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STABILITY OF FOUNDATIONS

STABILITE DES FONDATIONS 

yCTOfilMBOCTb OCHOBAHMfl

L .  V A R G À , A s s o c ia te  P ro fesso r, T e c h n ic a l U n iv e rs ity  o f  B u dapest (H ungary)

S Y N O P S I S .  T h e  t h r e e  " c o n v e n t i o n a l ' ' s t e p s  o f  s t a b i l i t y  a n a l y s i s - )  i . e .  c h e c k i n g  t h e  l o a d  b e a r i n g  c a p a c i t y  o f  

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

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

b e  g i v e n  w i t h  a  s i n g l e  n u m b e r ,  b u t  i t  h a s  t o  b e  d e m o n s t r a t e d  t h a t  t h e  c r i t i c a l  r e s u l t a n t  e q u a l s  t h e  u l t i m a t e  

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

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

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

n e e d  o f  f u r t h e r  e x a m i n a t i o n .

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

q u i r e s  s a f e t y  a g a i n s t  g r o u n d  f a i l u r e ,  s l i d i n g ,  o v e r ­

t u r n i n g  ( o r  l i l t i n g )  a n d  f l o a t i n g  u p .  I n  o r d e r  t o  s e ­

c u r e  e c o n o m i c a l  c o n s t r u c t i o n ,  t h e  l o w e s t  p o s s i b l e  

s a f e t y  f a c t o r  h a s  t o  b e  s e l e c t e d .

T h i s  s e e m i n g l y  s i m p l e  p r o b l e m  i n v o l v e s  r a t h e r  c o m ­

p l e x  b a s i c  p r i n c i p l e s  a n d  e v e n  n e w  c o n s i d e r a t i o n s  

a r i s e  i n  c o n n e c t i o n  w i t h  s t a b i l i t y  a n a l y s e s .  T h e  s a f e ­

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

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

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

t h e y  c a n n o t  b e  d e a l t  w i t h  s e p a r a t e l y ,  a s  w a s  d e m o n ­

s t r a t e d  e a r l i e r  ( K e z d i ,  1 9 6 1  ) .

A s  f o r  t h e  d e f i n i t i o n  o f  t h e  s a f e t y  f a c t o r ,  t h e r e  a r e  

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

m o m e n t s  t o  o v e r t u r n i n g  m o m e n t s ,  o t h e r s  c o n s i d e r  

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

m a d e  t o  b o t h ,  b e c a u s e  -  a s  w i l l  b e  d e m o n s t r a t e d  -  

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

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

It  h a s  t o  b e  e m p h a s i z e d  t h a t  s t a b i l i t y  a g a i n s t  i n c l i n ­

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

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

t h e  s o i l .

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

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

s u r f a c e  L *  x  B ’  u n d e r  c e n t r a l  l o a d  (  P i g ,  l ) .  T h e  

s a m e  i s  a d o p t e d  b y  t h e  H u n g a r i a n  S t a n d a r d ,  a n d  

a l s o  t e s t  r e s u l t s  b y  M u h s  a n d  W e i s s  ( 1 9 7 0 )  h a v e  

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

t h e  r e d u c e d  s u r f a c é ,  t h e  c o n t a c t  p r e s s u r e  d i s t r i b u t i o n  

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

S e v e r a l  a u t h o r s  h a v e  i n v e s t i g a t e d  t h e  l o a d  b e a r i n g  

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

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

B a s e d  o n  t h e  t h e o r i e s  f u r n i s h i n g  t h e  l i m i t  l o a d ,  b e a r ­

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

l o a d s  f o r  s t r i p  f o u n d a t i o n s  a r e  e x p r e s s e d  b y :

r h= ( i )

w h e r e  B *  w i d t h  o f  t h e  r e d u c e d  s u r f a c e ,

d  f o u n d a t i o n  d e p t h ,

J* s o i l  d e n s i t y ,

c ’  s o i l  c o h e s i o n ,

N *  d i m e n s i o n l e s s  b e a r i n g  c a p a c i t y  f a c t o r s .

T h e  p r a c t i c a l  u s e  o f  E q ,  ( l )  w i l l  b e  i l l u s t r a t e d  b y  

a  n u m e r i c a l  e x a m p l e  d e v e l o p e d  f o r  a  f i c t i t i o u s  c a s e  

i n  F i g .  2 .  R e m e m b e r  t h a t  i n  t h e  g i v e n  c a s e  t h e  r e ­

s i s t a n c e  o f  t h e  e a r t h  m a s s  d o w n  t o  d e p t h  t _  -  t h e  

p a s s i v e  e a r t h  p r e s s u r e  -  c a n n o t  b e  c o n s i d e r e d  s e ­

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

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

p l a c e ,  t h e  m a s s  r e f e r r e d  t o  m o v e s  t o g e t h e r ^ w i t h  t h e  

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

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

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

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

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

a n d  o t h e r  d a t a  m a y  b e  a p p l i e d  ( V a r g a ,  1 9 6 5 ) .  L e t  

u s  i n t r o d u c e  t h e  r e d u c t i o n  f a c t o r  CX -  0 , 5 .  N o w ,  t h e  

d i a g r a m  i n  P i g .  2  f o r  i n c l i n e d - e c c e n t r i c  u l t i m a t e  l o a d  

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

g i v e n  c o n d i t i o n s .

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

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

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

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

t o  F i g .  2  o n l y  a t  a  s p e c i f i e d  l o w  p r o b a b i l i t y .

T h i s  t r a i n  o f  t h o u g h t  w i l l  b e  s e t  f o r t h  o n  t h e  e x a m ­

p l e  i n  F i g .  3 ,  w h e r e  a  c a n t i l e v e r  w a l l  i s  s h o w n .

L e t  t h e  w a l l  -  f o r  t h e  s a k e  o f  s i m p l i c i t y  -  r e t a i n  

w a t e r .  W a t e r  d e p t h  i s  s e e n  t o  v a r y  f r o m  0  t o  5  m  

i n  n o r m a l  s e r v i c e  c o n d i t i o n s .  A t  a  l o w  p f - o b a b i l i t y , ,  

h o w e v e r ,  t h e  b a s i n  m a y  b e  e n t i r e l y  f i l l e d  t o  a  d e p t h  

o f  M  >  6  m .  A n y  u n c e r t a i n t y  i n  t h e  w a l l  w e i g h t  i s  

a l l o w e d  f o r  b y  u s i n g  t h e  f a c t o r s  0 . 9  a n d  1 . 1 .  T h e  

v e r t i c a l  c o m p o n e n t  o f  t h e  r e s u l t a n t  f o r c e  c o n t a i n s  

a l s o  t h e  w a t e r  w e i g h t  W  a b o v e  t h e  c a n t i l e v e r  i n  

a c c o r d a n c e  w i t h  t h e  h o r i z o n t a l  w a t e r  p r e s s u r e  H ,  

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

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

w o u l d  i n v o l v e  d i f f e r e n t  f a c t o r s  f o r  H  a n d  W . )

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

t h e  c o m p o n e n t s  o f  f o r c e s  G ,  H  a n d  W  a s  a  f u n c t i o n  

o f  t h e  d e a d  w e i g h t  f a c t o r  G  a n d  t h e  w a t e r  d e p t h  i s  

p r e s e n t e d  i n  d e t a i l  i n  F i g .  3 .  T h e  r e s u l t a n t  f o r c e  

i n t e r s e c t s  t h e  b a s e  p l a n e  a t  p o i n t s  1 ,  3 ,  4 ,  5  a n d  6  

a s  t h e  w a t e r  d e p t h  i n c r e a s e s  f r o m  0  t o  1 ,  3 ,  4 ,  5  

a n d  6  m  r e s p e c t i v e l y .  ( T h e  g r e a t e r  c i r c l e  6  i n d i c a t e s  

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

m o s t  t h r o u g h  t h e  s a m e  p o i n t , )  T h e  o t h e r  e n d  p o i n t s  

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

c i r c l e s  o r i  t h e  u p p e r  r i g h t  p a r t  o f  t h e  w a l l .  O f  c o u r s e ,  

m a x i m u m  r e s u l t a n t  c o r r e s p o n d s  t o  m a x i m u m  w a t e r  

d e p t h ;  i t  i s ,  h o w e v e r ,  n o t  d i r e c t l y  e v i d e n t  w h e t h e r  

t h e  r e s u l t a n t  w h o s e  a b s o l u t e  v a l u e  i s  m a x i m u m  o r  a  

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

( R  *  5 4  M p / m ,  2 0 °  a n d  R  -  4 7 , 5  M p / m ,

y .  -  2 2 , 5 ° ,  r e s p e c t i v e l y )  w i l l  b e  c r i t i c a l .  T h i s  p r o b ­

l e m  c a n  b e  b e  s o l v e d  b y  m e a n s  o f  F i g .  2 ,  p l o t t i n g
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the data B* -  2, 70 m and B* ■ 2, 94 for the first 

e and the second case, respectively. Accordingly, 

the smaller resultant making a smaller angle with 

the horizontal determines the required base width.

Half of the size B* -  2, 94 m is measured from the 

point of application of the resultant (left to the

circle 6) so that the total width of the base increases 

from the originally assumed 4, 25 m to B -  4, 00 m. 

(For the given example the slight increase in weight 

G- and the modification of the position of the result­

ant have been neglected.)

Another problem consists in the impossibility to in­

dicate the safety margin by a unique number, since 

the safety is governed by the reduction factor 0$ 

introduced into the calculation of the soil load bear­

ing capacity, and by the prpbability of occurrence 

of the critical load. These, however, do not lend 

themselves to form simply an "overall" safety factor.

For circumstances shown in Fig. 3, no .special con­

sideration was required for the assumption of the 

maximum water level in connection with the risk, 

since the possible load was limited by geometry. In 

some cases, however, such limits may not exist, 

and the critical load may be the resultant of differ­

ent, independent random effects, such as wind load, 

ice load, forces transmitted by floating objects» seis­

mic forces etc. For example, it is interesting to 

note that -  to the author’s knowledge -  chimney 

shafts or TV towers are never designed for the 

combiner1 total effect of critical seismic forces plus 

maximum wind gusts characteristic of that area since 

their coincidence is of a low probability. The criti­

cal combination of loads or the justified assumption 

of risks should be considered in each case sepa­

rately, depending on the character of the load and 

the importance of the structure. Therefore the other 

component of the "overall safety11 may be reckoned 

with only if the following requirement is fulfilled:

-  the resultant of an adverse combination of com­

ponents is permitted to equal the ultimate' load 

bearing capacity under inclined-eccentric loads 

only at a specified low probability.

This procedure may lead to an adequate safety 

against both ground failure and overturning. How­

ever, sliding safety should be checked separately, 

since in the case of firm subsoils sliding is likely 

to occur on the lower surface of the base. There­

fore, with the size B determined in the described 

manner, also the "conventional" safety, i.e. fulfilment 

of the requirement

01 (Ntanf+AF+EJ 

T

has to be verified ( ' f = angle of surface friction 

between the base and the soil; A  « adhesion if any, 

F * base surface of the foundation; E^ -  passive 

earth pressure; A X = reduction factor; and n » safe­

ty factor required in the given case, generally, 

n * 1.5).
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