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S Y N O P S I S  T h e  u n d r a i n e d  s t a b i l i t y  o f  c o h e s i v e  s l o p e s  s u b j e c t e d  t o  s u r c h a r g e  l i n e  l o a d s  o f  v a r i o u s  l e n g t h s  i s  

e v a l u a t e d  b y  m e a n s  o f  t w o -  a n d  t h r e e - d i m e n s i o n a l  a n a l y s e s .  R e s u l t s  s h o w  t h a t  t h e  m a g n i t u d e  o f  t h e  s u r c h a r g e  

l o a d  c a u s i n g  f a i l u r e  i s  s i g n i f i c a n t l y  a f f e c t e d  b y  t h r e e - d i m e n s i o n a l  e n d  e f f e c t s  w h e n :  1  -  T h e  s l o p e  i s  c l o s e  

t o  f a i l u r e  d u e  t o  g r a v i t y  o n l y ;  a n d  2  -  T h e  l e n g t h  o f  t h e  s u r c h a r g e  l o a d  i s  s h o r t  c o m p a r e d  t o  t h e  h e i g h t  o f  

t h e  s l o p e .  S t a b i l i t y  c h a r t s ,  s u i t a b l e  f o r  d e s i g n  p r a c t i c e ,  a r e  p r e s e n t e d .

IN T R O D U C T IO N

T h e  s t a b i l i t y  o f  e a r t h  a n d  e a r t h - s u p p o r t e d  s t r u c t u r e s  

i s  o f  m a j o r  i m p o r t a n c e  i n  t h e  d e s i g n  o f  m a n y  g e o t e c h -  

n i c a l  p r o j e c t s .  O n e  c l a s s  o f  p r o b l e m s  o f  i n t e r e s t  

i s  t h e  u n d r a i n e d  s t a b i l i t y  o f  c o h e s i v e  s l o p e s  ( c  = 

c u  a n d  <J>U = 0 )  s u b j e c t e d  t o  s u r c h a r g e  l o a d s .  S t r u c ­

t u r e s  " r a p i d l y "  b u i l t  n e a r  t h e  c r e s t  o f  c o h e s i v e  

s l o p e s  a n d  h e a v y  e q u i p m e n t  ( e . g . ,  d r a g l i n e s  a n d  

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

o d s  o f  s t a b i l i t y  a n a l y s i s  a r e  r e s t r i c t e d  t o  t w o -  

d i m e n s i o n a l  ( p l a n e  s t r a i n )  m o d e s  o f  f a i l u r e  a n d  t h e  

e f f e c t  o f  s u r c h a r g e  l o a d s  o n  s t a b i l i t y  i s  u s u a l l y  

t a k e n  i n t o  c o n s i d e r a t i o n  b y  r e p l a c i n g  t h e  s u r c h a r g e  

w i t h  a n  e q u i v a l e n t  l i n e  l o a d  o f  i n f i n i t e  e x t e n t .

T h i s  a r t i c l e  c o n s i d e r s  t h e  u n d r a i n e d  s t a b i l i t y  o f  

c o h e s i v e  s l o p e s  s u b j e c t e d  t o  l i n e  l o a d s  o f  v a r i o u s  

l e n g t h s .  T w o - d i m e n s i o n a l  ( p l a n e  s t r a i n )  s o l u t i o n s  

c o r r e s p o n d i n g  t o  a  l i n e  l o a d  o f  i n f i n i t e  e x t e n t  a r e  

f i r s t  o b t a i n e d .  T h r e e - d i m e n s i o n a l  s t a b i l i t y  a n a l y ­

s e s  o f  s l o p e s  s u b j e c t e d  t o  a  l i n e  l o a d  o f  f i n i t e  

l e n g t h  a r e  t h e n  m a d e  a n d  t h e  r e s u l t s  c o m p a r e d  t o  t w o -  

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

f l u e n c e  o f  e n d  e f f e c t s  o n  t h e  m a g n i t u d e  o f  t h e  l i n e  

l o a d  c a u s i n g  f a i l u r e .  R e s u l t s  a r e  p r e s e n t e d  i n  t h e  

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

a n a l y s e s .

L I N E  LOADS O F  I N F I N I T E  EX TEN T

F i g .  1  s h o w s  a  c o h e s i v e  s l o p e  o f  h e i g h t  H m a k i n g  a n  

a n g l e  (3 w i t h  t h e  h o r i z o n t a l .  T h e  s a t u r a t e d  c l a y  

p o s s e s s e s  a  t o t a l  u n i t  w e i g h t  y a n d  a  c o h e s i o n  ( u n ­

d r a i n e d  s t r e n g t h )  c .  I n  a d d i t i o n  t o  g r a v i t y  f o r c e s ,  

t h e  s l o p e  i s  s u b j e c t e d  t o  a n  i n f i n i t e  l i n e  l o a d  o f  

i n t e n s i t y  p °  w h i c h  a c t s  a t  a n  e d g e  d i s t a n c e  A f r o m  

t h e  c r e s t  o f  t h e  s l o p e .

T h e  s t a b i l i t y  o f  t h i s  s l o p e  d u e  t o  g r a v i t y  o n l y ,  

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

( 1 9 3 7 )  u s i n g  t h e  c i r c u l a r  a r c  m e t h o d .  T h e  s h e a r  

s u r f a c e  i s  a s s u m e d  t o  b e  a  c y l i n d e r  o f  i n f i n i t e  

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

r i g i d  b o d y  r o t a t i o n  o f  t h e  c y l i n d e r  a b o u t  i t s  a x i s  

0 - 0  ( z - a x i s ,  F i g .  1 ) .

TWO - D IM EN SIO N A L FAILU RE THREE - D IM EN SIO NA L FAILU RE

*u ■ 0 , c = COHESION , r ■ TOTAL UNIT WEIGHT

F i g u r e  1  C o h e s i v e  S l o p e s  S u b j e c t e d  t o  L i n e  L o a d s

F o r  a  s l o p e  s u b j e c t e d  t o  a  s u r c h a r g e  l o a d ,  f a i l u r e  

c a n  t a k e  p l a c e  a c c o r d i n g  t o  o n e  o f  t w o  m o d e s :  

a )  B e a r i n g  c a p a c i t y ,  w h e r e  t h e  s h e a r  s u r f a c e  d o e s  n o t  

i n t e r s e c t  t h e  s l o p e  a n d ,  t h e r e f o r e ,  i s  l i m i t e d  t o  

t h e  n e i g h b o r h o o d  o f  t h e  l o a d  ( b e a r i n g  c a p a c i t y  t h e o r ­

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

s u c h  m o d e s  o f  f a i l u r e ) ;  a n d ,  b )  S l o p e  f a i l u r e ,  w h e r e  

t h e  c r i t i c a l  s h e a r  s u r f a c e  e x t e n d s  b e y o n d  t h e  c r e s t  

a n d  h e n c e  i n v o l v e s  p a r t  o f  t h e  s l o p e .  I n  t h e  c a s e  

o f  a  l i n e  l o a d ,  b e a r i n g  c a p a c i t y  c o n s i d e r a t i o n s  a r e  

m e a n i n g l e s s  b e c a u s e  t h e y  l e a d  t o  a  z e r o  v a l u e  o f  t h e  

l o a d .  H e n c e ,  f o r  t h e  t r e a t m e n t  o f  l i n e  l o a d s  p r e ­

s e n t e d  h e r e i n ,  o n l y  s l o p e  f a i l u r e s  w e r e  c o n s i d e r e d .

T h e  e f f e c t  o f  a  s u r c h a r g e  l i n e  l o a d  p °  o n  t h e  o v e r a l l  

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

m e t h o d  a s  a n  e x t e n s i o n  o f  T a y l o r ’ s  a p p r o a c h  i n  t h e  

c a s e  o f  g r a v i t y  a l o n e .  D i f f e r e n t  l o c a t i o n s  o f  t h e  

z - a x i s  a n d  d i f f e r e n t  r a d i i  o f  t h e  s h e a r  c i r c l e  w e r e  

a s s u m e d ,  a n d  t h e  v a l u e  o f  p £ r  r e q u i r e d  t o  e q u a t e  t h e  

d r i v i n g  a n d  r e s i s t i n g  m o m e n t s  f o r  a  u n i t  l e n g t h  o f  

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

r e D e a t e d  u n t i l  a  m i n i m u m  p £ r  w a s  o b t a i n e d .  D e t a i l s  

r e g a r d i n g  t h e  l o c a t i o n  o f  t h e  c r i t i c a l  s h e a r  s u r ­

f a c e s  a n d  t h e  m e t h o d  o f  s o l u t i o n  a r e  g i v e n  b y  A z z o u z  

a n d  B a l i g h ,  1 9 7 6 .
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N O R M A L I Z E D

F ig u re  2. S t a b i l i t y

F ig . 2 p re s e n ts  th e  dependence o f th e  c r i t i c a l  load  

r a t i o ,  p ° r /c H , on th e  n o rm a liz e d  edge d is ta n c e  A/H 

f o r  d i f f e r e n t  v a lu p s  o f  YH/c and f o r  s lo p e  ang les  be­

tween 90 and 15 deg rees . A ls o  g iv e n  a re  th e  va lu e s  

o f  ( y H /c )c r  w h ich  co rrespond  to  T a y lo r 's  s o lu t io n  f o r  

s lo p e  f a i l u r e  due to  i t s  own w e ig h t a lo n e . The r e ­

s u l t s  f o r  s te e p  s lo p e s  (6 >_ 45°) show th a t :

(1 ) For s m a ll va lu e s  o f  y H /c  compared to  C yH /c)c r  , 

p ° r /cH  in c re a s e s  l in e a r l y  w ith  A /H . T h is  l i n e a r i t y  

b a s ic a l ly  means th a t  f o r  g iv e n  v a lu e s  o f £, y ,  c , 

and A , th e  c r i t i c a l  lo a d  is  independen t o f  H i f  the  

s lo p e  has a h ig h  f a c to r  o f  s a fe ty  f o r  s e lf -w e ig h t  

o n ly .

(2 ) For la rg e  v a lu e s  o f y H /c , th e  su rch a rg e  lo a d  is  

s m a ll.  In  th e  l i m i t ,  when YH/c equa ls  ( y H /c )c r , 

p£r /cH  equa ls  z e ro .

(3 ) For in te rm e d ia te  v a lu e s  o f  Y H /c , th re e  d is t in c t  

types o f  b e h a v io r  can be d e p ic te d : a) When th e  load  

is  near th e  c r e s t ,  i . e . ,  A/H is  s m a ll ( £ 0 . 3 ) ,  the

D G E  D I S T A N C E ,  A / H

s f o r  L in e  Loads o f  I n f i n i t e  E x te n t

e f f e c t  o f  g r a v i t y  is  n e g l ig ib le  and p °r  i s  v e ry  

c lo s e  to  th e  case o f  YH/c = 0 ;  b) f o r  va lu e s  o f  

A /H  between 0 .3  and 0 .8  to  0 .9 ,  g r a v i t y  becomes im­

p o r ta n t  and decreases p£r /cH  from  th e  v a lu e  g iv e n  by 

th e  yH /c  = 0 e n ve lo pe ; and c) When th e  edge d is ­

tance  i s la rg e  (A /H  > 0 .8  -  0 . 9 ) ,  p£r /cH  in c re a s e s  

w ith  A/H  because o f  a g re a te r  in c re a s e  in  the  re ­

s is t in g  moment. T h is  is  a r e s u l t  o f  c o n s id e r in g  

s lo p e  f a i lu r e s  o n ly ,  as d iscu sse d  e a r l i e r .

(4 ) The e f f e c t  o f  th e  s lo p e  in c l in a t io n  8 can be 

seen by com paring the  r e s u l ts  o b ta in e d  f o r  d i f f e r e n t  

v a lu e s  o f  8 . For g iv e n  v a lu e s  o f  yH /c  and A /H , 

p£r /cH  decreases as 8 in c re a s e s , i . e . ,  th e  s te e p e r 

th e  s lo p e , th e  more im p o r ta n t th e  g r a v i t y  e f f e c ts ,  

and, hence, th e  s m a lle r  th e  su rch a rg e  lo a d  p£r  th a t  

can be su p p o rte d  by the  s lo p e . T h is  decrease in  

p£r /cH  w ith  B is  a ls o  more pronounced fo r  la rg e  
va lu e s  o f  YH/c.

For a f l a t  s lo p e  ( e . g . ,  6 = 1 5 ° ) ,  Pcr /cH  i-s s i g n i f ­
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ic a n t ly  a f fe c te d  by th e  lo c a t io n  o f the b e d ro ck , as 

expressed by th e  param eter n . For g iv e n  va lu e s  o f 

■yH/c and 8, th e  s lo p e  becomes more s ta b le  as the 

depth  to  bed rock  decreases (s m a lle r  va lu e s  o f n) .

T h is  r e s u l t s  in  la r g e r  va lu e s  o f  p ° r /cH .

LINE LOADS OF FINITE LENGTH

A th re e -d im e n s io n a l a n a ly s is  is  re q u ire d  to  d e te rm ine  

the s t a b i l i t y  o f  s lo p e s  s u b je c te d  to  l in e  loads o f 

f i n i t e  le n g th .  T h is  was perfo rm ed h e re in  on the 

b a s is  o f  the  fo rm u la t io n  p re se n te d  by B a lig h  and 

Azzouz (1975) . The geom etry o f  th e  s lo p e  and the  

s o i l  p ro p e r t ie s  a re  assumed to  be c o n s ta n t a long  th e  

a x is  o f  the  s lo p e . In s te a d  o f  th e  i n f i n i t e l y  long  

c y l in d r ic a l  shea r s u rfa c e  used in  p lane  s t r a in  s o lu ­

t io n s ,  two d i f f e r e n t  types  o f  shear s u rfa c e  a re  con­

s id e re d . The f i r s t  c o n s is ts  o f a cone a tta c h e d  to  a 

c y l in d e r  as shown in  F ig .  1 , whereas the  second is  

an e l l ip s o id  a tta c h e d  to  a c y l in d e r .  The le n g th  o f 

the  c y l in d e r  is  equa l to  th a t  o f th e  l in e  lo a d , L ^ .

The sea rch  f o r  the  c r i t i c a l  shear s u rfa c e  is  p e r­

form ed n u m e r ic a lly  a lo n g  th e  same l in e s  as in  the 

p lane  s t r a in  a n a ly s is .  The lo c a t io n  o f  th e  z -a x is  ,

th e  c y l in d e r  ra d iu s  and th e  le n g th  o f  the  cone (o r  

e l l ip s o id )  a re  assumed and the  co rre sp o n d in g  v a lu e  

o f  the  lo a d  re q u ire d  to  cause f a i l u r e  o f th e  s lo p e , 

pc , is  o b ta in e d . A f te r  s e v e ra l t r i a l s ,  th e  m in i­

mum v a lu e  o f  pc r  i s  d e te rm in e d . D e ta ils  re g a rd in g  

the  lo c a t io n  and geom etry o f  the  c r i t i c a l  shear s u r ­

faces  as w e l l  as th e  method o f  s o lu t io n  a re  g ive n  

by Azzouz and B a lig h ,  1976.

The th re e -d im e n s io n a l end e f fe c ts  a re  i l l u s t r a t e d  

h e re in  by means o f  th e  in f lu e n c e  r a t io  f ^  shown in  

F ig .  3 and d e fin e d  by th e  e x p re s s io n :

G iven B,YH/c and A /H , the va lu e  o f th e  c r i t i c a l  l in e  

lo a d  pc a c t in g  a long  a le n g th  Lp can th e re fo re  be 

o b ta in e d  by f i r s t  d e te rm in in g  p° /cH  from  F ig .  2 and 

then  e v a lu a tin g  f ^  from  th e  p lo £ I  p resen ted  in  F ig .  3 

The r e s u l t s  show th a t :

(1 ) The m agnitude o f f L decreases w ith  in c re a s in g  

L p /H fo r  f ix e d  va lu e s  o f  B> YH/c  and A/ H.  When L /H 

is  v e ry  la r g e ,  f L equa ls  u n i ty  (p la n e  s t r a in  c o n d i­

t io n s )  .
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(2 ) T h re e -d im e n s io n a l e f fe c ts  can be v e ry  s i g n i f i ­

c a n t.  T h is  is  i l l u s t r a t e d  by f j  v a lu e s  in  excess o f 

20. M oreover, th e  la r g e s t  f ^  v a lu e s  f o r  a g iv e n  geom­

e t r y  a re  a s s o c ia te d  w ith  s lo p e s  w h ich  a re  c lo s e  to  

f a i l u r e  due to  g r a v i t y  a lo n e , i . e . ,  where y H /c  is  

c lo s e  to  th e  c r i t i c a l  v a lu e  (yH /c )
c r

(3 ) The case o f  a c o n c e n tra te d  lo a d , c o rre sp o n d in g  

to  v e ry  s m a ll va lu e s  o f  Lp /H , p ro v id e s  m ean ing less 

r e s u l t s .  The most c r i t i c a l  c o n d it io n  f o r  t h is  case 

was found  to  co rrespond  to  a f a i l u r e  s u rfa c e  h a v in g  

zero  a re a , i . e . ,  a b e a rin g  c a p a c ity  typ e  o f  f a i l u r e  

w ith  zero  lo a d .

(4 ) For in te rm e d ia te  v a lu e s  o f  L p /H , th e  m agnitude 

o f  fL  is  g e n e ra lly  a f fe c te d  by 3 > y H /c  and A /H . For 

a g iv e n  s lo p e  a n g le  3 » th e  v a lu e  o f f ^  in c re a s e s  w ith  

y H /c  and A /H . However, th e  dependence o f  f ^  on the  

s lo p e  a n g le  0 i s  n o t s ig n i f i c a n t  f o r  s lo p e s  ha v in g  

h ig h  fa c to rs  o f  s a fe ty  under g r a v i t y  fo rc e s ,  e .g . ,  

when y H /c  is  s m a ll compared to  ( y H /c )c r . F u rth e rm o re , 

f o r  va lu e s  o f  A/H s m a lle r  than  0 .5 ,  fL  is  e s s e n t ia l ly  

independen t o f  b o th  y H /c  and 3* (Azzouz and B a lig h ,  

1976).

SUMMARY AND CONCLUSIONS.

1. C harts  a re  p re se n te d  f o r  th e  u n d ra in e d  s t a b i l i t y  

o f  a su rch a rg e  l in e  lo a d  o f  i n f i n i t e  le n g th  a c t in g

on s lo p e s  o f  c o n s ta n t s t re n g th  c and u n i t  w e ig h t hav­

in g  a geom etry as d e f in e d  in  F ig .  1 . F ig .  2 p lo ts  

th e  n o rm a liz e d  l in e  lo a d  caus in g  f a i l u r e  p®r /cH  v s . 

th e  n o rm a liz e d  edge d is ta n c e  A/H as a fu n c t io n  o f  yH /c  

f o r  s e v e ra l s lo p e  ang les  and dep ths to  b e d ro ck .

2. T h re e -d im e n s io n a l ana lyses  were pe rfo rm ed  to  de­

te rm in e  th e  m agnitude pc _̂ o f  a su rch a rg e  l in e  lo a d  o f  

f i n i t e  le n g th  Lp w h ich  w i l l  cause f a i l u r e  o f co h es ive  

s lo p e s . The r e s u l ts  a re  expressed by th e  param eter

f ^  = P c r^P cr* wh ic h  is  p lo t te d  in  F ig .  3 v s . th e  n o r ­

m a lize d  le n g th  r a t i o  Lp/H  as a fu n c t io n  o f  yH /c  and 

A/H f o r  s e v e ra l s lo p e  ang les  and dep ths to  b e d ro ck .

3. The r e s u l ts  p re se n te d  h e re in  are  app rox im a te  

upper-bound s o lu t io n s  because they a re  based on ex­

te n s io n s  o f  the  c i r c u la r  a rc  method o f  a n a ly s is .  More­

o v e r ,  they  e xc lu d e  b e a rin g  c a p a c ity  modes o f  f a i l u r e ,

i . e . ,  when th e  c r i t i c a l  f a i l u r e  s u rfa c e  does n o t ex­

tend  beyond the  c re s t  o f the  s lo p e .

4 . T h re e -d im e n s io n a l end e f f e c ts ,  as expressed by 

th e  pa ram eter f ^ ,  become s ig n i f i c a n t  whenever Lp/H  

is  le s s  than  u n i ty  and a re  e s p e c ia l ly  im p o r ta n t when 

th e  fa c to r  o f  s a fe ty  o f  the  s lo p e  due to  s e l f  w e ig h t 

fo rc e s  o n ly  is  c lo s e  to  u n i t y .  Va lues o f  fj^ in  excess 

o f  5 to  10 w ould  be expected  fo r  many p r a c t ic a l  s i t u a ­

t io n s  .
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