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S Y N O P S IS  T he  pa pe r  de s c r ibe s  a  r e v ie w  o f  p u b lis h e d  me a s ur e me nts  o f  ne g a t iv e  fr ic t io n  o n  d r iv e n  p ile s  in  s o ft c la y . Alt o g e th e r  te n  cas e  r e c or ds  a re  ana ly s e d  

in w h ic h  ne g a t iv e  fr ic t io n  ha s  be e n me a s ur e d  o v e r  lo c a lis e d  le ng ths  o f  p ile , to ge th e r  w ith  the  ve r t ic a l d is t r ib u t io n  o f  p o r e  w a te r  p r e s s ur e  in  the  s u r r o u n d in g  

g r o u n d . T h e  re s ult s  h a ve  be e n a na ly s e d in  te r ms  o f  th e  r a t io  r s f/ ffy (.=&)■ T he  cas e  r e c or ds  c ove r  a  w id e  r a ng e  o f  p ile  ty pe s , caus e s  o f  ne ga t iv e  fr ic t io n  a nd 

le ng th  o f  p e r io d  o f  me a s ur e m e n t . It  is s h o w n  tha t  fo r  mos t no r m a lly  c o ns o lid a te d  s e d im e nts  /? lie s  in  the  r a nge  - 0.2  to  - 0 .35 w h ic h  is c ons is te nt w it h  d r iv e n  

pile s  in  the s e  ma te r ia ls . H o w e v e r , fo r  lo w  p la s t ic ity  s e ns it ive  m a r ine  c la y s , lo w e r  va lu e s  in  the  r a ng e  - 0 .15 to - 0 .25 ar e  o b ta ine d . Ne g a t iv e  fr ic t io n  is  s h o w n  

to m o b iliz e  a t r e la t ive  d is p la c e m e nt s  o f  a b o u t  1 0 m m . It  is  c o nc lud e d  tha t  th e  e ffe c t ive  s tres s  f3 a pp r o a c h  is  b o th  s im p le  a nd  r e lia b le .

IN T R O D U C T IO N

Jo h a nn e s o n  a nd  B je r r u m  (1 9 6 5 ) ma de  me a s ur e me nts  o f  the  c o m p r e s s io n  o f  

a  s te e l p ile  d r iv e n  t h r o u g h  s o ft m a r in e  c la y  to  r o c k . T h e  c o m p r e s s io n  was  

caus e d by  n e g a t iv e  s ha ft  fr ic t io n  fr o m  c o n s o lid a t io n  o f  th e  s u r r o u n d in g  c la y  

und e r  a  s u r c h a r g e . T h e  de duc e d  s ha ft fr ic t io n  d o w n  the  p ile  wa s  

a pp r o x im a t e ly  d is t r ib u te d  as  the  e ffe c t ive  ve r t ic a l s tres s  d u r in g  c o n s o lid a t io n . 

A r e a s o na b ly  g o o d  a g r e e m e nt  w a s  o b ta ine d  be tw e e n the  obs e r ve d  a nd  

c o mpute d  d is t r ib u t io n  o f  c o m p r e s s io n  o f  the  p ile  w h e n  the  ne g a t iv e  s ha ft 

fr ic t io n  a t a ny  de p th  w a s  a s s ume d e qua l to  a ^ .K . t a n  w he r e  is  the  

ve r tic a l e ffe c t ive  s tre s s  a t t h a t  de p th  a nd  K .t a n  <j>!d wa s  a s s ume d  to  be  c ons ta nt 

a lo ng  th e  p ile . T h is  a p p r o a c h  g a ve  c o ns id e r a b ly  be tt e r  a g r e e m e nt  t h a n  a 

d is t r ib u t io n  o f  s ha ft  fr ic t io n  ba s e d o n  the  v a r ia t io n  o f  u n d r a in e d  s tr e ng th  

d o w n  the  p ile .

T he  a b o v e  pa p e r  w a s  o ne  o f  the  fir s t  to  tr e a t the  s ha ft fr ic t io n  o f  p ile s  in  c la y  

in te r ms  o f  e ffe c t ive  s tre s s . M u c h  re s e a rch s inc e  the n ha s  s h o w n  tha t  the  

s ha ft  fr ic t io n  is g o v e r n e d  by  the  C o u lo m b  e qua t io n

Ts f  =  ffr f  ta n  s '- • ( 1)

whe r e  is  the  e ffe c t ive  r a d ia l s tre s s  a c t ing  o n  the  s ha ft a t fa ilu r e  a nd  S' is  

the  a ng le  o f  in te r fa c e  fr ic t io n . T he  m a g n it u d e  o f  is a fu n c t io n  o f  the  

e ffe c tive  ve r t ic a l s tre s s  <rÿ, the  in it ia l a t re s t  h o r izo n t a l e ffe c t ive  s tres s  a ^ 0 , 

in s t a lla t io n  e ffe cts  a nd  lo a d in g  e ffe ct s . D iv id in g  th r o u g h  by  oÿ , e q ua t io n  (1 ) 

ca n be  re - w r it te n as

r s f K  =  & = K s f  ta n  s '- •(2 )

T he  pa r a me te r  | 3 is  the  s ha ft  fr ic t io n  fa c to r  d e fine d  by  Bu r la n d  (1 9 7 3 ). It  

ma y  be  o b ta ine d  p u r e ly  e m p ir ic a lly  fr o m  p ile  te s ts  o r  b y  s o il m e c ha nic s  

me th ods  t h r o u g h  the  e x pr e s s ion K ^ . t a n  5 ' ,  w he r e  K s f  is  the  e a r th  pr e s s ur e  

c o e ffic ie n t  fo r  the  s ha ft  a t  fa ilu r e . B o n d  e t a l (1 9 9 2 ) h a ve  r e c e nt ly  s e t o u t  a 

pr oc e dur e  fo r  a n a ly s in g  d r iv e n  p ile s  in  te r ms  o f  e ffe c t ive  s tre s se s . T he  

e m p ir ic a l e ffe c t ive  s tre s s  a p p r o a c h  u s u a lly  inv o lve s  e v a lua t ing  the  me a n  s ha ft  

fr ic t io n  Tsf  a nd  m e a n  ve r t ic a l e ffe c t ive  s tres s  g iv in g  the  m e a n  s ha ft 

fr ic t io n  fa c to r  /3. T h e  re s ult s  o f  num e r o us  tes ts  o n  d r iv e n  p ile s  in  n o r m a lly  

c o ns o lid a te d  s e d im e nt s  g e n e r a lly  g iv e  va lue s  o f  (3 be tw e e n a bo ut  0 .2 5  a nd 

0 .3 5  (B u r la n d  1973 a nd  F la a t e  a nd  Se ine s  1977 ).

In  the  t im e  s inc e  Jo h a n n e s o n  a nd  B je r r u m  p u b lis h e d  th e ir  c la s s ic  p a pe r  o n  

ne ga tive  fr ic t io n , a  n u m b e r  o f  e x pe r im e nta l s tud ie s  ha ve  be e n p u b lis h e d . T he  

pur pos e  o f  th is  pa p e r  is to  r e v ie w  th e  re s ult s  in  te r ms  o f  the  s im p le  e ffe c tive  

s tress  e q ua t io n  (2) s o as  to  ass e ss  its  r e le va nc e  a nd  de r ive  the  r a nge  o f  /S 

value s .

C A S E  R E C O R D S  

Jo h a n n e s o n  a n d  B je r r u m  (1 9 6 5 )

As  m e n t io ne d  in  the  In t r o d u c t io n , me a s ur e me nts  w e r e  m a d e  o n  a  5 3 m  lo n g  

h o llo w  s te e l p ile  d r iv e n  th r o u g h  s o ft , lo w  p la s t ic ity  m a r in e  c la y  to r o c k  a t 

S o r e ng a  in  Os lo  h a r b o u r . T h e  lo c a l c o m pr e s s io n  o f  th e  p ile  was  m e a s ur e d  

by  m e a ns  o f  te llt a le s  c o ns is t ing  o f  a s e r ie s  o f  g u id e d  s te e l r ods  le a d in g  fr o m  

th e  to p  o f  the  p ile  to  v a r io us  m e a s u r in g  p o in t s . Se t t le m e n t  p o in t s  a nd 

p ie zo m e te r s  w e r e  ins t a lle d  in  the  s u r r o u n d in g  c la y  a t v a r io us  de p ths . A  te n 

me tr e  th ic kne s s  o f  fill w a s  th e n  p la c e d  a r o und  the  p ile  s o  as  to  ind uc e  

c o ns o lid a t io n  o f  th e  c la y .

F ig . 1 s ho w s  the  de duc e d  d is t r ib u t io n  o f  lo c a l ne g a t ive  s ha ft  fr ic t io n  

w ith  de p th  s o m e  tw o  ye a rs  a fte r  c o m m e n c e m e n t  o f  the  e x p e r im e nt  w h e n  the  

s ur fa c e  s e t tle me nt wa s  a b o u t  1 .7 m . Als o  s h o w n  ar e  the  lo c a l va lue s  o f  0 
d e r ive d  fr o m  a k n o w le d g e  o f  the  ve r tic a l d is t r ib u t io n  o f  Oy. It  ca n be  s e e n 

tha t o ve r  m o s t  o f  the  p ile  in  the  c la y  the  va lue s  o f  /3 lie  be tw e e n a b o u t  - 0 .15 

and - 0 .25. N e a r  the  b o t to m  the  va lue  is  h ig h e r , b e in g  - 0 .37. T h is  m a y  be  

due  to  the  pr e s e nc e  o f  s a nd la ye r s  ne ar  the  b o t to m  o f  the  p r o file . It  s h o u ld

Ts- kPa

F ig .  1 .  Ste e l t u b u la r  p ile  d r iv e n  th r o u g h  m a r in e  c la y  to  r o c k . C o n s o lid a t io n  

ca us e d b y  f ill .  (Jo h a n ne s o n  a nd  B je r r u m  1965)
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a ls o  be  b o r n e  in  m in d  tha t  the  in te r p r e ta t io n  o f  te llt a le  me a s ur e m e n ts  is 

d iffic u lt  as  the y  a r e  s e ns it ive  to  the  e ffe cts  o f  e c c e n t r ic ity  (k n o w n  to  be  

p r e s e nt he r e ). Jo h a n n e s o n  a nd  B je r r u m  fo u n d  tha t  a n a ve r a ge  v a lu e  o f  /3 =  

-0.2  g a v e  s a t is fa c to r y  a g r e e m e nt  be tw e e n  the  me a s ur e d  a nd  c o m p u te d  

d is t r ib u t io n  o f  c o m p r e s s io n  fo r  the  tw o  ye a r  m e a s ur e me nts .

B je r r u m ,  Jo h a n n e s o n  a n d  E id e  (1 9 6 9 )

T he s e  a u tho r s  r e po r t  the  re s ults  o f  a n u m b e r  o f  a d d it io n a l te s ts  o n  tu b u la r  

s te e l p ile s  d r iv e n  to  r o c k  t h r o u g h  de pos it s  o f  s o ft c la y . T w o  a d d it io n a l p ile s  

a t S o r e ng a  g a v e  a ve r a g e  va lu e s  o f  /S e qua l to  - 0.2  a nd  - 0 .23 . A  p ile  at 

H e r o y a  g a v e  a  h ig h e r  av e r a ge  v a lu e  o f  - 0 .26  w h ic h  w a s  th o u g h t  to  r e fle c t  th e  

m o r e  s ilty  na tu r e  o f  th e  c la y .

E n d o  e t  a l (1 9 6 9 )

T he s e  te s ts  w e r e  c a r r ie d  o u t  o n  t u b u la r  p ile s  ins t r um e n te d  w it h  lo c a l L V D T  

s t r a in  ga uge s  w h ic h  a llo w  a  m o r e  p r e c is e  d e te r m in a t io n  o f  the  lo a d  

d is t r ib u t io n  d o w n  the  p ile . M o s t  o f  the  p ile s  w e r e  d r iv e n  t h r o u g h  s o ft  c la y e y  

a nd  s ilty  a llu v iu m  o n t o  de ns e  fin e  s a nd  as  s h o w n  b y  the  s o il p r o file  in  F ig . 

2 (a ). A  la r g e  n u m b e r  o f  p ie zo m e te r s  a nd  s e t tle me nt ga uge s  w e r e  ins ta lle d  in  

the  s u r r o u n d in g  g r o u n d . T h e  c o n s o lid a t io n  o f  th e  a llu v iu m  w a s  d u e  t o  a 

de pr e s s e d p ie zo m e t r ic  he a d  in  th e  u n d e r ly in g  s a nd . T h e  lo a d s  t o o k  a b o u t  

th r e e  ye a rs  to  fu lly  d e v e lo p  d u r in g  w h ic h  t im e  the  s e t tle me nt o f  th e  g r o u n d  

s ur fa c e  w a s  a b o u t  1 2 0 m m . F ig .  2 (b ) s ho w s  th e  d is t r ib u t io n  o f  s h a ft  fr ic t io n  

fo r  tw o  c lo s e d  e nde d  p ile s  (o ne  o f  t h e m  ba t te r e d ). It  c a n  be  s e e n th a t  the  

a g r e e m e nt  be tw e e n  th e m  is  e x c e lle n t . A t  a  de p th  o f  a b o u t  2 8 m  th e  ne g a t iv e  

s ha ft  fr ic t io n  r e a che s  a  m a x im u m  a nd  be g ins  to  r e duc e  e v e n t ua lly  b e c o m in g  

p o s it iv e . T h e  d o w n d r a g  fo r c e s  w e r e  c a r r ie d  b y  a  c o m b in a t io n  o f  s ha ft  

fr ic t io n  ov e r  th e  b o t t o m  10 m a nd  e nd b e a r in g . Als o  s h o w n  ar e  the  r e s ult s  o f  

a  s ho r te r  c lo s e d  e nde d  ‘flo a t in g ’ p ile .

T h e  lo c a l v a lue s  o f  0  a r e  s h o w n  in  F ig .  2 (c ) a nd  lie  be tw e e n  a b o u t  

- 0 .2  a nd  - 0 .4  o v e r  th e  fu lly  d e v e lo pe d  zo n e  w ith  a n  a ve r a g e  v a lu e  o f  - 0 .32  

(m e a s ur e m e nts  o n  a  s in g le  o p e n  e nde d  p ile  g a v e  a  lo w e r  a ve r a ge  v a lu e  o f  

0 = - O .2 1 ) . It  c a n  b e  s e e n tha t  the r e  is  a  r e la t ive ly  s h o r t  t r a n s it io n  zo n e  

b e tw e e n  fu lly  d e v e lo p e d  ne g a t iv e  va lu e s  o f  0  a nd  p o s it iv e  v a lue s  o f  s im ila r  

m a g n it u d e . Me a s u r e m e n ts  o f  th e  r e la t ive  d is p la c e m e n t  be tw e e n  p ile  a nd  

a d ja c e n t  s o il a b o v e  a nd  b e lo w  th e  ne ut r a l p o in t  s ugge s t tha t  a b o u t  10m m  w a s  

r e q u ir e d  to  fu lly  m o b iliz e  th e  s ha ft  fr ic t io n .

B o z o z u k  (1 9 7 2 )

A  4 9 m  t u b u la r  s te e l p ile  w a s  d r iv e n  o p e n  e nde d  th r o u g h  a  9 m  h ig h  te s t fill 

in t o  s o ft , lo w  p la s t ic it y  B e r t h ie r v ille  m a r in e  c la y . Re la t iv e  c o m pr e s s io ns  

a lo n g  th e  p ile  w e r e  me a s ur e d  w it h  c a r e fu lly  m a c h in e d  p u s h  r o d s . F o u r  

p ie zo m e te r s  w e r e  in s t a lle d  be tw e e n  6 m  a nd  2 7 m  d e p th . An a ly s is  o f  the  

re s ult s  a t  S ye a rs  a fte r  in s t a lla t io n  s h o w  th a t  w it h in  th e  fu lly  d e ve lo pe d  zo n e

o f  n e g a t iv e  fr ic t io n  the  va lu e s  o f  /5 v a r ie d  fr o m  - 0.12 to  - 0.2  w ith  a n a ve r a ge  

o f - 0 .16.

W a lk e r  a n d  D a r v a ll (1 9 7 3 )

A c lo s e d  e nde d t u b u la r  s te e l p ile  w a s  d r iv e n  t h r o u g h  2 m  o f  r e c e nt f ill ,  7 m  o f  

m e d iu m  s a n d , 15 m o f  f ir m  s ilty  c la y , 3 m  o f  s a ndy  s ilt  in to  de ns e  s a nd a nd  

g r a v e l. T h e  p ile  w a s  ins t r um e n te d  w it h  e le c tr ic a l r e s is ta nc e  s t r a in  ga ug e s  at 

s e le cte d  le ve ls . T h e  s u r r o u n d in g  g r o u n d  was  ins t r um e nte d  w it h  s e t tle me nt 

ga ug e s  a nd  p ie zo m e te r s . Aft e r  in s t a lla t io n  o f  the  p ile , 3 m  o f  f ill w a s  p la c e d  

o v e r  the  s it e . O v e r  the  p e r io d  o f  4  m o n th s  o f  m e a s ur e me nts  the  g r o u n d  

s ur fa c e  s e t tle d  a b o u t  3 5 m m . W it h in  the  m e d iu m  s a nd la y e r  lo c a l v a lue s  o f  

/ 3 = - 0 .7 4  to  - 0 .96  w e r e  m e a s ur e d . W it h in  th e  f ir m  s ilty  c la y  r e duc e d  fr o m  

- 0.51 at th e  to p  to  - 0 .1 5 lo w e r  d o w n . It  s e e ms  p r o b a b le  tha t  s ha ft  fr ic t io n  

was  fu lly  m o b iliz e d  o n ly  in  the  to p  2 m  o r  3 m  o f  th is  la y e r .

G a r la n g e r  (1 9 7 4 )

A  s te e l H- p ile  fo r  a  b r id g e  a b u tm e n t  w a s  d r iv e n  t h r o u g h  7 .6 m  o f  f ill ,  4 m  o f  

s a nd  a nd  1 5 .2 m  o f  s o ft  lo w  p la s t ic ity  c la y  in to  a de ns e  g la c ia l t ill.  Se ve nte e n 

ye a rs  a fte r  the  b r id g e  w a s  c o m p le te d , the  d is t r ib u t io n  o f  lo c a l s ha ft  fr ic t io n  

w a s  d e te r m in e d  b y  m e a s u r in g  th e  r e b o und  o f  th e  p ile  as  it  w a s  c ut  fr e e  fr o m  

the  a b u tm e n t  a nd  a fte r  u s in g  e le c tr o - os mos is . Va lue s  o f  0  be tw e e n - 0.2  a nd  - 

0 .2 5  w e r e  de duc e d  fo r  the  s o ft  c la y .

A u v in e t  a n d  H a n e ll (1 9 8 1 )

T h e  e ffe c t  o f  ne g a t iv e  fr ic t io n  o n  t w o  pr e c a s t  conc r e te  p ile s  d r iv e n  in to  

h ig h ly  p la s t ic  Me x ic o  C it y  c la y  w a s  inve s t ig a te d  a t a  lo c a t io n  w h e r e  inte ns e  

p u m p in g  w a s  in d u c in g  c o n s o lid a t io n . T h e  p ile s  w e r e  t r ia n g u la r  in  cr os s  

s e c t io n  a nd  lo a d  c e lls  w e r e  ins t a lle d  a t in te r va ls  d o w n  th e  p ile . P ie zo m e te r s  

a nd  s e t t le m e nt  ga ug e s  w e r e  in s t a lle d  in  th e  s u r r o u n d in g  g r o u n d . D u r in g  the  

te n m o n t h  p e r io d  a fte r  in s t a lla t io n , th e  g r o u n d  s ur fa c e  s e t tle d a b o u t  100m m  

w he r e a s  a t  the  t ip  o f  th e  p ile  th e  c o r r e s p o n d in g  s e t t le m e nt  w a s  a b o u t  20 m m . 

T h e  de duc e d  lo c a l va lu e s  o f  /3 r a ng e d  fr o m  - 0 .2 6 to  - 0 .38  w it h  a n  av e r a ge  

v a lu e  fr o m  th e  tw o  p ile s  o f  - 0 .30 . A u v in e t  a nd  H a n e ll c o n c lud e d  tha t  a 

r e la t ive  d is p la c e m e n t  be tw e e n  s ha ft  a nd  s o il o f  a b o u t  20 m m  w a s  r e q u ir e d  to  

fu lly  m o b iliz e  the  s ha ft  fr ic t io n . T h e  p r e c is e  r e a s o n in g  b e h in d  th is  c o n c lus io n  

is  n o t  c le a r  a nd  th e  f ig u r e  is  b e lie v e d  to  be  a n  u p p e r  lim it .

K e e n a n  a n d  B o z o z u k  (1 9 8 5 )

T h e  d e v e lo p m e n t  o f  n e g a t iv e  fr ic t io n  o n  a  g r o u p  o f  th r e e  p ile s  w a s  o bs e r ve d  

o v e r  a  p e r io d  o f  6 .5  ye a rs . T h e  p ile s  w e r e  c lo s e d e nde d  tu b u la r  s te e l, 3 2 m  

lo n g  a nd  d r iv e n  t h r o u g h  a  12m  th ic k  g r a n u la r  fill in to  a  de e p  d e p o s it  o f  s o ft 

c la y e y  s ilt  - s e e  F ig . 3 (a ). T h e  p ile s  w e r e  ins t r um e n te d  w it h  t e llta le s . F ig . 

3 (b ) s h o w s  the  m e a s ur e d  d is t r ib u t io n  o f  s ha ft  fr ic t io n  fo r  t w o  o f  th e  p ile s . 

T h e  a g r e e m e nt  be tw e e n  th e m  is  g o o d . T h e  d is t r ib u t io n  o f  0  fo r  the  t w o  p ile s  

is  s h o w n  in  F ig .  3 (c ). A  s t r ik in g  fe a tur e  is  the  s ha r p  t r a n s it io n  fr o m  fu lly  

de v e lo p e d  n e g a t iv e  va lu e s  to  p o s it iv e  va lue s  o v e r  a d is ta nc e  o f  a b o u t  3 m . 

W it h in  th e  z o n e  o f  ne g a t iv e  fr ic t io n  the  va lu e s  o f  /3 fo r  th e  c la y e y  s ilt  lie  

b e tw e e n  - 0 .25  to  - 0 .4 . T h e  r a ng e  is  m u c h  la r g e r  fo r  the  g r a n u la r  f ill.

L e u n g ,  R a d h a k r ih n a n  a n d  T a n  (1 9 9 1 )

T h is  cas e  s tud y  in v o lv e d  the  m e a s ur e m e n t  o f  d o w n d r a g  o n  tw o  pr e c a s t 

r e in fo r c e d  c onc r e te  p ile s  d r iv e n  t h r o u g h  s o ft h ig h ly  p la s t ic  S in g a p o r e  m a r in e  

c la y  in to  r e s id ua l s o il a nd  w e a the r e d  r o c k  - s e e  F ig  4 (a ). O f  p a r t ic u la r  

inte r e s t is  t h e  fa c t  tha t  the  p ile s  fo r m e d  p a r t  o f  th e  fo u n d a t io n s  fo r  the  

r e in fo r c e d  c onc r e te  d e c k  o f  a  s ta c k ing  ar e a  a nd  th e ir  p e r fo r m a n c e  u n d e r  lo n g ­

t e r m  lo a d in g  w a s  o bs e r ve d . T h e  p ile s  w e r e  ins t r um e nte d  w ith  v ib r a t in g  w ir e  

s t r a in  ga ug e s  w e ld e d  o n t o  the  s te e l r e in fo r c e m e n t  a t a n u m b e r  o f  lo c a t io ns  

a lo n g  e ac h p ile .

F ig .  4 (b ) s ho w s  th e  d is t r ib u t io n  o f  s ha ft  fr ic t io n  d o w n  the  t w o  p ile s  

a b o u t  t w o  ye ar s  a fte r  c o m m e n c e m e n t  o f  c o ns t r uc t io n . It  c a n  be  s e e n tha t  

b o t h  p ile s  w e r e  s ub je c t  to  d o w n d r a g  fr o m  the  s o ft  m a r in e  c la y  -  p r o b a b ly  as  

a  r e s u lt  o f  d is s ip a t io n  o f  p o r e  w a te r  pr e s s ur e s  s e t up  d u r in g  p ile  d r iv in g . T h e  

c o r r e s p o n d in g  va lue s  o f  0  a r e  p lo t t e d  in  F ig . 4 (c ). It  is  e v id e n t  th a t  the  

m a g n itu d e s  s t e a d ily  r e duc e  fr o m  a b o u t  - 0 .35  ne a r  the  to p  o f  th e  c la y  to  ze r o  

a t th e  ne u t r a l p o in t .  T h is  is  in d ic a t iv e  th a t  the  zo n e  o f  n e g a t iv e  fr ic t io n  ha d
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F ig . 4 .  P r e c a s t c onc r e te  p ile s  d r iv e n  t h r o u g h  s o ft  m a r in e  c la y  in t o  s t iff  

r e s id ua l s o il.  C o n s o lid a t io n  d u e  to  d is tu r b a n c e  d u r in g  d r iv in g . 

(Le u n g  e t a l 1991 )

F o r  o n e  o f  th e  cas e s  th e  p ile s  w e r e  s ub je c te d  to s ig n ific a n t  w o r k in g  lo a ds . 

T h e  pe r io d s  o f  m e a s ur e m e n t  va r ie d  fr o m  a  fe w  m o n th s  u p  to  s e ve nte e n ye a rs . 

In s p it e  o f  the  w id e  r a ng e  o f  c o n d it io n s , a ve r a g e  va lue s  o f  /9 fo r  s o ft  

c o m p r e s s ib le  s e d im e nt s  a re  fo u n d  to  lie  w it h in  r e la t ive ly  n a r r o w  lim it s  o f  - 

0 .1 5  to  - 0 .35 .

A  c a r e fu l s tud y  o f  the  s o il type s  r e ve a ls  th a t  fo r  lo w  p la s t ic ity  m a r in e  

c la y s  the  va lu e s  o f  0  a r e  g e n e r a lly  in  th e  r a ng e  - 0 .15  to  - 0 .25  w he r e a s  fo r  

h ig h e r  p la s t ic ity  c la y s  a nd  s ilty  c la ys  0  t e nds  to  lie  be tw e e n  - 0 .2  to  - 0 .35. 

It  is o f  c o ns id e r a b le  inte r e s t to no te  tha t  va lu e s  o f  /3 de duc e d  fr o m  p ile  

lo a d in g  te s ts  o n  n o r m a lly  c o ns o lid a te d  s e d im e nt s  te nd  to  lie  in  the  r a ng e  0 .2 5  

to  0 .3 5  (F la a te  a nd  Se ine s  19 77 ). H o w e v e r  r e c e nt r e s e ar ch  ha s  s h o w n  tha t  

fo r  s e n s it ive  lo w  p la s t ic ity  m a te r ia ls , s ig n ific a n t ly  lo w e r  va lue s  c a n  be  

o b ta ine d  (Ka r ls r u d  e t al 19 92 ). T he r e fo r e , it  w o u ld  a ppe a r  tha t  the  va lue s  o f  

| 5 o p e r a t in g  fo r  ne g a t iv e  fr ic t io n  a re  ve r y  s im ila r  to  th os e  a s s oc ia te d  w ith  

d r iv e n  fr ic t io n  p ile s .

F o r  f ill ma te r ia ls  the  va lu e s  o f  j3 ar e  ve r y  va r ia b le  a nd  c a n be  as  h ig h  

as  1. T h e  s in g le  r e s ult  fo r  ne g a t iv e  fr ic t io n  in  fir m  c la y  ind ic a te s  tha t , 

p r o v id e d  s u ffic ie n t  r e la t ive  d is p la c e m e n t  is g e ne r a te d , the  m a g n it u d e  o f  0 
m a y  e x ce e d - 0 .5 .

T h e  p u ll- o u t  te s t d e s c r ibe d  b y  In d r a r a tn a  e t a l (1 9 9 2 ) s ugge s ts  th a t  0  

is  n o t  s ig n ific a n t ly  r a te  de pe n d e n t  a nd  c a n  be  e va lua te d  fr o m  p ile  te s ts  e ve n 

th o u g h  n e g a t iv e  fr ic t io n  m a y  ta ke  a  m u c h  lo n g e r  p e r io d  to  d e v e lo p .

Dir e c t  e v ide nc e  fo r  the  m a g n it u d e  o f  the  r e la t ive  d is p la c e m e n t  

r e q u ir e d  to  fu lly  m o b iliz e  ne g a t iv e  fr ic t io n  is  n o t  e as y to  c o m e  b y  a nd  lo a d in g  

o r  p u ll- o u t  te s ts  ca n be  m is le a d in g . A  s tud y  has  be e n und e r t a ke n  o f  th os e  

cas e  h is to r ie s  w he r e  th e  ve r t ic a l d is t r ib u t io n  o f  s e t tle me nt in  the  g r o u n d  

a d ja c e n t  to  a  p ile  c a n  be  c o m p a r e d  w ith  the  le ng th  o f  the  t r a n s it io n  zo n e  

a r o u n d  th e  ne u t r a l p o in t .  It  appe a r s  fr o m  th is  tha t  s uc h  r e la t ive  d is p la c e m e nts  

ar e  o f  the  o r d e r  o f  1 0 m m . F u r th e r  r e s e ar ch is  r e qu ir e d  o n  th is  ma tt e r .

It  c a n  b e  c o nc lud e d  tha t  the  e ffe c t ive  s tre s s  | 3 a pp r o a c h  to  th e  a na ly s is  

o f  ne g a t iv e  fr ic t io n  in  p ile s  is  b o th  s im p le  a nd  r e lia b le .
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Shor t - te rm p u llo u t  te s ts  a nd  lo ng - t e r m me a s ur e me nts  o f  ne g a t iv e  fr ic t io n  w e r e  

ma de  o n  a h o llo w  c y lin d r ic a l pr e s tr e s s e d  co nc r e te  p ile  d r iv e n  t h r o u g h  s o ft 
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p ie zome te r s  a nd  s e t t le m e nt  ga ug e s . N e g a t iv e  fr ic t io n  wa s  ind uc e d  b y  p la c in g  
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ave r age  v a lu e  o f  / 3 =- 0 .2  w a s  de te r m in e d . T h is  v a lu e  w a s  a lm o s t  id e n t ic a l 

w ith  the  ave r a ge  v a lu e  o b ta ine d  fr o m  th e  s hor t- te r m p u ll- o u t  te s ts . It  w o u ld  

appe ar  fr o m  the  me a s ur e d  d is t r ib u t io n  o f  s e t t le m e nt  w it h  de p th  tha t  the  

re la tive  d is p la c e m e n t  be tw e e n  p ile  a nd  s o il r e qu ir e d  to  fu lly  m o b iliz e  the  

ne ga tive  fr ic t io n  w a s  le s s  th a n  10m m .
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