' <t>' 4' y hav 

(m) (deg) (m) (m) (m) (kN) (deg) ( k N / m 2 ) ( k N / m 2 ) (deg) ( k N / m 2 ) ( k N / m 3 ) (m) 

1 1.0095 49.8000 26.4400 1.2584 1 3.0000 19.6000 20.0000 0.6292 
2 1.5000 45.7500 26.4400 1.2584 1.7283 24.3554 12.0000 1 3.0000 19.6000 1 26.6600" 1.4934 
3 1.5000 41.2700 26.4400 1.7283 2.5565 14.5452 12.0000 1 3.0000 19.6000 20.0000 2.1424 
4 1.5000 37.0800 26.4400 2.5565 2.9411 33.1747 12.0000 1 .3.0000 19.6000 20.0000 2.7488 
5 1.5000 33.1000 26.4400 2.9411 3.1698 16.7590 12.0000 1 3.0000 19.6000 20.0000 3.0555 
6 1.5000 29.3000 26.4400 3.1698 3.2623 17.0307 12.0000 1 .3.0000 19.6000 20.0000 3.2161 
7 1.5000 25.6400 26.4400 3.2623 3.3000 17.1410 12.0000 1 3.0000 19.6000 20.0000 3.2812 
8 1.5000 22.16001 26.4400 3.3000 3.0915 17.2817 12.0000 1 3.0000 19.6000 26.6600 3.1958 
9 1.5000 18.6200 26.4400 3.0915 2.8470 16.6546 12.0000 1 3.0000 19.6000 20.0000 2.9693 
10 1.5000 15.2200 26.4400 2.8470 2.5052 14.5799 12.0000 1 .3.0000 19.6000 26.6600" 2.6761 
11 1.5000 11.8700 26.4400 2.5052 2.0707 1 3.0000 19.6000 20.0000 2.2880 
12 1.5000 8.5700 , 26.4400 2.0707 1.5469 12.3119 12.0000 1 3.0000 19.6000 20.0000 1.8088 
13 1.5000 5.3000 1 26.4400 1.5469 0.9359 1 3.0000 1 19.6000 20.0000 1.2414 
14 1.9439 1.5600 26.4400 0.9359 1 .3.0000 1976000 20.0000 0.4680 
15 
16 
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CALCULATION OF FACTOR OF SAFETY' OF A TRIAL 
BISHOP'S SIMPLIFIED M E T H O D (to account 

FAILURE SURFACE 
for soil nails) 

CALCULATIONS 
N-STAGE 1 CALCULATION 

15 16 17 19 20 21 22 23 24 25 26 27 28 

(2)*(14)*(13) 

wi 

(kN-per m width) 

(2)*(12) 

Qi 
(kN-per m width) 

tan fi (wi+Qi) sin 8i T N cos(a+6;) 

(18)-(19) 

c'Axi 

Ui= 

ui*Axi T N s ina (wi+Qi -uiAxi + T N s ina) (24)*tanct>' 

(21)+(25) 
T r i a d 

Mi(G) 

Trial 1 | 
(26)/(27) 

12.7035 0.3561 9.7029 9.7029 3.0285 12.7035 4.5235 7.5520 0.8122 9.2984 
44.8005 0.3561 32.0907 12.9964 19.0943 4.5000 5.0638 49.8643 17.7559 22.2559 0.8542 26.0560 
64.2720 0.3561 42.3943 8.6987 33.6956 4.5000 3.0241 67.2961 23.9631 28.4631 0.8956 31.7811 
82.4640 0.3561 49.7200 21.7296 27.9904 4.5000 6.8974 89.3614 31.8202 36.3202 0.9294 39.0788 
91.6635 0.3561 50.0576 11.8297 38.2279 4.5000 3.4844 95.1479 33.8806 38.3806 0.9569 40.1081 
96.4815 0.3561 47.2164 12.7946 34.4218 4.5000 3.5409 100.0224 35.6164 40.1164 0.9789 40.9812 
98.4345 0.3561 42.5941 13.5733 29.0208 4.5000 3.5638 101.9983 36.3200 40.8200 0.9960 40.9843 
95.8725 0.3561 36.1626 14.3001 21.8625 4.5000 3.5931 99.4656 35.4181 39.9181 1.0085 39.5827 
89.0775 0.3561 28.4416 14.3324 14.1092 4.5000 3.4627 92.5402 32.9521 37.4521 1.0174 36.8132 
80.2830 0.3561 21.0764 12.9653 8.1111 4.5000 .3.0313 83.3143 29.6669 34.1669 1.0222 33.4238 

68.6385 1 0.3561 14.1184 14.1184 4.5000 6*8.6*385 * 24.4411 28.9411 1.0235 28.2761 
54.2640 0.3561 8.0863 11.5269 -3.4406 4.5*66*0* 2.559*8 56.8238 20.2340 24.73401 1.0214 24.2167 
37.2420 0.3561 3*4401* 3.4401 4.5000 37.2420 13.2613 17.7613 , 1.0159 17.4835 
18.1930 0.3561 0.4953 0.4953 5.8317 18.1930 6.4782 12.3099 1.0056 12.2417 

1.0000 
1.0000 
1.0000 

250.8495 409.1915 420.3256 

FOS(im) 1.6312 | FOS(l) 1.6756 
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE. 
BISHOP'S SIMPLIFIED M E T H O D (to account for soil nails) 

CALCULATIONS 
P r o b a b i l i s t i c 

29 30 31 32 33 34 35 36 37 38 39 40 41 42 
Tria l 2 Tria l 2 Trial 3 Tria l 3 Tria l 4 Trial 4 P o r e P r e s s u r e S o i l 1 S o i l 2 

M i ( 9 ) 

( 2 6 ) / ( 2 9 ) 

M i ( 9 ) 

(26)/(31) 
M i ( 6 ) 

( 2 6 ) / ( 3 3 ) - ( 2 ) * ( 1 9 ) / ( 3 3 ) 

-Axi*tan<D7Mi(9) 

(2)/(33) 
A x i / M i ( 8 ) s e c 2 < D ' ( 2 4 ) * s c c 2 O 7 M i ( 0 ; A x i / M i ( 9 ) s e c 2 0 ' 4 ) * s e c 2 < D ' / M i ( Axi/Mi(G) 

0.8078 9.3492 0.8074 i 9.3540 0.8073 9.3545 -0.445261677 1.25044006 1.1267958 17.73073786 0 0 0 0 
0.8500 26.1830 0.8496 26T9"5i 0.8496 26.1962 -0.62869122 1.76557006 1.1267958 66.13455789 0 6 0 0 
0.8918 31.9170 0.8914 31.9299 0.8914 .31.9311 -0.59920639 1.68276704 1.1267958 85.06835196 0 0 0 0 
0.9259 39.2259 0 9256 39.2398 0.9256 39.2412 -0.577082319 1.62063543 1.1207958 108.7900817 0 0 0 0 
0.9538 40.2409 0.9535 40.2535 0.9534 40.2547 -0.560206575 1.57.324284 1.1267958 112.4472652 0 0 0 0 
0.9761 41.1000 0.9758 41.1112 0.9758 41.1123 -0.54738605 1.5.3723862 1.1267958 115.502791 0 0 0 0 
0.9935 41.0876 0.9933 41.0973 0.9932 41.0983 -0.537767456 1.51022647 1.1267958 115.7148369 I I 0 0 0 
1.0063 39.6685 1.0061 39.6766 1.0061 39.6774 -0.530905281 1.49095524 1.1267958 111.4015665 0 0 0 0 
1.0155 36.8801 1.0153 36.8864 1.0153 36.8870 -0.52606733 1.4773687 1.1267958 102.7006657 0 0 0 0 
1.0207 33.4735 1.0206 33.4782 1.0206 .33.4787 -0.52.3366851 1.46978487 1.1267958 91.98721645 0 0 0 0 
1.0*223 1 28.3090 1.0222 28.3121 1.0222 28.3124 -0.522523072 1.4674T526 1.1267958 75.66147054 0 0 0 0 
1.0205 I 24.2371 1.0204 24.2391 1.0204 24.2392 -0.523440835 1.46999264 1.1267958 62.74790646 0 6 0 0 
1.0154 17.4927 1.0153 17'.49~36 1.0153 17.4936 -0.52607741 1.47739701 1.1267958 41.33178598 0 0 0 0 
1.0054 i2.243~6 j 1.0054 12.2438 1.0054 12.2438 -0.688474971 1.93346234 1.1207958 20.38967886 0 0 0 0 
1.0000 1.0000 1.0000 0.0000 0 0 0 0 0 0 0 0 
1.0000 i.oYjob 1.0000 0.0000 0 0 0 0 0 6 0 0 
1.0000 1.0000 1.0000 0.0000 0 0 0 0 0 0 0 0 

421.4082 421.5107 421.5204 -7.74 21.73 1127.61 0.00 0.00 0.00 

FOS(2) 1.6799 FOS(3) 1.6803 FOS(4) 1.6804 dF/du dF/dc 
E(36)/E(20) 

dF/dcD' 
E(38)/Z(20) 

dF/dc 
Z(39)/Z(20) 

dF/d<P' 
E(41)/E(20) 

dF/dc 
S(42)/Z(20) E(35)/Z(20) 

dF/dc 
E(36)/E(20) 

dF/dcD' 
E(38)/Z(20) 

dF/dc 
Z(39)/Z(20) 

dF/d<P' 
E(41)/E(20) 

dF/dc 
S(42)/Z(20) 

FOS 1.6804 -0.03 0.09 4.50 0.00 0.00 0.00 
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
BISHOP'S SIMPLIFIED M E T H O D (to account for soil nails) 

CALCULATIONS 

43 44 45 46 47 48 49 50 
Soil 3 Soil 4 S o i l 5 

sec2<t>' 4)*scc 2 0 ' /Mi ( A x i / M i ( 9 ) scc2<D' 4)*secV/Mi< A x i / M i ( 8 ) scc<t>' (24)*scc z O'/Mi(0 

0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 6 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 6 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 6 
0 0 0 0 0 0 0 0 

6 0 0 0 0 0 6 0 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 bi 0 0 0 0 
0 0 0 0 0 0 0 0 

0.00 0.00 0.00 0.00 0.00 

dF/dO' 
E(44)/I(20) 

dF/dc 
Z(45)/Z(20) 

dF/dct>' 
Z(47)/Z(20) 

dF/dc 
Z(48)/Z(20) 

d F / d * ' 
Z(50)/Z(20) 

0.00 0.00 0.00 0.00 0.00 
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A n n e x 7 

S A M P L E S E T O F S P R E A D S H E E T S -

M O D E L B A S E D O N J A N B U ' S 

S I M P L I F I E D M E T H O D F O R S L O P E S 

S T A B I L I Z E D BY S O I L N A I L I N G 

{Data a p p l i c a b l e for E x a m p l e 6 (Fi leName: ACAD4)} 



CALCULATION O F FACTOR O F SAFETY O F A TRIAL FAILURE SURFAC 
JANBU'S SIMPLIFIED METHOD (to account for soil nails) 

Slice Slope Geometry Nail Data 

Slice Width N o . of Nai ls Diameter Depth from T o p 
Axi 6i hi h2 n d Le «y 
(m) (deg) (m) (m) (m) (m) N / m m A 2 (m) 

1 2.60 60.26 0.00 4.550 
2 2.040 16.780 4.550 5.640 
3 2.610 16.780 5.640 6.440 
4 2.750 16.780 6.440 7.270 
5 1.900 16.780 7.270 7.840 
6 2.000 16.780 7.840 7.750 
7 2.900 16.780 7.750 7.170 6 0.025 2.17 1 460 7.46 
8 2.900 16.780 7.170 6.600 4 0.025 3.16 1 460 6.885 
9 2.900 16.780 6.600 6.020 4 0.025 3.95 1 460 6.31 
10 2.900 16.780 6.020 5.440 4 0.025 4.78 1 460 5.73 
11 2.900 16.780 5.440 4.870 4 0.025 5.53 1 460 5.155 
12 3.200 16.780 4.870 3.850 2 0.025 6.13 1 460 4.36 
13 2.600 ' -12.020 3.850 2.000 
14 2.800 -12.020 2.000 o.ooo 
15 
16 

•T43] 
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CALCULATION O F FACTOR O F SAFETY O F A TRIAL FAILURE SURFACE 
JANBU'S SIMPLIFIED M E T H O D (to account for soil nails) 

Inclination 
a 

(deg) 

Pore Pressure 
ui 

( k N / m 2 ) 

Soil Type 

( k N / m 2 ) (deg) (kN-pcr m2) ( k N / m 3 ) 

8.83 1 
"2" 

28.50 
"abb"" 

20.00 
"iaob" 

36.86 
"3l".7l" 

18.84 
18.84 

'18.84" 34.34 
37.28" 

2 0.00 
o'.bo" 

10.00 
"iaob" 

26.84 
22.28 18.84 

"i8.84" 40.22 
"40.22" 

2 
"2" 

0.00 
"O.06" 

10.00 
"iaob" 

0.00 
"o'.bo" 18.84 

"18.84" 12 
"l2" 

40.22 
4'6.22" 

2 
"2" 

0.00 
'abb" 

10.00 
"i'abb" 

0.00 
abb" 18.84 

"18.84" 12 
"i'2" 

37.28 
!34'34" 

2 
"2" 

0.00 
o'.bo" 

10.00 

"ioioo" 
0.00 

"abb' 18.84 
"18.84" 12 

"i'2" 
31.39 

"31.39" 
2 

"2 
0.00 

"abb" 
10.00 

"iaob" 
0.00 

"abb" 
"abb" 

18.84 
"18.84" 
"i'8.84" 

22.56 
"8.83"" 

28.50 
"28.56" 

20.00 
"2'aob" 

|FOS(4) FOS(5) 
F T J S — 

TJJ9 
TT4 

It t h e r e is a s u r c h a r g e i n v o l v e d t o r a s t r u c t u r e w i t h a nail a r r a n g e m e n t 
t h e v a l u e o f Q a p p l i c a b l e s h o u l d b e m a m n t l v i n s e r t e d in t h e 
N a i l R c s i s t a n c c w o r k s h e e t . 

© D . CAMellancinda ACAD4-}AiA^i-l)-Sloj)c\\m-Nlulcd---Dckn>jiiiislic 
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CALCULATION OF PROBABILITY OF FAILURE OF A SELECTED FAILURE SURFACE 
JANBU'S SIMPLIFIED METHOD 

PROBABILISTICfFirst Order Second Moment) 
Direct Differentiation 

DATA INPUT 

Probabilistic COV Mean c'(kPa) dj)'(rad) 
Parameters c IV' c'(kPa) Mean a V Mean a V 

Soil 1 0.2 0.3 28.5 20 28.50 5.7000 32.4900 0.35 0.1047 0.0110 
Soil 2 . . _ ^ 0.2 0 10 0.00 0.0000 0.0000 0.17 " 0.0349 0.0012 
Soil 3 '" 6 0 0 0 "aoo" " 0.0000 0.0000 0.00 0.0000" 0.0000 
Soil 4 0 0 0 ' o" " 0.00 0.0000 0.0000 0.00 0.0000 0.0000 
Soil 5 0 " 0 "~ . . . . _ o _ _ _ 0 "0.00" 0.0000 0.0000 0.00 0.0000 0.0000 

V a r i a n c e 

|u (kPa) 42.381 

Xr (dF/dXr) ( 5 F / 5 X r ) ' * V ( X r ) 

cl 0.013 2E-U4 0.005 
c2 0.0307 9E-04 0 
c3 0 0 0 
c4 0 0 0 
c5 0 0 0 
t>l 0.6915 0.4/8 0.005 
*2 2.8913 8.36 0.01 
*"3 0 0 0 
<t>4 " 0 " 0 " 0 
<f>5-" " 0 o " 0 
u -0.0101 1E-04 0.004 

0.02.. 

F0 V(FOS) 
a(FOS) 
FOS(Mi 
CO\(I0 

• — 

0.0253 
0.1590 
"1.0867 
"0.1463 

TAYLOR SEIRIES 

fO 1.0450 
LL, V(FOS) "070276 

a"(FOS) 0.1661 
FOS(MLV) "1.1356 
COV(F) 0.1463 

= f(/*V(Fn) 

(NORIVLAL DISTRIBUTION) 
RELIABILITY INDEX 0.816 

RELIABILITY 0.793 "79.29 "% 

PROB. FAIL 07207 20.71 % 

(LOGNORMAL DISTRIBUTION) 
l + [COV(F)J- .021 

RELIABILITY INDEX 
"_ RELIABILITY 

PROB. FAIL 

0.801 
0.789 
0.211 

78.85 % 
21.15% 



CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
JANBU'S SIMPLIFIED M E T H O D (to account for soil nails) 

CALCULATIONS 

1 
INPUTS CALCULATION-STAGE 1 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Slice Slice Width 

Axi 

(m) 

6i 
(dcg) 

hi 

(m) 

h2 

(m) 

Force in Nail 

T N 

(kN) 

Inclination 

a 

(deg) 

Pore Pressure 

ui 

( k N / m 2 ) 

S d i I Type c' 

( k N / m 2 ) 
<t>' 

(dcg) 
q> 

(kN-per m 2 ) 
1 

(kN/m3) 

l ( 4 ) + ( 5 ) ) / 2 

hav 

(m) 

(2 )* (14)* (13) 

wi 

(kN-per m width) 

1 2.6000 60.2600 4.5500 8.8300 1 28.5000 20.0000 36.8600 18.8400 2.2750 111.4386 
2 2.0400 116.7800 4.5500 5.6400 31.3900 2 10.0000 31.7100 18.8400 5.0950 195.8192 
3 2.6100 16.7800 5.6400 6.4400 34.3400 2 10.0000 26.8400 18.8400 6.0400 297.0013 
4 2.7500 16.7800 6.4400 7.2700 37.2800 2 10.0000 22.2800 18.8400 6.8550 355.1576 
5 1.9000 16.7800 7.2700 7.8400 40.2200 2 10.0000 18.8400 7.5550 270.4388 
6 2.0000 16.7800 7.8400 7.7500 40.2200 2 10.0000 18.8400 1 7.7950* 293.7156 
7 2.9000 16.7800 7.7500 7.1700 72.5084 12.0000 40.2200 2 10.0000 18.8400 7.4600 407.5846 
8 2.9000 16.7800 7.1700 6.6000 67.1473 12.0000 40.2200 2 10.0000 18.8*466 ' 6.8850 376.1689 
9 2.9000 16.7800 6.6000 6.0200 79.8780 12.0000 37.2800 2 10.0000 18.8400 j 6.3100 344.7532 
10 2.9000 16.7800 6.0200 5.4400 91.7114 12.0000 34.3400 2 10.0000 18.8400 5.7300 313.0643 
11 2.9000 16.7866] 5.4400 4.8766 100.4227 12.6660 31.3900* 2 i 6.0600 18.8400 5.1550 281.6486 
12 3.2000 16.7800 4.8700 3.8500 51.3077 12.0000 31.3900 2 10.0000 18.8400 4.3600 262.8557 
13 2.6000 -12.0200 3.8500 2.0000 22.56*00* 1 28.5006 26.6600 18.8400 2.9250 143.2782 
14 2.8000 -12.026b1 2.0000 8.8300 1 28.5000 20.0000J 18.8400 1.0000 52.7520 
15 
16 

fO Ll.0450 



CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
JANBU'S SIMPLIFIED M E T H O D (to account for soil nails) 

CALCULATIONS 
CALCULATION 

16 17 18 19 20 21 22 23 24 25 26 27 28 29 

Qi 
(kN-per m width) 

tan fi (wi+Qi) tan 6i T N cos(a+G i ) /cos 9 

(18)-(19) 
e'Axi 

Ui= 

ui*Axi T N s ina (wi+Qi -uiAxi + T N sina) (24)*lani)>' 

(21)+(25) 
Trial 1 Trial 1 Trial 2 

Qi 
(kN-per m width) 

tan fi (wi+Qi) tan 6i T N cos(a+G i ) /cos 9 

(18)-(19) 
e'Axi 

Ui= 

ui*Axi T N s ina (wi+Qi -uiAxi + T N sina) (24)*lani)>' 

(21)+(25) 

ni(9) 

(26)/(27) 
ni(6) | 

95.8360 0.3640 362.8023 362.8023 74.1000 22.9580 184.3166 67.0858 141.1858 0.4377 322.5379 0.3961 
64.6884 0.1763 78.5527 78.5527 64.0356 196.4720 34.6433 34.6433 1 0.9762 35.4866 0.9633 
70.0524 0.1763 110.6803 110.6803 89.6274 277.4263 48.9177 48.9177 0.9762 1 50.1085 0.9633 
61.2700 0.1763 125.5683 125.5683 162.5260 313.9076 55.3504 55.3504 0.9762 1 56.6978 o".%33 

0.1763 81.5473 81.5473 76.4180 194.0208 34.2111 34.2111 0.9762 35.0439 0.9633 
0.1763 88.5661 88.5661 80.4400 21.3.2756 37.6062 37.6062 0.9762 38.5217 0.9633 
0.1763 122.9018 66.3782 56.5237 116.6380 15.0753 306.0219 53.9599 53.9599 0.9762 55.2735 0.9633 
0.1763 113.4288 61.4703 51.9585 116.6.380 13.9607 273.4916 48.2239 48.2239 0.9762 49.3979 0.9633 
6.1763 103.9558 73.1247 30.8311 108.1120 16.6076 253.2487 44.6546 44.6546 0.9762 45.7416 0.9633 
0.1763 94.4004 83.9576 10.4429 99.5860 19.0679 232.5461 41.0042 41.6642' 0.9762 42.0023 0.9633 
6.1763 84.9275 91.9324 -7.0049 91.0310 20.8790 211.4966 37.2926 37.2926 0.9762 38.2004 0.9633 
0.1763 79.2607 46.9698 32.2909 100.4480 10.6675 173.0751 30.5178 30.5178 0.9762 31.2607 0.9633 
0.3640 -30.5070 -30.5070 J 74.1000 58.6560 84.6222 30.8000 104.9000 0.8660 121.1317 0.8857 
0.3640 -11.2320 - ii 1.232(5 "i 79.8000 24.7240 28.0280 10.2014 90.0014 0.8660 103.9278 0.8857 

1.0000 1.0000 
1.0000 1.0000 
1.0000 1.0000 

981.0200 802.4688 ##### 1 

FOS(ini) 0.8180 FOS(l) 1.0452 FOS(2) 



CALCUI.ATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
JANBU'S SIMPLIFIED M E T H O D (to account for soil nails) 

CALCULATIONS 

CALULATIONS - STAGE 3 
30 31 32 33 34 35 36 37 38 39 40 41 42 43 

Tria l 2 T r i a l 3 Tria l 3 Tria l 4 Tria l 4 Tr ia l 5 Tria l S P o r e P r e s s u r e S o i l 1 S o i l 2 

( 2 6 ) / ( 2 9 ) 

n i ( 9 ) 

(26)/(31) 
n i ( 8 ) 

( 2 6 ) / ( 3 3 ) 

n i ( 8 ) 

( 2 6 ) / ( 3 5 ) - ( 2 ) * ( 1 7 ) / ( 3 5 ) 

-Axi*tan<I>7ni(6) 
(2)/(35) 

A x i / n i ( 0 ) s e e 2 * ' 

( 2 4 ) * ( 3 9 ) / ( 3 S ) 

( 2 4 ) * s e c 2 O ' / n i ( 0 

( 2 ) / ( 3 5 ) 

A x i / n i ( 9 ) s c c 2 < & ' 

( 2 4 ) * ( 4 2 ) / ( 3 5 ) 

( 2 4 ) * s e c 2 < D 7 n i ( 9 ; 

356.4607 0.3911 , 361.0160 0.3904 361.6139 0.3903 361.6922 -2.4243 6.6607 1.1325 534.7380 
35.9637 0.9617 3*6.621*8 0.9615 36.0294 0.9615 36.0.303 -0.3741 2.1217 1.0311 210.6913 
50.7822 0.9617 50.8642 0.9615 50.8749 0.9615 50.8763 -0.4786 2.7145 I 1.0311 297.5045 
57.4600 0.9617 57.5528 0.9615 57.5649 0.9615 57.5664 -0.504.3 2.8601 1.0311 33*6.626*1 
35.5150 0.9617 35.5724 0.9615 35.5798 0.9615 35.5808 -0.3484 1.9761 1.0311 208.0627 
39.0396 0.9617 39.1026 0.9615 39.1108 0.9615 39.1119 -0.3668 2.0801 1.0311 228.7110 
56.0166 0.9617 56.1071 0.9615 56.1188 0.9615 56.1203 -0.5318 3.0161 1.0311 328.1697 
56.0620 0.9617 50.1428 0.9615 50.1533 0.9615 50.1547 -0.5318 3.0161 1.0311 293.2850 
46.35*66 0.9617 46.4315 0.9615 46.4412 0.9615 46.4424 -0.5318 3.0161 1.0311 271.5772 
42.5670 0.9617 42.6358 0.9615 42.6447 0.9615 42.6459 -0.5318 3.0161 1.0311 249.3763 
38.7139 0.9617 38.7765 0.9615 38.7846 0.9615 38.7857 -0.5.318 3.0161 1.0311 226.8033 
31.6810 6.96*17* 31.7322 0.9615 31.7388 0.9615 31.7397 -0.5868 3.3281 1.0311 185.6012 
118.4375 6.88*81 118.1224 0.8884 118.0817 0.8884 118.0764 -1.0652 2.9266 1.1325 107.8699 
101.6162 0.8881 101.345*8 0.8884* 101.3*1*09* 6.88*84* 101.3064 -1.1471 3.1517 1*.13*25 .35.7280 

1.0000 1.6*000 i. 66'od " 
1.0000 1.0000 1.0000 
1.0000 1.0000 1.0000 

1060.6721 1065.4239 1066.0477 1066.1293 -9.9548 12.7390 678.3359 30.1611 2836.4083 

1.0812 FOS(3) 1.0860 FOS(4) 1.0867 FOS(5) 1.0868 dFO/du dFO/dcl dF0/d<(>l dF0/dc2 dF0/d<j>2 

F0 1.0867 E(37)/E(20) E(38)/E(20) E(40)/E(20) E(41)/E(20) S(43)/E(20) 

FOS 1.1356 -0.0101 0.0130 0.6915 0.0307 2.8913 



CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE 
JANBU'S SIMPLIFIED M E T H O D (to account for soil nails) 

CALCULATIONS 

44 45 46 47 48 49 50 51 52 
Soil 3 Soil 4 Soil 5 

( 2 ) / ( 3 5 ) 

Axi/ni(9) sec2d>' 
2 4 ) * ( 4 5 ) / ( 3 5 
.4)*sec2<D'/ni( 

( 2 ) / ( 3 5 ) 

Axi/ni(9) sec2<I>' 
[24 )* (48 ) / (35 

t4)*scc2<t)'/ni( 
( 2 ) / ( 3 5 ) 

Axi/ni(9) s c c V 
( 2 4 ) * ( 5 1 ) / ( 3 5 ) 

(24)*scc2<I>7ni(e) 

dF0/dc3 
2(44)/Z(20) 

dF0/d<j>3 
S(46)/Z(20) 

dF0/dc4 
I(47)/S(20) 

dF0/d<|>4 
E(49)/I(20) 

dF0/dc5 
Z(50)/S(20) 

dF0/d())5 
S(52)/Z(20) 

0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 



V 

C A L C U L A T I O N O F F A C T O R Oh" S A F E T Y O F A T R I A L F A I L U R E . S U R F A C E CAJ 
JANBU'S SIMPLIFIED M E T H O D ( t o a c c o u n t for soil nails) 

CALCULA TION OF NAIL FORCE 

Nail Data 

(kN /m2) 
4> 

(dcfO 

M . m t i . i l ' 

Qi 
(kN-per in width) 

Y 
(kN/m3) 

ko crv = (q+yz) 
k N / m A 2 

No.of Nails 
n 

Diameter 

d 

(m) 
Lc 

(m) 

fb fy 
N / m m A 2 

Depth from Top 

7. 

(>») 

Inclination 

a 
(«!«••(•) (kN /m2) 

4> 
(dcfO 

M . m t i . i l ' 

Qi 
(kN-per in width) 

Y 
(kN/m3) 

ko crv = (q+yz) 
k N / m A 2 

1 28.50 20.00 18.84 0.6580 
2 10.00 18.84 0.8264 
3 10.00 18.84 0.8264 
4 10.00 18.84 0.8264 
5 10.00 18.84 0.8264 
6 10.00 18.84 0.8264 
7 6 0.025 2.17 1 460 7.46 12 28.50 20.00 18.84 0.6580 140.55 
8 4 0.025 3.16 1 460 6.885 12 28.50 20.00 18.84 0.6580 129.71 
9 4 0.025 3.95 1 460 6.31 12 28.50 20.00 18.84 0.6580 118.88 

10 4 0.025 4.78 1 460 5.73 12 28.50 20.00 18.84 0.6580 107.95 
11 4 6.025 5.53 1 460 5.155 12 28.50 20.66 18.84 0.6580 97.12 
12 2 0.025 6.13 1 460 4.36 12 28.50 20.00 18.84 0.6580 82.14 
13 28.50 20.00 18.84 0.6580 
14 28.50 20.00 18.84 0.6580 
15 1.0000 
16 1.0000 

1.0000 
M . m u . i l M . m t i . i l 



L C U L A T I O N O F F A C T O R O F S A F E T Y O F A T R I A L F A I L U R E S U R F A C E 

JANBU'S SIMPLIFIED METHOD (to account for soil nails) 

CALCULATION OF NAIL FORCE 

aH 
kN/m A 2 

a = 0.5 *(ov+aH) 
kN/m A 2 

area 
m A 2 

Nail Capacity 

aH 
kN/m A 2 

a = 0.5 *(ov+aH) 
kN/m A 2 

area 
m A 2 

Pullout 
kN 

Strength 
kN 

Capacity 
kN 

92.48 116.51 0.0004909 72.508 1354.812 72.508 
85.35 107.53 0.0004909 67.147 903.208 67.147 
78.22 98.55 0.0004909 79.878 903.208 79.8'78 
71.03 89.49 0.0004909 91.711 903.208 91.711 
63.90 80.51 j 0.0004909 100.423 903.208 100.423 
54.05 68.10 0.0004909 51.308 451.604 51.308 



A n n e x 8 

A D D I T I O N A L D E T A I L S O F T H E 

S T A B I L I Z E D W A T A W A L A L A N D S L I D E 

C o - o c l r . y W t a t * e r t < l Rack J M o d » f « t » l y W a » ^ 

- K na>l Tract" *^*" 

PieZOTUSt r tC ;;*•< 
C O f H O m 

F i g u r e A 8 . 1 : Subsur face Profi le o f t h e Watawala S l o p e (Rajaratnam 

a n d B h a n d a r i , 1 9 9 4 ) 
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Figure A 8 . 2 : L o c a t i o n o f I n s t r u m e n t s a t Watawala Lands l ide 

(Rajaratnam a n d B h a n d a r i , 1 9 9 4 ) 

haw M I i I I .11 * 

Dl»unue ? * fjnrtt f ? « tlW iUlltay line I'AufUSt 1*92) 
Figure A 8 . 3 : I d e n t i f i e d Fai lure S u r f a c e s a t Watawala Landsl ide 

(Rajaratnam a n d B h a n d a r i , 1 9 9 4 ) 
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Figure A 8 . 4 : Plan V i e w o f t h e D i r e c t i o n a l D r a i n s 

(Rehab i l i ta t ed Watawala Lands l ide ) 

F igure A 8 . 5 : P lan View o f t h e I n s t a l l a t i o n s o f E d u c t o r Drains 

(Rehab i l i t a t ed W a t a w a l a Lands l ide ) 
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