
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Lar ge Negat i ve Fr i ct i on and Fr i ct i on-Free Pi l e Met hods

Fr o t t em en t  N ég at i f  Pu issan t  et  M ét h o d es d e Pieu x  san s Fr o t t em en t

T .O K A B E  D irector, Construction Department, Japanese National Railways, Tokyo, Japan

SYNOPSIS L o n g -te rm  f i e l d  m easurem ent o f  n e g a t iv e  s k in  f r i c t i o n  on p i l e s  ch a rg e d  w i t h  bank was 
e x e cu te d  in  a l l u v i a l  d e p o s it  w here  N -v a lu e  was 0 to  5 to  th e  d e p th  o f  30 m and 5 to  10 in  th e  
d e p th  o f  30 to  40 m. N e g a tiv e  s k in  f r i c t i o n  amounted p a r t ia l ly  to  a bo u t 20 t/m 2  w h ich  was much 
la r g e r  th a n  t h a t  on th e  b a s is  o f  c u r r e n t  d e s ig n  m e th o ds , and when a p i l e  w it h  n e g a t iv e  s k in  
f r i c t i o n  was surcharged w i t h  a w e ig h t as heavy as d e s ig n  lo a d ,  i t s  n e u t r a l  p o in t  s h i f t e d  f i r s t  
upw ard and w it h  th e  la p s e  o f  t im e  i t  moved downward. Owing to  e v id e n t appea rance  o f  c o n ­
s p ic u o u s ly  la r g e  n e g a t iv e  s k in  f r i c t i o n ,  more e f f e c t i v e  and r e l i a b l e  f r i c t i o n - f r e e  p i l e  
m e th o ds , o r  cased p i l e  m ethod and s p e c ia l  g rouped  p i l e  m e thod , were d eve lo p e d  and th e y  were 
s u c c e s s fu l ly  a p p l ie d  to  a c tu a l fo u n d a t io n s  in  th e  c o n s t r u c t io n  o f  h ig h ly  a u tom ated  m a rs h a l lin g  
y a rd .

INTRODUCTION

Japanese N a t io n a l R a ilw a y s  d e c id e d  on th e  
c o n s t r u c t io n  o f  th e  O u te r Tokyo Loop L in e  and 
a la r g e - s c a le  f r e i g h t  y a rd  f o r  th e  in c re a s e  
in  f r e i g h t  s e r v ic e  on r a i lw a y s  in  and a round  
Tokyo and f o r  th e  m o d e rn iz a t io n  o f  t r a n s p o r t  
sys tem . In  t h i s  y a rd ,  f r e i g h t  c a rs  r o l l  down 
from  a hump by g r a v i t y  fo r c e ,  and th e  compo­
s i t i o n  and d e c o m p o s it io n  o f  t r a i n s  a re  
c o m p u te r - c o n t r o l le d .  JNR was fo rc e d  to  
choose th e  y a rd  s i t e  on a paddy f i e l d  o f  a 
p r e fe c tu r e  a d ja c e n t  to  Tokyo on a c c o u n t o f  
th e  s h o r ta g e  o f  la n d .  In  th e  c o n s t r u c t io n  
o f  h ig h ly  a u tom ated  ya rd  on s o f t  g ro u n d , 
n e g a t iv e  s k in  f r i c t i o n  is  one o f  th e  most 
im p o r ta n t  p rob le m s  f o r  th e  d e s ig n  o f  p i l e  
fo u n d a t io n s .

So f a r  th e re  have been u s e fu l  re s e a rc h e s  on 
t h i s  p ro b le m  and r e l a t i v e l y  e f f e c t i v e  m ethods 
r e d u c in g  n e g a t iv e  s k in  f r i c t i o n :  e . g . ,  n eg a ­
t i v e  s k in  f r i c t i o n  has been one o f  th e  m ost 
p o p u la r  them es i n  th e  I n t e r n a t io n a l  C o n fe r ­
ences on S o i l  M echan ics  and F o u n d a tio n  E n g i­
n e e r in g .  B u t,  th e r e  have been s e v e ra l cases 
o f  p i l e  f a i l u r e  due to  la r g e  n e g a t iv e  s k in  
f r i c t i o n  i n  r e c e n t ly  c o n s t ru c te d  s t r u c tu r e s ,  
and th e r e fo r e  an e la b o ra te  f i e l d  measurem ent 
o f  n e g a t iv e  s k in  f r i c t i o n  and d eve lo pm e n t o f  
m ore r e l i a b l e  m ethod re d u c in g  i t  w i l l  come 
to  be v e ry  s i g n i f i c a n t  f o r  th e  c o n s t r u c t io n  
o f  th e  a b o ve -m e n tio n e d  h ig h ly  a u tom ated  y a rd .

In  t h i s  p a p e r , c o n s p ic u o u s ly  la r g e  n e g a t iv e  
s k in  f r i c t i o n  i s  re p o r te d  and n e g a t iv e  f r i c ­
t io n s  a re  e s tim a te d  on th e  b a s is  o f  lo n g ­
te rm  m easurem ent o f  a x ia l  f o r c e ,  u n c o n fin e d  
c o m p re s s io n  t e s t ,  in  s i t u  vane  t e s t  and 
t r i a x i a l  c o m p re s s io n  t e s t .

GENERAL ASPECTS OP YARD

The y a rd  i s  5 km in  le n g th  and 400 m in  
maximum w id th ,  and i t  c o v e rs  an a re a  o f  1 
m i l l i o n  m2. The lo w  w e t paddy f i e l d  zone 
e x is t s  o n ly  2 to  3 m above sea le v e l  and i t  
i s  v e ry  weak even down to  th e  d e p th  o f  40 m. 
F u r th e rm o re , in  t h i s  zone th e re  has been 
la r g e  su b s id e n c e  o f  g round  o f  more th a n  10 
cm p e r  y e a r  as a r e s u l t  o f  e x c e s s iv e  pumping 
o u t o f  g round  w a te r  in  th e  u rb a n  d i s t r i c t s .

F ig .  1 P ro p e r t ie s  o f  ground
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F ig .  1 shows th e  t y p ic a l  g e o lo g ic a l  p ro p e r ­
t i e s  o f  th e  t e s t  s i t e  w here  th e  g e o lo g ic a l  
p r o f i l e  i s  c o n s p ic u o u s ly  v a r ia b le .  The d e ­
p o s i t  i s  r o u g h ly  d iv id e d  in t o  fo u r  la y e r s ;
i . e . ,  u p p e r and lo w e r a l l u v i a l  la y e r s  and 
u p p e r and lo w e r  d i l u v i a l  la y e r s .  In  th e  
u p p e r a l l u v i a l  la y e r  (0 to  10 m deep) N -v a lu e  
o f  c la y  la y e r  i s  0 to  1 , and th a t  o f  sand 
la y e r  i s  a bo u t 5 . The lo w e r one (10 to  30 m) 
c o n s is ts  o f  sandy s i l t  and s i l t y  c la y  w it h  
N -v a lu e  o f  0 to  5. In  th e  u p p e r-m o s t d i l u ­
v i a l  la y e r ,  c la y  la y e r  w h ic h  i s  o v e r c o n s o l i ­
d a te d  shows N -v a lu e  o f  5 to  10 and u n c o n fin e d  
c o m p re s s iv e  s t r e n g th  o f  more th a n  3 kg /cm 2 , 
and sand la y e r  shows N -v a lu e  o f  a b o u t 20. 
F i n a l l y ,  th e  u p p e r d i l u v i a l  la y e r  c o n s is ts  o f  
m e d iu m -g ra in e d  sand w i t h  g r a v e ls  whose N -v a lu e  
i s  a b o u t SO.

TESTING METHOD

In s tru m e n te d  f u l l - s c a l e  s te e l  p i l e s  were 
d r iv e n  by D ie s e l hammer and a t  th e  same t im e  
embankment was s ta r te d  to  be f in is h e d  150 
days a f t e r  p i l e  d r iv i n g .  The p i l e s  were 
equ ip pe d  w i t h  d i f f e r e n t i a l  t r a n s fo rm e r  ty p e  
s t r a i n  gau g e s , e a r th  p re s s u re  c e l l s  and p o re  
w a te r  p re s s u re  c e l l s ,  and in  th e  s u r ro u n d in g  
g rou n d  w ere  s e t s e t t le m e n t  gauges to  m easure 
s e t t le m e n t  fro m  s u r fa c e  to  lo w e r  la y e r  and 
p o re  w a te r  p re s s u re  c e l l s .

The s o r t s  o f  p ile s  and t h e i r  p u rp o se s  a re  as 
f o l lo w s :

P i le  No. 1 ( p o in t - b e a r in g  p i l e ,  d ia m e te r= 6 0  
cm, le n g th = 4  3 m) i s  f o r  e s t im a t io n  o f  t im e -  
d ep enden t i n t e n s i t i e s  o f  n e g a t iv e  s k in  f r i c ­
t i o n  in  th e  d e p o s it  w i t h  la r g e  n a tu r a l  s u b ­
s id e n c e  accom panied by t h a t  due to  embank­
m e nt;

P i le  No. 2 ( p o in t - b e a r in g  p i l e ,  d ia m e te r= 6 0  
cm, le n g th = 3 9  m) i s  f o r  e s t im a t io n  o f  p a t ­
te r n  o f  n e g a t iv e  s k in  f r i c t i o n  due to  s u r -  
c h a rg e in g  w i t h  a w e ig h t as heavy as d e s ig n  
lo a d  in  a d d i t io n  to  em bankment;

P i le  No. 3 ( f r i c t i o n  p i l e ,  d ia m e te r= 6 0  cm, 
le n g th = 2 1  m) i s  f o r  e x a m in a tio n  o f  p a t te r n  
o f  f r i c t i  on on f r i c t i o n  p i l e  f o r  c o m p a ris o n .

RESULTS OF MEASUREMENT

The t im e -d e p e n d e n t p a t te r n s  o f  a x ia l  fo r c e  
and f r i c t i o n  d is t r i b u t i o n s  a re  shown in  F ig .
2 . A x ia l  fo r c e s  in c re a s e d  w i t h  in c re a s in g  
bank h e ig h t .  Maximum a x ia l  fo r c e s  a t  each 
s ta g e  w ere 440 t  a t  th e  end o f  embankment 
w o rk  (150 days a f t e r  p i l e  d r i v i n g ) ,  530 t  a t 
th e  t im e  460 days a f t e r  p i l e  d r iv in g  and 
1660 days a f t e r  d r iv in g  700 t .
S k in  f r i c t i o n  i s  e s tim a te d  by d iv id in g  th e  
d i f f e r e n c e  o f  tw o n e ig h b o r in g  a x ia l  fo r c e s  
by c i r c u m f e r e n t ia l  s u r fa c e  o f  p i l e  between 
two n e ig h b o r in g  s t r a in  g auges , and la r g e  
n e g a t iv e  s k in  f r i c t i o n  as much as about 20 t/ni2 
a ppea red  betw een 29 to  35 m fro m  s u r fa c e  o f  
g ro u n d . P i le  No. 1 s h r in k e d  i t s e l f  as much 
as 1 cm and th e  s e t t le m e n t o f  i t s  to p  was 

a bo u t 7 cm, and so i t  p e n e tra te d  as much as

N-valure Pi le No. 1 Axial  force (tons) Friction (t/n>2)

Gi: Strain gauge

F ig .  2 A x ia l  fo r c e  and f r i c t i o n  
( P i le  No. 1)

6 cm in t o  th e  lo w e r l a y e r .  T h a t i s ,  n eg a ­
t i v e  s k in  f r i c t i o n  by i t s e l f  seemed to  
p ro d u ce  th e  u l t im a te  b e a r in g  c a p a c i ty .

N e u tra l  p o in t  d e f in e d  as th e  b o u n d a ry  o f  
n e g a t iv e  and p o s i t i v e  f r i c t i o n s  i s  h e re  c o n ­
s id e re d  to  e x is t  a t  th e  d e p th  w here  th e  s e t ­
t le m e n t o f  p i l e  i s  e q u a l to  th a t  o f  s u r ro u n d ­
in g  g round  8 m a p a r t  fro m  th e  p i l e .  The 
n e u t r a l  p o in t  o f  P i le  No. 1 e x is te d  n ea r i t s  
lo w e r  end , o r  a t  th e  p o in t  o f  0 .9  t im e s  th e  
p i l e  le n g th .  F ig .  3 shows th e  r e s u l t s  o f  
m easurem ent on P i le  No. 2 w h ic h  was d r iv e n  
und e r th e  a lm o s t same c o n d i t io n s  as th o s e  o f  
P i le  No. 1 and was th e n  c h a rg e d  w i t h  a w e ig h t 
as heavy as d e s ig n  lo a d ;  N -v a lu e  (a b o u t 10) 
a t  th e  lo w e r  end i s  le s s  th a n  t h a t  o f  P i le  
No. 1 (a b o u t 4 0 ) .  The maximum a x ia l  fo r c e  
was a b o u t 34 0 t  a t  th e  t im e  460 days a f t e r  
p i l e  d r iv in g  and th e  n e u t r a l  p o in t  e x is te d  a t 
th e  d e p th  o f  0 .8  t im e s  th e  p i l e  le n g th ,  and 
when th e  p i l e  was s u rc h a rg e d  w it h  a w e ig h t o f  
170 t ,  th e  n e u t r a l  p o in t  s h i f t e d  f i r s t  upward 
and w it h  th e  la p s e  o f  t im e  i t  moved downward.

The a x ia l  fo r c e  d i s t r i b u t i o n  o f  P i le  No. 3 , 
above i t s  maximum v a lu e ,  was in  good a g re e ­
m ent w i t h  th o s e  o f  P i le  No. 1 and P i le  No. 2 
( b e fo re  s u rc h a rg in g )  in  i n t e n s i t y  and p a t te r n .

F ig .  4 shows n e g a t iv e  s k in  f r i c t i o n  e s tim a te d  
fro m  m easured a x ia l  fo r c e  and th o s e  based on 
th e  r e s u l t s  o f  u n c o n fin e d  c o m p re s s io n  t e s t ,  
in  s i t u  vane  t e s t  and c o n s o lid a te d -u n d ra in e d  
t r i a x i a l  c o m p re s s io n  t e s t .

N e g a tiv e  s k in  f r i c t i o n  based on m easured 
a x ia l  fo r c e  is  e s tim a te d  by th e  fo l lo w in g  
e q u a t io n .

(Nk - Nk+1)
Fa = ----------------------

L k
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Bori ng l og N-val ue Negat i ve ski n f r i ct i on (t /m2) 
0 10 20 50 0
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St rai n gauge
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f i rst surchargi ng ».— 
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second surchargi ng 
(100 tons)

F ig .  4 N e g a tiv e  f r i c t i o n  o f  each la y e r

Axi al  force (tons)
200 300 400

F ig .  3 A x ia l  fo r c e  a f t e r  s u rc h a rg in g  
( P i le  No. 2)

in  w h ic h  Fa = s k in  f r i c t i o n  o f  each la y e r  
( g e o lo g ic a l  p r o f i l e  i s  h e re  
d iv id e d  in t o  7 la y e r s  based 
on b o r in g  lo g  above th e  
maximum a x ia l  fo r c e  p o in t  o f  
P i le  No. 1)

Nk = maximum a x ia l  fo r c e  o f  k th  
la y e r

D = p i l e  d ia m e te r

Lfc = th ic k n e s s  o f  k th  la y e r

And th e  f o l lo w in g  e x p re s s io n s  a re  used to  
e s t im a te  n e g a t iv e  s k in  f r i c t i o n  fro m  th e  
r e s u l t s  o f  s o i l  t e s t .

Fl  = f u

F2 = in  s i t u  vane s h e a r in g  r e s i s t ­
ance

^3 = Koa ta n  'f'cu 

i n  w h ic h  qu = u n c o n fin e d  c o m p re s s iv e  s t r e n g th

Kq  = c o e f f i c ie n t  o f  e a r th  p re s s u re  
a t  r e s t

c = o v e rb u rd e n  p re s s u re

4>cu= c o n s o lid a te d -u n d ra in e d  a n g le  
o f  s h e a r in g  r e s is ta n c e

Pa» F l»  ^2  and ^3 a re  shown by f u l l  l i n e s ,  
s o l id  b la c k  c i r c l e s ,  w h ite  c i r c le s  and

c ro s s e s  r e s p e c t iv e ly  in  F i g . 4.
They a re  in  good agreem ent to  th e  d e p th  
o f  15 m w here  N -v a lu e  i s  le s s  th a n  3 and th e  
p e rc e n ta g e  o f  c la y  i s  more th a n  4 0 1 , w h i le  
i n  th e  d e e p e r l a y e r ,  th e  f r i c t i o n s  o f  q u /2  
a re  c o n s p ic u o u s ly  s m a ll as com pared w i t h  th e  
o th e r s .  These may s u g g e s t th e  n e c e s s ity  o f  
re v ie w  o f  th e  c u r r e n t  f r i c t i o n  d e s ig n  th e o ­
r i e s  .

FRICTION-FREE P ILE  METHODS

The e v id e n t  a ppea rance  o f  la r g e  n e g a t iv e  
s k in  f r i c t i o n  le d  to  th e  d eve lo pm e n t o f  th e  
f o l lo w in g  two r e l i a b l e  m ethods re d u c in g  i t .

CASED PILE METHOD

When a p i l e  i s  cased w it h  an o u te r  p ip e ,  
n e g a t iv e  s k in  f r i c t i o n  on th e  in n e r  p i l e  
w i l l  d e c re a s e  w it h  in c r e a s in g  le n g th  o f  th e  
o u te r  p ip e .  A cased p i l e  fo u n d a t io n  was 
a p p l ie d  to  th e  fo u n d a t io n  o f  a b u tm e n t: d e ­
s ig n  lo a d  = a b o u t 500 t ;  d ia m e te r  o f  th e  
p i l e  = 70 cm and i t s  le n g th  = 42 m; d ia m e ­
t e r  o f  th e  o u te r  p ip e  = 80 cm and i t s  le n g th  
= 24 m. O u te r  p ip e  can e a s i ly  s l id e  on 
in n e r  p i l e  ow ing  to  th e  i n s t a l l a t i o n  o f  
s te e l  sp a c e rs  and th e  p ip e  i s  equ ip pe d  w ith  
f l e x i b l e  e p o x i r e s in  in  i t s  u p p e r p a r t  a bo u t 
5 m lo n g  w h ic h  p re v e n ts  s o i l s  fro m  e n te r in g  
in t o  th e  sp ace . F ig .  5 shows th e  a x ia l  
fo r c e  d i s t r i b u t i o n  o f  cased p i l e s  equ ip pe d  
w i t h  s t r a in  gauges and th a t  o f  an o r d in a r y  
p i l e  w h ic h  was d r iv e n  f o r  c o m p a ris o n ; th e y  
a re  th e  d is t r i b u t i o n s  o f  1040 days a f t e r  p i l e
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d r iv i n g .  The maximum a x ia l  fo r c e  o f  th e  
fo rm e r  was one t h i r d  th a t  o f  th e  l a t t e r .

F ig . 5 A x ia l  fo r c e s  o f  cased p i l e s  and 
o r d in a r y  p i l e  (1040 days a f t e r  
p i l e  d r iv in g )

SPECIAL GROUPED PILE METHOD

The fo u n d a t io n  by t h i s  m ethod c o n s is ts  o f  
in s id e  p o in t - b e a r in g  p i l e s  b e in g  c lo s e ly  
d r iv e n  and o u ts id e  p i l e s  f o r  p r o t e c t io n  
a g a in s t  n e g a t iv e  s k in  f r i c t i o n  w h ic h  a re  
o n ly  v e r t i c a l l y  s e p a ra te d  fro m  a f o o t in g .
A g rouped  p i l e  fo u n d a t io n  was a p p l ie d  to  th e  
fo u n d a t io n  o f  p ie r ;  d e s ig n  lo a d  = 3000 t ;  
d ia m e te r  o f  p i l e  = 70 cm; i t s  le n g th  = 40 m; 
c e n t e r - t o - c e n te r  i n t e r v a l  = 1 .5  m. As p i l e  
d r iv in g  was c o n s id e re d  to  be v e r y  d i f f i c u l t ,  
s te e l  p i l e s  w i t h  s t i f f e n e d  open end w ere 
a d o p te d ; th e  lo w e r  ends o f  in s t ru m e n te d  
p i l e s  w ere  c lo s e d .  F ig .  6 shows th e  a x ia l  
fo r c e  d i s t r i b u t i o n  o f  1040 days a f t e r  p i l e  
d r iv in g  o f  g rouped  p i l e s  and th a t  o f  an 
o r d in a r y  p i l e  f o r  c o m p a ris o n . In  th e  o u ts id e  
p r o t e c t io n  p i l e ,  a x ia l  fo r c e  o f  350 t  
a p p e a re d , w h i le  in  th e  in s id e  p i l e s ,  n e g a t iv e  
s k in  f r i c t i o n  seemed n o t to  a p p e a r. Thus 
two new e f f e c t i v e  f r i c t i o n - f r e e  p i l e  m ethods 
have been d e v e lo p e d .

Axial  force (tons)

The f o l lo w in g  c o n c lu s io n s  may be d e r iv e d  
fro m  th e  r e s u l t s  o f  lo n g - te rm  f i e l d  meas­
u rem en t o f  n e g a t iv e  s k in  f r i c t i o n  and th e  
a p p l ic a t io n  o f  n e w ly  d e v e lo p e d  f r i c t i o n -  
f r e e  p i l e  m ethods to  a c tu a l  fo u n d a t io n s .

1 ) F a r la r g e r  n e g a t iv e  s k in  f r i c t i o n  th a n  
c o n s id e re d  so f a r  a pp e a rs  on a p o in t - b e a r in g  
p i l e  d r iv e n  in  s o f t  d e p o s i t  w i t h  la r g e  su b ­
s id e n c e .

2) I t  i s  d i f f i c u l t  to  e s t im a te  n e g a t iv e  s k i  
f r i c t i o n  o f  such  a p i l e  fro m  u n c o n fin e d  com­
p r e s s iv e  s t r e n g th  e x c e p t in  an u p p e r la y e r ;  
t h i s  s u g g e s ts  th e  n e c e s s i ty  o f  a d o p t io n  o f  
a p p r o p r ia te  so u n d in g  m e th o ds .

3) The i n t e n s i t y  o f  n e g a t iv e  s k in  f r i c t i o n  
and th e  d e p th  o f  n e u t r a l  p o in t  in c re a s e  w ith  
in c r e a s in g  s t i f f n e s s  o f  th e  la y e r  n e a r lo w e r 
p i l e  end.

4) The n e u t r a l  p o in t  o f  a p i l e  w h ic h  i s  
s u rc h a rg e d  w i t h  a w e ig h t as heavy as d e s ig n  
lo a d  s h i f t s  upw ard a f t e r  s u rc h a rg in g  and 
th e n  i t  moves dow nw ard.

5) The tw o new ty p e  f r i c t i o n - f r e e  p i l e  
m ethods a re  v e r y  e f f e c t i v e  and r e l i a b l e  f o r  
a s o f t  g round  w i t h  la r g e  s u b s id e n c e ; cased 
p i l e  m ethod i s  s u i t a b le  f o r  a fo u n d a t io n  
w it h  r e l a t i v e l y  s m a ll d e s ig n  lo a d ;  and 
s p e c ia l  g rou p e d  p i l e  method i s  s u i t a b le  
p a r t i c u l a r l y  f o r  a fo u n d a t io n  w i t h  la r g e  
d e s ig n  lo a d .

CONCLUSIONS
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