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

Force portante à la base des pieux avec la m éthode des caractérist iques

P . D E  S IM O N E ,  I s t i t u t o  d i  T e c n ic a  d e l l e  F o n d a z io n i ,  F a c o l t à  d ' i n g e g n e r i a ,  N a p o l i ,  I t a l y  

G .  S A P IO ,  I s t i t u t o  d i  T e c n ic a  d e l l e  F o n d a z io n i ,  F a c o l t à  d ' i n g e g n e r i a ,  N a p o l i ,  I t a ly

S Y N O P S I S  F o l l o w i n g  a n  a p p r o x i m a t e  a p p r o a c h  s u g g e s t e d  b y  V e s i c  ( 1 9 6 3 )  a n d  B e r e z a n t z e v  e t  a l .

( 1 9 6 3 ) ,  t h e  p u n c h i n g  f a i l u r e  m e c h a n i s m  o c c u r r i n g  b e l o w  t h e  b a s e  o f  a  p i l e  i s  s i m u l a t e d  b y  c l a s s i c a l  

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

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

s y m m e t r y ;  t h e  r e d u c t i o n  o f  s l i p  v o l u m e  i s  o b t a i n e d  b y  c o n s i d e r i n g  a  v a r i a t i o n  b e t w e e n  0  a n d  t h / 2  o f  

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

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

b u r d e n  p r e s s u r e  i s  a l s o  a n a l y s e d .

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

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

A s  s h o w n  b y  V e s i c  ( 1 9 6 4 )  t h e  f a i l u r e  m e c h a n i s m  

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

f a i l u r e ,  e v e n  i n  v e r y  d e n s e  s o i l s .  A c c o r d i n g l y ,  

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

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

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

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

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

s u g g e s t e d .

T h e  f i r s t  o n e  ( V e s i c ,  1 9 6 3 ;  B e r e z a n t z e v  e t  a l . ,  

1 9 6 3 )  m a k e s  u s e  o f  t h e  r i g i d - p l a s t i c  m o d e l  o f  

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

t h e  s l i p  v o l u m e .  T h e  s e c o n d  o n e  ( S k e m p t o n  e t  a l . ,  

1 9 5 3 ;  V e s i c ,  1 9 7 7 )  r e s o r t s  t o  t h e  t h e o r y  o f  t h e  

e x p a n s i o n  o f  a  s p h e r i c a l  c a v i t y  i n  a n  e l a s t i c -  

p l a s t i c  m e d i u m .

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

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

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

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

r i n g  a  v a r i a t i o n  b e t w e e n  0  a n d 1 V / 2  o f  t h e  a n g l e  

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

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

I n  a d d i t i o n ,  t h e  e f f e c t  o f :  i )  b a s e  r o u g h n e s s ;  

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

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

f a c e ,  i s  a l s o  a n a l y s e d .

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

f i n d i n g s  a n d  s o m e  c o n c l u s i o n s  a r e  d r a w n .

j ,

D r

_  Q

Y
( l a )

Y

F i g .  1 . F a i l u r e  v o l u m e  u n d e r  p i l e  p o i n t :  a ) s m o o  

t h  b a s e ;  b )  r o u g h  b a s e .

G O V E R N I N G  E Q U A T I O N S  3 1 1 (1  t h e  y i e l d  c o n d i t i o n :

T h e  a x i a l l y  s y m m e t r i c  p r o b l e m  o f  a  M o h r - C o u l o m b  \ ] f  ̂  ~  S " \ M i y  +  C C o ^  V

m e d i u m  i s  g o v e r n e d  b y  t h e  e q u i l i b r i u m  e q u a t i o n s :  '  " 2  /  2
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C o n s i d e r a t i o n  o f  t h e  H a a r - V o n  K a r m a n  ( 1 9 0 9 )  h y p o  

t h e s i s  :

( 3 )

( 4 )

A c c o r d i n g l y ,  o n l y  a  c o h e s i o n l e s s  m e d i u m  ( c  =  0 ;  

I f *  0 ;  Y *  0 )  n e e d s  b e  c o n s i d e r e d .

T r i e  s t r e s s  s t a t e  a t  a  p o i n t  m a y  b e  d e f i n e d  b y  

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

t h e  m a j o r  p r i n c i p a l  s t r e s s  t T ^  a n a  t h e  h o r i z o n ­

t a l  r - a x i s ,  a n d  o f  t h e  S o k o l o v s k i i  ( 1 9 6 5 )  s t r e s s  

p a r a m e t e r  ^  d e f i n e d  a s .

( 5 )

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

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

s i n c e  i t  i s  o f  t h e  h y p e r b o l i c  t y p e  ( C o x  e t  a l . ,  

1 9 6 1 )  .

A s  i t  i s  w e l l  k n o w n ,  t h e  c o h e s i o n  m a y  b e  a c c o u n  

t e d  b y  C a q u o t ' s  c o r r e s p o n d i n g  s t a t e s  t h e o r e m ,  

l e a d i n g  t o  t h e  e x p r e s s i o n :

F i g .  3 .  B e a r i n g  c a p a c i t y  f a c t o r  N q  f o r  D / B + 0 G  

a n d  D / B  =  5

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

s t r e s s .  T h e  g o v e r n i n g  e q u a t i o n s  ( 1 )  t o  ( 3 ) ,  r e -  

w i - i  I t e n  i i i  t e ° r  X #/ , w 1 n i i'cSpcrC «,
t h e  c h a r a c t e r i s t i c  c u r v e s  o ( .  a n d  :

dx

ar t (6 )

F i g .  2 .  B e a r i n g  c a p a c i t y  f a c t o r  N  f o r  r o u g h  a n d  

s m o o t h  b a s e ;  ^

o s ,  V  r  v

U ìx F (-2 ^ 4 7b>

w h e r e  s ^  a n d  s ^  a r e  c u r v i l i n e a r  a b s c i s s a e  a l o ­

n g  t h e  c h a r a c t e r i s t i c  c u r v e s  o (  a n d  &  ,  a n d

e = t w 4 - ^ / 2.

. N U M E R I C A L  S O L U T I O N

F o l l o w i n g  C o x  e t  a l .  ( 1 9 6 1 ) ,  e q s . ( 6 )  a n d  ( 7 ) h a v e  

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

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

d e r i n g  t h e  i n f l u e n c e  o f :  i )  t h e  a n g l e  C J  v a r y i n g  

b e t w e e n  0  a n d  T > " / 2 ;  i i )  t h e  b a s e  r o u g h n e s s ;  i i i )  

t h e  s e l f  w e i g h t  a n d  i v )  t h e  d i s t r i b u t i o n  a n d  i n ­

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

s u r f a c e .

I n  t h e  c a s e  o f  s m o o t h  b a s e  ( f i g .  l a )  a l l  t h e  t h ­

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

C a u c h y  z o n e ,  t h e  i n t e r m e d i a t e  o n e  o r  P r a n d t l  f a n ,  

a n d  t h e  a c t i v e  o r  m i x e d  o n e ,  a n d  t h e  f a i l u r e  m e ­

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

( f i g .  l b )  o n l y  t h e  f i r s t  t w o  z o n e s  o c c u r ;  a  r i ­

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

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

1 3 7 4
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Fi g.  4.  Be a r i n g  c a p a c i t y  f a c t o r  Nq f o r  d i f f e r en t  

o v e r b u r d e n  p r es s u r e  c ond i t i ons .

The b e a r i n g  c a p ac i t y  f a c t o r  Nq i s  de f i ned  by  t he 

r e l at i on:

=•  ^  T ( 8 }

where -̂s ^he enĉ bearing capacity of the pi_
l e .

Va l ues  of  Nq f or  r ough and s moot h  p i l e  bas e ar e 

p l o t t e d  i n f i g.  2 aga i ns t  , f o r  0 ¿ CO 

The e f f ec t  o f  t he s e l f  we i gh t ,  gene r a l l y  neg l ec  

t ed i n p i l e s  end  b e a r i n g  c apac i t y  c a l c u l a t i ons ,  

i s  s hown i n f i g.  3 ( r ough bas e)  whe r e  Nq i s  pl o; t  

t ed f or  D/ B- *  ( we i gh t l es s  med i um)  and D/ B = 5,  

b e i ng  D and B r e s p e c t i v e l y  dep t h  and d i a me t e r  of  

t he p i l e  bas e.

Fi na l l y ,  t he i n f l uenc e  of  d i f f e r en t  h y p o t hes es  

about  t he i nc l i n a t i o n  and d i s t r i b u t i o n  of  q i s  

dep i c t ed  i n f i g.  4.  The p r e s s u r e  ac t i ng  on t he 

l i mi t  s u r f ac e  has  bee n  c o n s i d e r e d  e i t he r  c o ns t a  

nt  o r  l i nea r l y  i n c r eas i ng  wi t h  dept h,  and e i t he r  

o r t hogona l  t o t he l i mi t  s ur f ac e  o r  v er t i c a l ,  and 

henc e  i nc l i ned  t o t he no r ma l  o f  an ang l e  CO . I n 

t he l a t t e r  i ns t anc e,  o f  c our s e,  on l y  t he c as es  

wi t h  ar e pos s i b l e .

c o e f f i c i en t  Nq has  t he ex pr es s i on :

<9)

t he ang l e  be i n g  t he ope n i n g  of  Pr and t l  f an.  

Co n s i d e r a t i o n  of  bas e  r oughnes s  i mp l i es  a s i g n i ­

f i c an t  i nc r eas e o f  Nq ( f i g.  2) ,  wh i l e  i t  i s  wel l  

k n o wn  t hat  f o r  t he p l ane  s t r a i n  c as e i t  a f f ec t s  

on l y  Ny  . The i n f l uenc e  o f  r oughnes s  i nc r eas es  

wi t h  i nc r eas i ng  and  dec r e a s i n g  W;  f o r l O= T f / 2 ; 

t he i n f l uenc e  v an i s hes .  I t  i s  b e l i e v e d  t hat  t he 

c as e of  s moo t h  bas e  has  no p r ac t i c a l  i n t er es t ;  

ac c o r d i ng l y ,  f u r t h e r  r es u l t s  ar e s hown f or  t he 

on l y  c as e of  r ough bas e.

The e f f ec t  of  s e l f  we i g h t  ( f i g.  3)  s eems  un i mp o r  

t a n t , t hus  s u b s t a n t i a t i n g  t he us ua l  p r ac t i c e  of  

d i s r e g a r d i n g  i t .

Fi na l l y ,  t he e f f ec t  o f  t he d i s t r i b u t i o n  o f  t he 

o v e r bu r den  p r e s s u r e  q ( f i g.  4)  s eems  t o be u n i m­

po r t an t  wh e n  q i s  no r ma l  t o t he l i mi t  s ur f ac e,  

and s i gn i f i c an t  wh e n  q i s  v er t i c a l ,  i . e.  i n c l i ­

ned  of  t o t o t he nor mal .  The d e c r eas e  of  Nq wi t h  

i n c r eas i ng  i n c l i na t i on  of  q may  be ex p l a i n e d  w_i  

t h t he abov e c ons i d e r a t i o n s  on  t he ope n i n g  of  

Pr and t l  f an;  t he i nc l i n a t i o n  o f  q,  i ndeed,  mak es  

t he ang l e  on t he l i mi t  s ur f ac e  i nc r eas e,  t hus  

r educ i ng  t he wi d t h  of  t he Pr and t l  f an.

COMPARI SON V/_i_Tri  P V ^ O U 3 FI NDI WG3

I n o r d e r  t o c ompar e  t he p r e s e n t  r es u l t s  wi t h  t ho 

se o b t a i ned  by  o t he r  Aut hor s ,  t he v a l ues  of  Nq 

by  Ves i c  ( 1963,  1977 ) and  by  Be r e z a n t z e v  et  a l . 

( 1961,  1963)  ar e p l o t t e d  i n f i g.  5 t oge t he r  wi t h

ANALYSI S OF THE RESULTS

Fi gs .  2 and 3 s hown t hat  Nq d ec r eas es  c ons i d e r a  

b l y  as  t he ang l e  W  i nc r eas es  f r om 0  t o 

Th i s  had  t o be ex pec t ed,  s i nc e t he i nc r eas e  of  

s t r es s  f r om t he v a l ue  at  t he l i mi t  s ur f ac e  ( q)  t o 

t he v a l ue  at  t he p i l e  bas e  ( q u i t )  depends  on t he 

r o t a t i on  of  t he p r i nc i pa l  s t r es s  wi t h i n  t he Pr an  

dt l  f an,  and  henc e  on  t he ope n i n g  o f  s uc h  f an.

The s ame e f f ec t  o c c u r s  i n p l ane  s t r ai n,  whe r e  t he

1

26 30 34 38 42

<P

Fi g.  5.  Co mp a r i s o n  be t we e n  p r e s e n t  Nq v a l u e s  and 

p r ev i o u s  ones .

—  present resu lts

> Rar oTani TAu
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t hos e c a l c u l a t e d  by  t he wr i t e r s  f o r  r ough bas e,  

q no r ma l  t o t he l i mi t  s ur f ac e  and D/ B* * b ^ ( s e l f  

we i g h t  = 0 ) .

I t  i s  t o r e member  t hat  Ves i c  ( 1963)  and Be r ez an  

t z ev  et  a l . ( 1963)  adopt  a r educ ed  op e n i n g  of  

Pr andt l  f an,  equal  r es p e c t i v e l y  t o 1 . 9 * ^  and t o 

( •(V / 4+ 1/ ) .  Be r e z a n t z e v  et  a l . ( 1961)  as s ume <0 

= 0,  and Ves i c  ( 1977)  mak es  us e o f  t he s p h e r i ­

c a l  c av i t y  e x p a n s i o n  t heor y .  I t  i s  a l s o  t o not e  

t hat  Ves i c  ( 1977)  i n t r oduc es  a c oe f f i c i e n t  Ng-  

t hat  i s  r e l a t ed  t o Nq by  t he ex pr es s i on :

( 1 0 )

To t he wr i t er s '  k nowl edge ,  t he r es u l t s  by  Be r e ­

z an t z ev  et  a l . ( 1961)  ar e wi d e l y  us e d  i n pr act i ^  

ce and b e l i e v e d  t o p r ov i de  t he bes t  f i t  wi t h  ex  

pe r i men t a l  e v i denc e  f o r  me d i u m d i a me t e r  p i l es  

( B=40- e- 60cm)  . The r es u l t s  by  Be r e z a n t z e v  et  a l . 

( 1963)  wer e  p r o p o s e d  f o r  c a i s s ons  and  ar e s o me ­

t i mes  adop t ed  f o r  l a r ge d i a me t e r  bo r e d  pi l es ,  s i n 

ce t hey  ac c oun t  f or  t he r educ t i on  i n end  bea r i n g  

c apac i t y  wi t h  i n c r eas i ng  p i l e  d i amet er .

Fi g.  5 s hows  t hat  t he v a l u e s  o f  Nq o b t a i n e d  by  

t he wr i t e r s  wi t h  10= 30°  f i t  r a t he r  we l l  Be r e ­

z an t z ev  et  a l . ( 1963)  ones .  To f i t  Be r e z a n t z e v  

et  a l . ( 1961)  v a l ues ,  v a l u e s  of  £o de c r e a s i n g  

f r om 30°  t o 10°  wi t h  i n c r eas i ng  s hou l d  be 

c ons i der ed .  Th i s  t r end  c ou l d  be i n t e r p r e t e d  as 

a r e duc t i on  o f  t he l oc al  f a i l u r e  e f f ec t  wi t h  t he
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CONCLUSI ONS

The p r oc e d u r e  p r o p o s e d  i n t he p r es en t  pa p e r  i s 

t o ac c oun t  f o r  t he p u n c h i n g  c ha r a c t e r  of  p i l e  

bas e  f a i l u r e  t h r ough  a r educ ed  ex t en t  of  t he 

s l i p  v o l ume;  t h i s  appr oac h,  f i r s t  s ugges t ed  by  

Ves i c  ( 1963) ,  a l l ows  a u n i f i e d  t r ea t men t  o f  bo t h  

me d i u m and l a r ge  d i a me t e r  pi l es .

The r es u l t s  o b t a i n e d  f i t  t hos e by  Be r e z a n t z e v  et  

a l . ,  p r o v i d e d  s u i t ab l e  v a l ues  ar e as s i gned  t o 

t he ang l e  W . For  l a r ge d i a me t e r  bo r ed  p i l es  a 

v a l ue  CO= 30°  s eems  t o appl y ;  f o r  me d i u m d i a me ­

t er  p i l es  a v a l ue  o f  CO d e c r e a s i n g  f r om 30°  t o 

1 0 ° wi t h  i n c r e a s i n g  ( J  s hou l d  be us ed.
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