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S Y N O P S IS  : S e v e r a l a u th o r s  h a v e  r e c o m m e n d e d  c o r r e c t io n  fa c to r s  s h o u ld  be  a p p lie d  to  v a n e  s h e a r  s t r e n g th s  to  a llo w  fo r  o v e r e s t im a t io n  o f  the  u n d r a in e d  s t r e n g ths  

o f  s o ft  c la y  b y  th e  v a n e  s h e a r . A  s y s t e m a t ic  r e v ie w  o f  c a s e  h is to r ie s  o f  e m b a n k m e n t s  o n  s o ft  c la y  s h o w s  t h a t  m u c h  o f  th is  c o r r e c t io n  c a n  b e  e x p la in e d  b y  

o v e r e s t im a t io n  o f  the  s t r e n g th  o f  the  w e a t h e r e d  c r u s t  b y  th e  va ne . Ca s e s  r e q u ir in g  la r g e r  c o r r e c t io n s  to  th e  v a n e  s h e a r  s t r e n g th  c a n  g e n e r a lly  be  e x p la in e d  in  te r m s  o f  

f is s u r in g  o f  the  c la y ,  s ta g e d  c o n s t r u c t io n  a n d  us e  o f  d a t a  fr o m  c u t  s lo p e / r iv e r  b a n k s . It  is  s h o w n  t h a t  th e  o v e r c o n s o lid a t io n  r a t io  a n d  liq u id it y  in d e x  c a n  be  u s e d  a s  a 

g u id e  as  to  w h e t h e r  th e  s o ils  a r e  fis s u r e d  a n d  th e  v a n e  w ill  o v e r e s t im a te  s t r e n g th . T h is  us e s  h ig h e r  fa c t o r s  o f  s a fe ty  fo r  h ig h  p la s t ic it y  in d e x  s o ils  th a n  fo r  lo w e r  

p la s t ic it y  s o ils . T h e  "c o r r e c t io n s " r e q u ir e d  a r e  le s s  t h a n  r e q u ir e d  fo r  th e  B je r r u m  m e t h o d . A  r e c o m m e n d e d  p r o c e d u r e  is  g iv e n  fo r  de s ig n  o f  e m b a n k m e n t s  o n  s o ft  

c la y  fo u n d a t io n s .

IN T R O D U C T IO N

T h e  d e s ig n  o f  e m b a n k m e n t s  c o n s t r u c t e d  o n  a  s o f t  c la y  fo u n d a t io n  (h e r e  

d e f in e d  a s  a n  u n d r a in e d  s h e a r  s t r e n g th  le s s  t h a n  5 0  k P a , u s u a lly  le s s  t h a n  2 0  

k P a )  c o n t in u e s  t o  in v o lv e  a  d e g r e e  o f  u n c e r t a in t y  . T h is  is  d e m o n s t r a t e d  b y  

t h e  c o n t in u in g  o c c u r r e n c e  o f  fa ilu r e s ,  a n d  b y  the  w id e  r a n g e  o f  p r e d ic t e d  

fa ilu r e  h e ig h t s  fo r  th e  M u a r  te s t  e m b a n k m e n t  in  M a la y s ia  (B r a n d , 1 9 9 1 , B r a n d  
a n d  P r e m c h it t ,  1 9 8 9 ).

A  n u m b e r  o f  a u t h o r s  h a v e  p r e s e n t e d  m e t h o d s  fo r  d e s ig n  o f  s u c h  

e m b a n k m e n t s ,  o f t e n  c o n c e n t r a t in g  o n  c o r r e c t io n s  r e q u ir e d  t o  f ie ld  v a n e  

s t r e n g t h s  ( S u v ).  t o  a llo w  s a fe  d e s ig n s .  T h e s e  h a v e  in c lu d e d  B je r r u m  

(1 9 7 2 ,7 3 ) ;  A z z o u z ,  B a lig h  a n d  L a d d  (1 9 8 3 );  La r s s o n  (1 9 8 0 ) ,  T a v e n a s  a n d  

L e r o u e il (1 9 8 0 );  T r a k , L a  R o c h e lle ,  T a v e n a s , L e r o u e il a n d  R o y  (1 9 8 0 );  a n d  
A a s ,  La c a s s e , L u n n e  a n d  H o e g  (1 9 8 6 ) .  T h e  n e e d  fo r  t h e  c o r r e c t io n  fa c t o r  | j. 

(S u  =  | iSuv) h a s  b e e n  e x p la in e d  in  te r m s  o f  the  r a te  o f  a p p lic a t io n  o f  s h e a r in g , 

a n is o t r o p y  a n d  p r o g r e s s iv e  fa ilu r e  (B je r r u m , 1 9 7 2 , 7 3 ).

O t h e r s  h a v e  r e c o m m e n d e d  t h e  u s e  o f  la b o r a t o r y  t e s t in g  to  d e t e r m in e  the  
s t r e n g th  o f  th e  c la y , e g . u s in g  th e  S H A N S E P  m e t h o d  ( L a d d  a n d  F o o t t ,  1 9 7 4 , 

L a d d  c t  a l,  1 9 7 7 , L a d d ,  1 9 9 1 ) o r  r e c o m p r e s s io n  m e t h o d  (B je r r u m ,  1 9 7 3 , 

J a m io lk o w s k i e t  a l,  1 9 8 5 ).

W h ile  th e  la b o r a t o r y  ba s e d  m e t h o d s  h a v e  the  a d v a n t a g e  o f  b e in g  m o r e  c o r r e c t  

t h e o r e t ic a lly  a n d  a r e  a p p a r e n t ly  m o r e  r e lia b le ,  t h e y  r e ly  o n  r e la t iv e ly  

s o p h is t ic a te d  a n d  e x p e n s iv e  te s t in g  te c h n iq u e s .

O n  m a n y  p r o je c ts  th e r e  r e m a in s  a  p la c e  fo r  in - s itu  te s t in g  m e t h o d s  s u c h  as  the  

f ie ld  v a n e ,  b e c a u s e  o f  b o t h  th e  s im p lic it y  a n d  r e la t iv e ly  s m a ll c o s t  o f  the  

m e t h o d .

W h e n  o n e  a t t e m p ts  t o  a p p ly  th e  m e t h o d s  p r o p o s e d  b y  B je r r u m , A z z o u z  e t  a l 

(1 9 8 3 )  A a s  e t  a l ( 1 9 8 6 ) ,  e tc  (a n d  fo r  t h a t  m a t t e r  t h e  la b o r a t o r y  b a s e d  

m e t h o d s ) ,  o n e  is  le f t  w it h  s o m e  u n c e r t a in t y  as  to  w h a t  s h o u ld  b e  d o n e  in  

r e s pe c t  o f:

• a llo w a n c e  fo r  the  s c a t te r  in  v a n e  s t r e n g ths  o n  a n y  s ite

• a llo w a n c e  fo r  the  s t r e n g t h  o f  th e  e m b a n k m e n t

• th e  s t r e n g th  o f  th e  "w e a t h e r e d " u p p e r  c r us t  o f  the  fo u n d a t io n  s o il.

W h e n  o n e  r e a ds  the s e  p a p e r s , a n d  the  p a p e r s  o n  w h ic h  th e y  w e r e  b a s e d , it  is  

a p p a r e n t  tha t

• m o s t  o f  th e  p a p e r s  o n  w h ic h  B je r r u m  (1 9 7 2 ,7 3 )  is  b a s e d  u s e d  "a v e r a g e " 

v a n e  s t r e n g th s , in c lu d in g  the  a v e r a g e  v a n e  s t r e n g th  in  the  w e a th e r e d  c r us t . 

B je r r u m  a s s u m e d  s o m e  e m b a n k m e n t s  w e r e  c r a c k e d , o th e r s  w e r e  n o t , a n d  

r e c o m m e n d e d  t h a t  w h e r e  c r a c k in g  m a y  o c c u r ,  t h is  be  a llo w e d  fo r  in  

d e s ig n . A s  c a n  be  s e e n  in  T a b le  1 B je r r u m  a c c e p te d  s o m e  fa c to r s  o f

s a fe t y  f r o m  t h e  a u t h o r s '  p a p e r s  o n  w h ic h  h is  w o r k  w a s  b a s e d , b u t  o n  

o th e r s  r e c a lc u la te d  th e  fa c t o r  o f  s a fe ty , u s u a lly  a r r iv in g  a t  a  h ig h e r  fa c t o r  o f  

s a fe t y ,  im p ly in g  a n  a s s u m p t io n  o f  h ig h e r  s t r e n g t h s  ( p r o b a b ly  in  th e  

w e a th e r e d  c r u s t ))  t h a n  the  o r ig in a l a u th o r s . B je r r u m  r e c o m m e n d e d  t h a t  a 

fa c t o r  o f  s a fe ty  o f  1 .3 g e n e r a lly  be  a d o p te d

• A z z o u z  e t  a l (1 9 8 3 ) h a d  s o m e  ca s e s  in  c o m m o n  w it h  B je r r u m  a n d  w it h  o n e  

e x c e p t io n ,  u s e d  t h e  s a m e  fa c t o r s  o f  s a fe t y ,  a g a in  im p ly in g  t h a t  t h e y  

g e n e r a lly  a s s u m e d  t h e  a v e r a g e  v a n e  s t r e n g t h  in  t h e  w e a t h e r e d  c r u s t . 

H o w e v e r ,  in  c a s e  18 , th e  o r ig in a l a u t h o r  h a d  a s s u m e d  s o m e  r e d u c t io n  in  

t h e  c r u s t  s t r e n g th  to  a llo w  fo r  c r a c k in g  a n d / o r  fis s u r in g ,  a n d  A z z o u z  e t a l 

u s e d  t h a t  f a c t o r  o f  s a fe t y .  A z z o u z  e t a l r e c o m m e n d e d  t h a t  t h e  3 

d im e n s io n a l s h a p e  o f  th e  fa ilu r e  s u r fa c e s  b e  a c c o u n t e d  fo r , r e s u lt in g  in  

s m a lle r  v a lu e s  o f  |0.
• A a s  e t  a l (1 9 8 6 ) d o  n o t  m a k e  it  c le a r  w h a t  a s s u m p t io n s  th e y  m a d e .

K n o w in g  t h a t  th e s e  a s s u m p t io n s  c a n  m a k e  a  s ig n if ic a n t  d if fe r e n c e  t o  th e  

c a lc u la t e d  fa c t o r  o f  s a fe ty , a n d  t h a t  s o m e  a u t h o r s , e g . T a v e n a s  a n d  L e r o u e il 

(1 9 8 0 )  a n d  L e fe b v r e  e t  a l (1 9 8 7 ),  q u e s t io n e d  the  u s e  o f  v a n e  s h e a r  s t r e n g th  in  

the  w e a th e r e d  c r u s t .  T h e  a u th o r s  h a v e  s e t  o u t  to  r e a n a ly s e  th e  c a s e  h is to r ie s  in  

a  s y s t e m a t ic  w a y  w it h  c o n s is t e n t  a s s u m p t io n s ,  t o  s e e  w h e t h e r  it  w a s  p o s s ib le  

to  r e m o v e  s o m e  o f  th e  u n c e r t a in t y  in  p r e d ic t io n  o f  fa c t o r  o f  s a fe t y . T h e  

a s s u m p t io n s  a r e  c le a r ly  s e t  o u t ,  s o  th a t  p o t e n t ia l us e r s  a r e  n o t  le ft  t o  m a k e  th e ir  

o w n  a s s u m p t io n s  a n d  p o s s ib ly  d e v e lo p  o v e r  o r  u n d e r  c o n s e r v a t iv e  d e s ig n s . 

T h is  w o r k  fo llo w s  o n  s o m e  e a r lie r  a s s e s s m e n t  o f  t h e  p r o b le m  b y  B u m ,  

C e m a n e c  a n d  Ja c k s o n  (1 9 8 8 )  u n d e r  th e  s u p e r v is io n  o f  th e  s e c o n d  a u th o r .

M E T H O D  O F  S T AB ILIT Y AN ALYS IS

A ll  c a s e  h is t o r ie s  w e r e  a n a ly s e d  u s in g  th e  c r o s s  s e c t io n s  s h o w n  in  th e  

r e fe r e n c e d  p a p e r s . T h e  e m b a n k m e n t  h e ig h t  w a s  ta k e n  as  th e  h e ig h t  a b o v e  

o r ig in a l g r o u n d  s u r fa c e , w it h  n o  a llo w a n c e  fo r  th e  s e t t le m e n t  o f  th e  g r o u n d  
s u r fa c e  d u r in g  c o n s t r u c t io n .

A n a ly s is  w a s  b y  th e  B is h o p  s im p lif ie d  m e t h o d , e x c e p t  fo r  c as e s  10 , 2 3  a n d  2 7  

w h e r e  th e  c r it ic a l fa ilu r e  s u r fa c e  w a s  n o n  c ir c u la r  a n d  M o r g e n s t e m  a n d  P r ic e  

a n a ly s is  w a s  a d o p t e d .

F o r  e a c h  c a s e , fo u r  c o m b in a t io n s  o f  e m b a n k m e n t  a n d  fo u n d a t io n  s t r e n g th s  

w e r e  a n a ly s e d :

F a c t o r  o f  S a fe t y  F o u n d a t io n  S t r e n g t h  E m b a n k m e n t  S t r e n g th

F i Me dian F u ll

f 2 M in im u m F u ll
f 3 Me dian Cracke d

f 4 M in im u m Cracke d
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T able  1. Factors  o f safety for  case s tudies .

N u m b e r

Au t h o r

F a c t o r s  o f  S a fe ty  

B je n u m A z z o u z F i f 2 F j f 4

Da ta

Qu a lity
S it e  a n d  Re fe r e n c e

i 1 .6 0 1 .6 5 (3 ) 1 .6 5 (5 ) 1 .8 8 1 .7 9 2 .0 4 1 .8 9 F - P (4 ) S c o t t s da le ; P a r r y  a n d  M c L e o d  1965

2 1 .4 6 1 .4 6 (3 ) 1 .4 6 (5 ) 1 .2 7 1.22 1 .0 5 1.01 G B a n g k o k  A ) ; E id e  a n d  H o lm b e r g

3 1 .61 1 .6 1 (3 ) 1 .61 (5 ) 1 .4 0 1 .3 6 1 .4 5 1 .4 0 G B a n g k o k  B ) ; 1 9 7 2

4 1 .3 0 1 .5 2 (1 X3 ) 1 .5 2 (5 ) 1 .2 5 1 .2 5 1 .1 4 1 .1 4 F - P (4 ) S c r a p s g a t e ;  G o ld e r  a n d  P a lm e r  1 955

5 1 .5 0 1 .3 8 (1 )(3 ) (5 ) 1 .0 9 1 .0 7 1 .00 0 .9 7 P - F La ne s te r , P ilo t  1 9 7 2

6 1 .3 8 1 .3 8 1 .5 3 1 .5 0 1 .5 0 1 .4 8 P - F (4 ) S a in t  An d r e ;  P ilo t  1 9 7 2

7 1 .6 0 1 .5 3 (1 ) 1 .5 3 (5 ) 1 .4 4 1.12 1 .4 2 1 .15 G M a t a g a m i;  Da s c a l e t  a l 1972

8 1 .1 7 1 .1 7 N o t  us e d  - b e a r in g  c a p a c ity  fa ilu r e P o m ic ;  P ilo t  1 972

9 0 .9 7 - 0 .8 7 1 .0 5 (1 X3 ) 1.11 0 .8 3 1 .2 3 0 .9 6 G N e w  Lis k e a r d ;  L o  a n d  S t e r m a c  1965

1 .1 6 1 .1 6 N e w  Lis k e a r d ;  La c a s s e  e t  a l 1 9 7 7

10 1 .0 0 1 .0 2 - 1 .3 8 (3 ) (5 ) 1 .0 4 1 .0 4 1 .3 0 1 .3 0 G K in g s  L y n n ;  W ilk e s  1 972
11 1 .3 0 1 .3 0 N o t  us e d  - da ta  to o  im p r e c is e P a la v a s ;  P ilo t  1 9 72

12 0 .9 6 0 .9 9 0 .9 2 0 .8 6 0 .9 0 0 .8 4 P - F N a r b o n n e ; ilo t  1 9 7 2

13 0 .8 8 0 .8 6 - 0 .9 2 0 .9 1 0 .8 2 0 .7 3 0 .8 5 0 .7 6 G P o r t s m o u t h ;  L a d d  1 9 72

14 0 .9 6 0 .9 9 0 .9 9 (5 ) 0 .9 6 0 .9 6 1 .1 4 1 .1 4 F- P F a ir  H a v e n ;  H a u p t  a n d  O ls e n  1 972

15 1 .9 2 1 .9 2 2 .0 3 / 1 .9 7 / 2 .0 9 / 2 .0 2 / G M a n e ;  L a d d  e t  a l 1969

1.66 1 .6 3 1 .6 5 1 .61

16 0 .8 7 0 .8 7 N o t  us e d  - n o  v a n e  te s t da ta T je m s m y r , F la a t e  a n d  P r e b e r  19 77

17 0 .8 9 0 .8 9 N o t  us e d  - n o  v a n e  te s t  da ta F a lk e n s te in ;  F la a t e  a n d  P r e b e r  1 977

18 0 .8 3 0 .8 3 0 .9 3 0 .8 4 0 .9 7 0 .9 3 F- P P r e s te r o d ; F la a t e  a n d  P r e b e r  1 977

19 0 .8 0 0 .8 0 N o t  us e d  - lim ite d  va ne  te s t  da ta As ; F la a t e  a n d  P r e b e r  1977

20 0 .8 8 0 .8 8 N o t  us e d  - n o  v a n e  te s t da ta Ne s s e t t ; F la a t e  a n d  P r e b e r  1 9 77

21 1.10 1.10 1 .4 7 1 .3 0 1 .4 7 1 .3 5 F - P Ja r ls b e r g ;  F la a t e  a n d  P r e b e r  1 97 7

22 0 .9 2 1 .3 9 1 .28 1 .4 0 1 .2 9 F - P A u lie v a ;  F la a t e  a n d  P r e b e r  19 77

23 0 .7 3 (5) 1 .11 1 .0 6 1.11 1 .0 6 P - F S k je g g e r o d ;  F la a t e  a n d  P r e b e r  1 9 77

24 0 .8 9 Da ta  n o t  a v a ila b le L a d d  e t  a l 1 975

25 1 .2 0 (2 ) 1.20 1 .1 5 1 .0 3 1 .1 5 0 .9 6 G S a in t  A lb a n ;  L a  R o c h e lle  e t  a l 1 974

2 6 1 .1 7 1 .1 9 (5) 1 .1 5 / 0 .9 0 / 1 .1 9 / 0 .9 8 G Ja m e s  B a y ;  D a s c a l a n d  T o u m ie r  1975

0 .9 1 0 .9 2 0 .9 2

2 7 1 .4 0 1 .0 5 1 .0 3 1 .6 2 1 .5 9 G- F R iv e r  T h a m e s ;  M a in la n d  19 77

28 N o t  s ta te d (5) 1 .0 2 0 .9 4 0 .9 1 0 .8 5 G R io  de  Ja n e ir o ;  Ra m a lh o - O r t ig a t o  e t  a l 19 83

2 9 N o t  s ta te d 2 .0 3 / 1.66 2 .5 3 / 2 .4 1 / G E d m o n t o n ;  C r o o k s  e t  a l 1 98 5

1 .5 8 1 .5 4 1 .8 7 1 .8 0

3 0 N o t  s ta te d (5) 1 .0 0 0 .8 5 0 .9 7 0 .8 0 G M u a r ,  B r a n d  1 992

N o te s : (1 ) Re c a lc u la t e d  b y  B je n u m .  (4 ) A ffe c t e d  b y  s ta g e d  c o n s t r u c t io n .

(2 ) F o r  fu ll c r u s t  a n d  f il l  s t r e n g t h . (5 ) E m b a n k m e n t  a s s u m e d  c r a c k e d  b y  p r e s e n t  a u th o r s .
(3 ) E m b a n k m e n t  a s s u m e d  c r a c k e d  b y  B je n u m .

T h e  r e s ult s  o f  th e  a n a ly s is  a r e  g iv e n  in  T a b le  1.

F ig u r e  1 (a ) s h o w s  th e  m e d ia n  a n d  m in im u m  s t r e n g th s . It  s h o u ld  b e  no t e d  th a t  

b e lo w  th e  w e a t h e r e d  c r u s t ,  m e d ia n  a n d  m in im u m  s t r e n g th s  a r e  th e  s a m e . F o r  

c a s e s  1 5 ,2 6  a n d  2 9  lo w e r  q u a r t ile  v a lu e s  h a v e  a ls o  be e n  u s e d  fo r  c a lc u la t io n . 
T h is  is  d is c u s s e d  fu r t h e r  b e lo w .

F o r  "c r a c k e d " e m b a n k m e n t  s t r e n g th , th e  c r a c k  w a s  a s s u m e d  t o  p e n e t r a te  the  

fu ll  d e p t h  o f  t h e  e m b a n k m e n t  r e g a r d le s s  o f  w h e t h e r  t h is  is  r e a s o n a b le . T h e  

p r e s e n t  a u th o r s  a s s e s s m e n t  o f  w h e t h e r  c r a c k in g  w a s  lik e ly  is  a ls o  s h o w n .

T h e  a n a ly s is  c o r r e c t ly  m o d e lle d  th e  c r a c k . It  s h o u ld  b e  n o t e d  t h a t  th e  

s im p lif ie d  a p p r o a c h  o f  a d o p t io n  o f  c ' = 0 ,<t>'=0  fo r  t h e  f i l l  s ig n if ic a n t ly  

u n d e r e s t im a t e s  th e  fa c t o r  o f  s a fe ty  in  m o s t  c a s e s  b e c a u s e  th e  c r it ic a l c ir c le s  

p a s s  t h r o u g h  the  f ill a t  a  s te e p  a n g le  b u t  no t  ve r t ic a l.

S E L E C T I O N  O F  F O U N D A T I O N  S T R E N G T H

A ll  a n a ly s e s  w e r e  ba s e d  o n ly  o n  th e  v a n e  s h e a r  s t r e n g th  te s t r e s u lt s  p r e s e n te d  

in  th e  p a p e r s . L a b o r a t o r y  te s t  r e s u lt s  w e r e  n o t  u s e d  a lt h o u g h  in  p r a c t ic e  o n e  

s h o u ld  p r e fe r a b ly  u s e  a  c o m b in a t io n  o f  v a n e  s h e a r  t e s t in g , la b o r a t o r y  te s t in g  

a n d  c o r r e la t io n  w it h  k n o w n  r e la t io n s h ip s , e g :

( S u / O v 0 ) NC =  0 .2 3  ± 0 .0 4

a n d  ( S u / a TO) =  ( S u / a J  O C R 0 8
O C  N C

( J a m io lk o w s k i e t  a l,  1 9 8 5 ) o r  s im ila r  r e la t io n s h ip s  (e g .  L a d d ,  1 9 9 1 ) to  
d e t e r m in e  th e  u n d r a in e d  s h e a r  s t r e ng th .

T o  a llo w  fo r  th e  n a t u r a l s c a t t e r  in  v a n e  te s t da ta , the  m e d ia n  s t r e n g th  w a s  us e d  

in  t h e  c la y  b e lo w  t h e  w e a t h e r e d  c r u s t ,  ie .  a ft e r  d is c a r d in g  a b n o r m a lly  h ig h  

v a lu e ,  (p r o b a b ly  a ffe c t e d  b y  s h e lls  o r  r o o ts  in  th e  c la y ) ,  o r  a b n o r m a lly  lo w

v a lu e s  (p r o b a b ly  d u e  t o  d is t u r b a n c e  o n  in s e r t io n  o f  t h e  v a n e ) .  T h e  s t r e n g t h  

p r o f ile  w it h  h a l f  th e  v a lu e s  a b o v e , a n d  h a l f  b e lo w  w a s  a d o p t e d .  T h is  is  

c o n s id e r e d  p r e fe r a b le  to  th e  a v e r a g e  v a lu e s  a s  it  p la c e s  le s s  w e ig h t  o n  va lu e s  

a t  t h e  u p p e r  a n d  lo w e r  e x t r e m e s  o f  t h e  te s t  d a t a .  F ig u r e  1 (a )  s h o w s  a n  

e x a m p le .  F o r  c a s e s  15 , 2 6  a n d  2 9  a  s e c o n d  s t r e n g th  p r o file  w a s  a n a ly s e d  —  

t h e  "lo w e r  q u a r t ile " w it h  o n e  q u a r t e r  o f  t h e  r e s u lt s  le s s  t h a n  t h e  a d o p t e d  

s t r e n g t h ,  th r e e - q u a r te r s  a b o v e . T h e s e  c a s e s  h a d  a n  e x t r a o r d in a r ily  w id e  

s c a t t e r  o f  te s t  r e s u lt s  s im ila r  t o  t h a t  s h o w n  in  F ig u r e  1 (b ) .  P o s s ib le  

e x p la n a t io n s  o f  the s e  ca s e s  are :

C a s e  15 —  th e r e  w e r e  m a n y  b r o k e n  s h e lls , o r g a n ic  m a t t e r , w o o d  c h ip s  a n d  
s a n d  le n s e s  in  the  c la y .

C a s e  2 6  —  t h e  c la y  w a s  o b s e r v e d  t o  h a v e  n u m e r o u s  v e r t ic a l f is s u r e s  o n  

e x p o s e d  s lo p e s  a n d  the r e  w e r e  la r g e  q u a n t it ie s  o f  s h e lls  a n d  tr a c e s  o f  r e c e n t  
p la n t s .

Ca s e  2 9  —  fis s u r in g , c o n s is t in g  o f  n u m e r o u s  s r a n d o m ly  o r ie n t e d  lic k e n s id e d  

s u r fa c e s , w e r e  o b s e r v e d  t h r o u g h o u t  th e  c la y  (n o t e  a ls o  t h a t  th e  l iq u id it y  

in d e x  o f  th e  u n w e a t h e r e d  c la y  is  m u c h  lo w e r  t h a n  o t h e r  c a s e  h is to r ie s , i.e . 
0 .3  to  0 .6  c o m p a r e d  t o  > 1 .0  fo r  o t h e r  ca s e s ).

T h e  a u t h o r s  b e lie v e  s u c h  c o n d it io n s  c o u ld  b e  r e c o g n is e d  o n  a  s it e , a n d  

r e c o m m e n d  t h e  u s e  o f  t h e  lo w e r  q u a r t ile  o f  th e  v a n e  s t r e n g th s , c o u p le d  w it h  

in t e n s iv e  in v e s t ig a t io n  o f  th e  s t r e n g t h  b y  la b o r a t o r y  m e t h o d s .  T h e s e  m a y  

s h o w  h o w e v e r ,  th a t ,  a s  fo r  c a s e s  15 a n d  2 9 , e v e n  t h e  lo w e r  q u a r t ile  v a n e  

s t r e n g th  o v e r e s t im a te s  the  u n d r a in e d  s t r e n g th .

It  is  n o w  w e ll r e c o g n is e d  (L e fe b v r e  e l a l,  1 9 8 7 , T a v e n a s  e t  a l, 1 9 8 0 ),  t h a t  the  

fu ll v a n e  s h e a r  s t r e n g th  o f  th e  w e a th e r e d  c r u s t  is  n o t  a v a ila b le  to  r e s is t  fa ilu r e  

b e c a u s e  o f  th e  p r e s e n c e  o f  th e  p r e e x is t in g  fis s u r e s  a n d  s u b s e q u e n t  c r a c k in g  

u n d e r  th e  s e t t le m e n t  o f  th e  e m b a n k m e n t .  T o  a c c o u n t  fo r  th is , a n a ly s e s  h a v e  

b e e n  e a r n e d  o u t  fo r  t w o  ve r s io n s  o f  the  w e a th e r e d  c r u s t  s t r e n g th :

• the  s o  c a lle d  "m e d ia n " c as e

• the  m in im u m  s t r e n g th  ca s e .
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Figure  1(a). Se le c t ion o f fo undat ion  s trength -  Nor mal case . 

Note s : (1) Dis ca rd , p roba bly dis turbe d.

(2) Dis ca rd , p roba bly affe c te d by she lls , 
roots  e tc.
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Figure  1(b). Se le c t ion o f fo unda tio n s trength -  in flue nce d by 

s he lls , roots  e tc. and large  scatte r o f  data .

F o r  t h e  m e d ia n  s t r e n g t h  a n a ly s is ,  t h e  m e d ia n  o f  t h e  m e a s u r e d  v a n e  s h e a r  

s t r e n g th s  h a v e  b e e n  u s e d  w h e r e  t h e  liq u id it y  in d e x  is  g r e a te r  t h a n  1 .0  (ie . th e  

w a t e r  c o n t e n t  is  g r e a te r  t h a n  t h e  l iq u id  lim it ) .  A b o v e  t h a t  le v e l,  w h e r e  th e  

l iq u id it y  in d e x  is  le s s  t h a n  1 ( t y p ic a lly  le s s  t h a n  0 .5 ) ,  a  s t r e n g th  e q u a l t o  t h e  

m e d ia n  v a n e  s h e a r  s t r e n g th  a t  th e  ba s e  o f  th e  la y e r  is  us e d  (a s  s h o w n  in  F ig u r e  

1 (a ). T h is  th is  is  b r o a d ly  c o n s is te n t  w it h  the  f in d in g s  o f  Le fe b v r e  e t  a l (1 9 8 7 ) 

w h o  c a r r ie d  o u t  p la te  b e a r in g  a n d  d ir e c t  s h e a r  te s t in g , a n d  fo u n d  th a t  a t  in- s itu 

s t r e s s e s  the  a v a ila b le  u n d r a in e d  s h e a r  s t r e n g th  o f  the  c r us t  w a s  a b o u t  e q u a l to  

th e  v a n e  s h e a r  s t r e n g th  in  th e  in t a c t  c la y  im m e d ia t e ly  b e lo w  th e  c r u s t . T h e y  

a ls o  s u g g e s t e d  t h a t  u n d e r  t h e  e m b a n k m e n t  t h e  c o n f in in g  lo a d  o f  t h e  

e m b a n k m e n t  s h o u ld  r e s u lt  in  a n  in c r e a s e  in  th e  u n d r a in e d  s h e a r  s t r e n g th , a n d  

s u g g e s t e d  u s in g  a  s t r e n g t h  e q u a l t o  o n e  q u a r t e r  o f  t h e  w e ig h t  o f  t h e  

e m b a n k m e n t ,  a t  th e  s u r fa c e , d e c r e a s in g  lin e a r ly  t o  the  v a n e  s h e a r  s t r e n g th  a t  

t h e  ba s e  o f  t h e  w e a th e r e d  la y e r . T h e  p r e s e n t  a u th o r s  a r e  r e lu c ta n t  t o  a llo w  fo r  

s u c h  a  s t r e n g t h  in c r e a s e , in  v ie w  o f  th e  u n p r e d ic t a b le  e ffe c ts  o f  s e t t le m e n t  a n d  

la te r a l s p r e a d in g  o n  th e  r e la t iv e ly  s t if f  c r us t .

T h e  s e c o n d  a s s u m p t io n , th a t  th e  w e a th e r e d  c r us t  s t r e n g th  e q u a ls  th e  m in im u m  

s t r e n g t h  (s e e  F ig u r e  1 (a ))  is  c o n s id e r e d  t o o  c o n s e r v a t iv e  b y  T a v e n a s  e t  a l 

(1 9 8 0 ) ,  b u t  h a s  b e e n  u s e d  t o  g a u g e  the  e ffe c t  o f  w h a t  m ig h t  b e  r e g a r d e d  a s  a  

lo w e r  b o u n d  e s t im a te  o f  th e  s t r e n g th .

S E L E C T IO N  O F  E M B A N K M E N T  S T RE N GT H

F o r  m o s t  c a s e s  th e  s t r e n g th  r e c o r d e d  in  t h e  p a p e r  d e s c r ib in g  th e  c a s e  h is t o r y  

h a s  b e e n  u s e d . T h e  e x c e p t io n s  w e r e  c a s e  12 , w h e r e  c ' = 0 ,$ - 3 5 °  w a s  u s e d  

in s t e a d  o f  c '= 5 3  k P a , $ - 2 6 °  fo r  th e  r u n  o f  q u a n y  g r a v e lly  f i l l  be c a u s e  it  w a s  

c o n s id e r e d  t h a t  t h e  h ig h  e ffe c t iv e  c o h e s io n  w a s  u n r e a lis t ic , a n d  ca s e  2 9 , w h e r e  

n o  s t r e n g t h  w a s  g iv e n  fo r  t h e  c o m p a c t e d  c la y  s h a le ,  a n d  c '= 0 ,$ '= 3 5 °  w a s  

a d o p te d .

RE S U LT S  O F  AN ALYS IS

T a b le  1 s u m m a r iz e s  t h e  r e s ult s  o f  th e  a na ly s is .  It  w ill  b e  a p p a r e n t  t h a t  th e  be s t  

e s t im a t e  fa c t o r  o f  s a fe ty  F b  is  u s u a lly  le s s  t h a n  a d o p te d  b y  B je n u m  (c a s e s  1 

t o  1 4 ),  r e f le c t in g  t h e  lo w e r  s t r e n g th s  a d o p t e d  fo r  th e  w e a th e r e d  c r u s t . T h is  

im p lie s  g e n e r a lly  s m a lle r  c o r r e c t io n  fa c t o r s  (p .)  w o u ld  b e  n e e d e d  t h a n  
s u g g e s t e d  b y  B je r r u m  (1 9 7 2 ,7 3 ) .  T a b le  1 in c lu d e s  a n  a s s e s s m e n t  o f  d a t a  

q u a lit y .  T h is  is  a  q u a lit a t iv e  a s s e s s m e n t  o n  t h e  lik e ly  a c c u r a c y  o f  th e  a n a ly s is , 

t a k in g  in t o  a c c o u n t  t h e  a c c u r a c y  o f  t h e  c r o s s  s e c t io n  d a t a  (s o m e  d ia g r a m s  ar e  

s m a ll a n d  d if f ic u lt  t o  s c a le  a c c u r a t e ly ) ,  th e  a m o u n t  o f  in fo r m a t io n  o n  s h e a r  

s t r e n g th , a n d  t h e  in f lu e n c e  o f  s u c h  fa c to r s  a s  s ta g e d  c o n s t m c t io a  In  t h e  t a b le  

P = p o o r ,  F = fa ir ,  G = g o o d .  S o m e  c a s e s  in c lu d e d  b y  B je n u m  (1 9 7 2 ,7 3 )  a n d  
A z z o u z  e t  a l (1 9 8 3 )  a r e  c o n s id e r e d  u n u s a b le  fo r  t h e  r e a s o n s  s h o w n  in  th e  

t a b le .  I t  w il l  b e  a p p a r e n t  t h a t  in  m o s t  c a s e s  t h e  a s s u m p t io n  o n  w h e t h e r  th e  

e m b a n k m e n t  is  c r a c k e d  o r  n o t  d o e s  n o t  h a v e  m u c h  in f lu e n c e  o n  t h e  fa c t o r  o f  

s a fe t y , p r o v id e d  t h e  c r a c k  is  m o d e lle d  c o r r e c t ly . It  w ill  a ls o  b e  a p p a r e n t  t h a t
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a s s u m in g  th e  e m b a n k m e n t  is  c r a c k e d  d o e s  n o t  a lw a y s  r e s ult  in  lo w e r  fa c t o r s  

o f  s a fe t y .

It  w ill  b e  s e e n  t h a t  d e s p it e  th e  a t t e m p ts  t o  a n a ly s e  the  d a t a  m o r e  c o n s is t e n t ly  

t h a n  p r e v io u s  a u th o r s , a  w id e  r a n g e  o f  fa c t o r s  o f  s a fe t y  h a v e  be e n  c a lc u la t e d . 

T o  a s c e r ta in  w h e t h e r  the s e  c a n  be  r e la te d  to  o t h e r  m e a s u r e d  p r o p e r t ie s  F i ,  (o r  

F 3 ) a n d  F 2 (o r  F 4 ) h a v e  b e e n  p lo t t e d  a g a in s t  p la s t ic it y  in d e x , l iq u id it y  in d e x , 

s e n s it iv ity  S u / o v0  a n d  o v e r c o n s o lid a t io n  r a t io  ( O C R )  o f  th e  s o ft  c la y  (n o t  the  

w e a t h e r e d  c r u s t ).  T h e  r e s u lt s  a r e  g iv e n  in  F ig u r e s  2  to  6  a n d  o n  e a c h  g r a p h , 

the  g o o d  q u a lit y  d a ta  is  d iffe r e n t ia t e d  fr o m  the  le s s e r  q u a lit y .  F o r  ca s e s  15 , 2 6  

a n d  2 9  the  lo w e r  q u a r t ile  in fo r m a t io n  h a s  b e e n  u s e d . It  s h o u ld  b e  n o t e d  th a t  

d a t a  is  n o t  a v a ila b le  fo r  a ll c a s e s , e g . the r e  is  n o  O C R  d a t a  fo r  c a s e  2 3 , a n d  n o  

s e n s it iv it y  d a t a  fo r  c a s e  29 .
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F igure  2(a). Fac tor  o f s afe ty (F I o r  F 3) vs  P las t ic ity Inde x  
o f  soft clay.
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F igure  2 (b). F ac tor  o f  s afe ty (F2  o r  F4) vs  P las t ic ity Inde x  

o f soft c la y

T h e  fo llo w in g  c o m m e n t s  a re  m a de :

(a ) th e r e  is  a p p a r e n t ly  a  w id e  s c a t te r  in  th e  p lo t s  o f  fa c t o r  o f  s a fe t y  v e r s u s  

p la s t ic it y  in d e x , p a r t ic u la r ly  a t  lo w e r  p la s t ic it y  in d e x . H o w e v e r ,  o n e  c a n  

r e a s o n a b ly  e x p la in  th e  h ig h  fa c t o r s  o f  s a fe ty  in  m o s t  o f  th e s e  c a s e s , a n d  

h e n c e  r e a s o n a b ly  ig n o r e  t h e m  in  a n y  d e s ig n  m e t h o d  p r o v id e d  t h a t  s u c h  

c o n d it io n s  a r e  n o t  p r e s e m

c a s e s  15 a n d  2 9  w e r e  a ffe c t e d  b y  s h e lls , w o o d  c h ip s ,  s a n d  la y e r s , 

a n d  n u m e r o u s  fis s u r e s  in  th e  s o ft  c la y  r e s p e c t iv e ly . T h e  a u th o r s '  

p r o p o s e d  a d o p t io n  o f  lo w e r  q u a r t ile  s t r e n g t h s  h a s  n o t  b e e n  

s u ff ic ie n t  to  c o r r e c t  fo r  t h e  o v e r e s t im a t io n  o f  s t r e n g th  b y  t h e  v a n e  
s h e a r  in  s u c h  c ir c u m s ta n c e s

• s y n e r e s is  A s s u r in g  w a s  o b s e r v e d  in  c a s e s  2  a n d  3 . W h e t h e r  th is  

c o u ld  be  de te c te d  in  a  p r o je c t  is  n o t  c le a r

• c a s e s  .1, 4  a n d  6  w e r e  a ffe c t e d  b y  s t a g e d  c o n s t r u c t io n  a n d  c a n  

r e a s o n a b ly  b e  e x c lu d e d

• c a s e s  2 2  a n d  2 3  in v o lv e d  s t a b ilit y  o f  c a n a l a n d  c u t  s lo p e s . T h e y  

w e r e  th e  o n ly  s u c h  c a s e s , a n d  a g a in  m a y  r e a s o n a b ly  b e  e x c lu d e d . 

H o w e v e r ,  t h e y  s e r v e  as  a  w a r n in g  t h a t  c u t  s lo p e s  m a y  b e h a v e  

w o r s e  t h a n  e m b a n k m e n t s ,  p o s s ib ly  b e c a u s e  o f  p r o g r e s s iv e  fa ilu r e  
e ffe c t s .

T h is  le a v e s  c a s e s  2 1  a n d  7 . C a s e  21  w a s  r e a s o n a b ly  p o o r  q u a lit y  da ta .  

It  is  n o t a b le  t h a t  the  a u th o r s '  c a lc u la t e d  fa c t o r  o f  s a fe t y  fo r  t h is  c a s e  w a s  

1 .1 0 . T h e  p r e s e n t  a u t h o r s  a r e  o f  th e  v ie w  t h a t  it  c a n  b e  ig n o r e d  fo r  

d e c is io n  m a k in g  pu r p o s e s . C a s e  7  r e m a in s  s o m e w h a t  o f  a n  o u t lie r  in  the  

m e d ia n  s t r e n g t h  c a s e . W o r k  b y  L e fe b v r e  e t  a l (1 9 8 7 )  s h o w e d  t h a t  o n  

t h is  s ite  t h e  c r u s t  s t r e n g t h  w a s  le s s  t h a n  t h a t  a s s u m e d  fo r  t h e  m e d ia n  

s t r e n g t h  a n a ly s is ,  a n d  t h e  m in im u m  s t r e n g th  c a s e  is  m o r e  a p p r o p r ia t e . 

H o w e v e r ,  in  a n y  s y s te m a t ic  a n a ly s is  c a s e  7  ne e d s  t o  b e  c o n s id e r e d .
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F ig ur e  3. F ac tor  o f  Sa fe ty ve rsus  Liqu id it y  Inde x  o f  So ft  Clay.

(a) Me d ia n  s trengths

(b ) M in im u m  s trengths
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(b) Min im u m  s trengths
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Figure 5. Factor of Safety versus Overconsolidaiion Ratio of 

Soft Clay.

(a) Median strengths

(b) Minimum strengths

(b ) w h e n  the s e  c a s e s  a r e  e x c lu d e d , th e  fa c t o r s  o f  s a fe t y  a r e  b e tw e e n  0 .8  a n d  

1 .1 5  fo r  t h e  m e d ia n  s t r e n g t h  c a s e ,  w it h  lit t le  a p p a r e n t  d e p e n d e n c e  o n  
p la s t ic it y  in d e x . I f  c a s e s  2  a n d  3  a r e  le f t  in  th e  s e t , t h e r e  is  a  c a s e  t o  be  

m a d e  fo r  a n  in c r e a s e  in  fa c t o r  o f  s a fe ty  w it h  p la s t ic it y  in d e x . W it h o u t  

a d d it io n a l in fo r m a t io n  the  a u th o r s  a r e  r e lu c t a n t  to  ig n o r e  the s e  cas e s .

(c ) F ig u r e s  3  a n d  5  t o g e t h e r  s h o w  s o m e  in t e r e s t in g  fe a t u r e s ,  w h e n  

c o n s id e r e d  in  c o n ju n c t io n  w it h  th e  o b s e r v a t io n  o f  As s u r in g . F is s u r in g  

w a s  n o t e d  in  t h e  w e a t h e r e d  c r u s t  in  c a s e s  2 ,  3 , 9 ? ,  2 1 ?  a n d  2 2 ? ,  2 6 , 2 9  

a n d  in  t h e  s o ft  c la y  in  c a s e s  2 ,  3 , 1 5 , 2 6  a n d  2 9  ( t h e  ? in d ic a t e s  the  

d e s c r ip t io n  is  lim it e d ) .  It  is  n o t a b le  th a t  the s e  c a s e s  c o n s is t e n t ly  g r o u p  in  

t h e  a r e a  w h e r e  l iq u id i t y  in d e x  is  le s s  t h a n  a b o u t  1 o r  1.2  a n d  th e  

o v e r c o n s o lid a t io n  r a t io  is  g r e a t e r  t h a n  a b o u t  1 .9 . T h is  is  n o t  a n  

u n e x p e c t e d  r e la t io n s h ip  s in c c  f is s u r in g  is  m o r e  lik e ly  t o  o c c u r  in  lo w e r  

w a t e r  c o n t e n t  o v e r c o n s o lid a t e d  s o ils . H e n c e , it  a p p e a r s  t h a t  o n e  c o u ld  
u s e  t h is  a s  a  s ig n a l t o  b e  o n  th e  lo o k o u t  fo r  f is s u r in g  w h ic h  c a n  r e d u c e  

t h e  u n d r a in e d  s t r e n g t h  o f  t h e  c la y  b e lo w  t h a t  m e a s u r e d  b y  th e  v a n e  

s h e a r . It  m ig h t  b e  a r g u e d  t h a t  the r e  is  a  c o r r e la t io n  b e t w e e n  O C R  a n d  

f a c t o r  o f  s a fe t y . H o w e v e r ,  t h e  a u t h o r s  p r e fe r  t h e  in t e r p r e t a t io n  t h a t  

fa c t o r  o f  s a fe t y  is  in d e p e n d e n t  o f  O C R  fo r  O C R  <  1.8.

d )  a s  s h o w n  in  F ig u r e  4 ,  th e r e  s e e m s  lit t le  c o r r e la t io n  b e t w e e n  fa c t o r  o f  

s a fe t y  a n d  s e n s it iv ity . T h is  is  c o n t r a r y  to  w h a t  o n e  m ig h t  h a v e  e x p e c te d , 

g iv e n  t h a t  o n e  c o u ld  e x p e c t  s t r a in  w e a k e n in g  ("p r o g r e s s iv e  fa ilu r e ")  to  

b e  m o r e  lik e ly  in  h ig h ly  s e n s it iv e  c la y s . I f  a n y t h in g  the r e  is  a n  o p p o s it e  

t r e n d , p o s s ib ly  d u e  to  d is t u r b a n c e  o f  the  m o r e  s e n s it iv e  c la y  o n  in s e r t io n  
o f  the  va ne
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Figure 6. Factor of Safety versusSuv / o ’vo of Soft Clay.

(a) Median strengths

(b) Minimum strengths

C O N C L U S I O N S  A N D  R E C O M M E N D E D  D E S I G N  

P R O C E D U R E

It  is  c o n c lu d e d  t h a t  a  s ig n if ic a n t  p r o p o r t io n  o f  the  c o r r e c t io n  fa c t o r  | i p r o p o s e d  

b y  B je n u m  (1 9 7 2 ,7 3 ) ,  A z z o u z e t  a l (1 9 8 3 )  a n d  A a s  e t  a l (1 9 8 6 )  is  c o r r e c t in g  

fo r  a n  o v e r e s t im a t io n  o f  s t r e n g th  o f  the Tw e a th e r e d  c r u s t  by  v a n e  s h e a r  te s t in g . 

T h is  o v e r e s t im a t io n  o c c u r s  b e c a u s e  o f  th e  p r e s e n c e  o f  th e  fis s u r e s  in  the  
w e a t h e r e d  c r u s t , a n d  c r a c k in g  u n d e r  s e t t le m e n t .  It  is  c o n s id e r e d  t h a t  the  

p r o p o s e d  m e d ia n  s t r e n g t h  m e t h o d  g iv e s  a  r e a s o n a b le  a p p r o x im a t io n  o f  the  

s t r e n g th , a lt h o u g h  the  m in im u m  s t r e n g th  a p p r o a c h  m a y  b e  a p p lic a b le  in  s o m e  

c a s e s . It  is  n o t  p o s s ib le  to  d e t e r m in e  w h ic h  is  a p p r o p r ia t e  in  a d v a n c e , u n le s s  

fo r  e x a m p le  p la te  lo a d  a n d  d ir e c t  s h e a r  te s t ing  a s  do n e  b y  Le fe b v r e  e t  a l (1 9 8 7 ) 

is  c a r r ie d  o u t .  O t h e r  c a s e s  w h e r e  h ig h  fa c to r s  o f  s a fe ty  a r e  c a lc u la t e d  c a n  be  

e x p la in e d  b y  t h e  p r e s e n c e  o f  f is s u r in g ,  a n  a b u n d a n c e  o f  s h e lls  o r  o t h e r  

o b s t r u c t io n s  w h ic h  in f lu e n c e  th e  v a n e  s t r e n g th , b y  s ta g e d  c o n s t r u c t io n  e ffe c t s  

n o t  p r o p e r ly  a c c o u n t e d  fo r  in  th e  a n a ly s is  o r  b y  the  c a s e  b e in g  a  c u t  s lo pe .

It  is  r e c o m m e n d e d  th a t  the  d e s ig n  o f  e m b a n k m e n t s  be  c a r r ie d  o u t  by :

(a ) p lo t t in g  th e  da t a  as  s h o w n  in  F ig u r e  1 a n d  o b t a in in g  the  m e d ia n  s t r e n g th

(b )  in s p e c t in g  u n d is t u r b e d  t u b e  s a m p le s  o f  th e  s o ft  c la y  fo r  the  p r e s e n c e  o f  

f is s u r in g , e x t e n s iv e  r o o ts  o r  s h e lls  w h ic h  c a n  a ffe c t  th e  s t r e n g th . T h e s e  

w il l  b e  m o r e  a p p a r e n t  i f  t h e  s a m p le s  a r e  a llo w e d  to  d r y  a fte r  e x t r u s io n  

fr o m  th e  t u b e . T h e  p r e s e n c e  o f  c la y s  w it h

L iq u id it y  in d e x  

O v e r c o n s o lid a t io n

1.2
1.8

(e ) a s  s h o w n  in  F ig u r e  6 , the r e  is  a  p o o r  c o r r e la t io n  b e t w e e n  S u/ c t  y 0 a n d  

fa c t o r  o f  s a fe t y , p a r t ic u la r ly  w h e n  c a s e s  1 5 , 2 6  a n d  2 9  a re  e x c lu d e d . 

T h is  is  in  c o n t r a s t  to  th e  f in d in g s  o f  Aa s  e t  a l (1 9 8 6 ). S h o w n  a r e  the  Aa s  

e t  a l ( 1 9 8 6 )  b o u n d a r ie s  fo r  n o r m a lly  c o n s o lid a t e d  ( N C )  a n d  

o v e r c o n s o lid a t e d  ( O C )  s o il. It  c a n  be  s e e n  t h a t  the  Aa s  e l a l b o u n d a r ie s  

a r c  a p p a r e n t ly  c o n s e r v a t iv e ,  a lt h o u g h  t h is  r e f le c t s  t h e  d if fe r e n t  

a s s u m p t io n s  o n  w e a th e r e d  c r us t  s t r e n g th . H o w e v e r ,  it  is  a p p a r e n t  t h a t  i f  

t h e  A a s  e t  a l ( 1 9 8 6 )  a p p r o a c h  w a s  a d o p t e d ,  it  w o u ld  b e  v e r y  

c o n s e r v a t iv e  in  m o s t  ca s e s .

is  a  g u id e  t o  th e  l ik e ly  p r e s s u r e  o f  f is s u r in g .  In  th e  e v e n t  t h a t  s u c h  

fe a t u r e s  a r e  p r e s e n t ,  o t h e r  m e a n s  o f  a s s e s s in g  t h e  u n d r a in c d  s h e a r  
s t r e n g th  m u s t  b e  a d o p t e d . F o r  p r e lim in a r y  d e s ig n  o n ly ,  a  la r g e  fa c t o r  o f  

s a fe t y  (p r o b a b ly  > 2  fo r  lo w e r  q u a r t ile  s t r e n g th s )  c o u ld  be  a d o p te d

(c) a  fa c t o r  o f  s a fe t y  a t  le a s t  0 .3  h ig h e r  th a n  th e  "r e c o m m e n d e d  d e s ig n  lin e " 

in  F ig u r e  2 ( a )  s h o u ld  b e  a d o p t e d  fo r  a  d e s ig n  b a s e d  o n  th e  m e d ia n  

s t r e n g th s . A n a ly s is  s h o u ld  b e  c a r r ie d  o u t  fo r  lu ll  e m b a n k m e n t  s t r e ng th . 

I f  t h e  e m b a n k m e n t  is  l ik e ly  lo  c r a c k , the  a n a ly s is  s h o u ld  be  c h e c k e d  fo r  

th e  c r a c k e d  c a s e , a n d  the  lo w e r  v a lu e  a d o p te d
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(d )  t h e  a n a ly s is  s h o u ld  b e  r e p e a te d  fo r  t h e  m in im u m  s t r e n g th s , a n d  a  fa c t o r  

o f  s a fe t y  a t  le a s t  0 .2  h ig h e r  t h a n  t h e  "r e c o m m e n d e d  d e s ig n  lin e  " in  ' 

F ig u r e  2 ( b )  s h o u ld  b e  a d o p te d .

T h e s e  fa c t o r s  o f  s a fe t y  a r e  lo w e r  lim it s ,  a n d  i t  w o u ld  b e  d e s ir a b le  t o  a d o p t  

v a lu e s  o f  0 .5  a n d  0 .4  h ig h e r  t h a n  t h e  d e s ig n  lin e s  r e s p e c t iv e ly  w h e r e  

p r a c t ic a b le ,  a n d  c e r t a in ly  fo r  la r g e r  p r o je c t s ,  th e  u n d r a in e d  s h e a r  s t r e n g t h  

s h o u ld  a ls o  b e  d e t e r m in e d  b y  o t h e r  m e t h o d s ,  e g .  r e c o m p r e s s io n  o r  

S H A N S E P  ty p e  la b o r a t o r y  te s t in g , a n d / o r  in d ir e c t ly  th r o u g h  e ffe c t iv e  s t re s s  

p a r a m e te r s  a n d / o r  b y  r e la t io n s  b e tw e e n  S u  a n d  a  v 0 , O C R .  T h is  r e d u n d a n c y  

in  a s s e s s m e n t  o f  s t r e n g t h  is  a n  im p o r t a n t  w a y  o f  a v o id in g  o v e r  a n d  

u n d e r e s t im a t io n  o f  th e  s t r e n g th .

S it e  in v e s t ig a t io n s  s h o u ld  b e  s u f f ic ie n t ly  in t e n s iv e  t o  lo c a t e  a r e a s  o f  lo w e r  

s t r e n g t h . I t  is  t h e  s e c o n d  a u t h o r s '  e x p e r ie n c e  t h a t  fa ilu r e  t o  lo c a t e  lo w e r  

s t r e n g th  a r e a s  w it h in  a  p r o je c t  h a s  le d  t o  fa ilu r e s  w it h  s ig n if ic a n t  c o s t  e ffe c t s .  

It  s h o u ld  be  r e c o g n is e d  t h a t  b e c a u s e  m u c h  o f  th e  a v a ila b le  s t r e n g th  o f  s o ft  c la y  

is  lo s t  w h e n  a n  e m b a n k m e n t  fa ils  ( h o w  m u c h  d e p e n d s  o n  t h e  s e n s it iv it y  o f  

t h e  c la y )  r e m e d ia l d e s ig n s  a r e  u s u a lly  e x p e n s iv e ,  a n d  u s u a lly  in v o lv e  

s ig n if ic a n t  d e la y s  to  p r o je c t  c o m p le t io n .

T h e r e  is  s o m e  e v id e n c e  t h a t  fo r  th e  d e s ig n  o f  c u t  s lo p e s  o r  r iv e r  b a n k s  in  s o ft  

c la y ,  la r g e r  fa c t o r s  o f  s a fe ty  m a y  be  ne e d e d .
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