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BEARING CAPACITY OF CLAY IMPROVED WITH SAND COMPACTION PILES 

CAPACITE PORTANTE DE ARGILE AMELIORE AVEC PIEUX DE SABLE

A. Asaoka1 M. Matsuo1 T. Kodaka2

’Professor, 2Graduate Student 

Department of Civil Engineering 

Nagoya University, Nagoya, Japan

S Y N O P S IS :  The bearing capacity of soft clay improved with sand compaction piles ( S C P )  is solved here based on the soil-water coupling limit analysis 

making distinction between undrained and drained condition for sand. W hen loading by a rigid-rough footing is considered, the drained condition for 

sand provides big contact pressure concentration on the top of sand piles, which often yields greater bearing capacity than the undrained condition. 

On the other hand, when embankment-like flexible loading is considered, since no contact pressure concentration should happen, undrained condition 

for sand gives greater bearing capacity than drained condition due to dilatancy characteristics of sand. Another possible factor that increases bearing 

capacity of S C P  comes from  the consolidation of the surrounding clay caused by sand pile driving into the day, and this problem is also found, in the 

present study, not to be bypassed at all through examining a field loading test made by the M in istry of Transport of Japan in 1988.

XIIIICSM FE, 1994, New Delhi, India /  XIII CIMSTF, 1994, New Delhi, Inde

IN T R O D U C T IO N

T h e  us e  o f  s a n d  c o m p a c t io n  p ile s  ( S C P )  d r iv e n  in t o  c la y  t h u s  fo r m ­

in g  a  c o m p o s it e  g r o u n d , is  o n e  o f  t h e  m o s t  e ffe c t ive  s o il im p r o v e m e n t  

t e c h n iq u e s  t o  r e in fo r c e  a n d / o r  s t r e n g t h e n  s o ft  c la y  d e po s it s . T h e  b e a r ­

in g  c a p a c it y  o f t h is  t y p e  o f c o m p o s it e  g r o u n d  h a s  b e e n  s o lve d fo r  ye a r s  

b y  t h e  m e t h o d  o f  c ir c u la r - a r c  s lip  s u r fa c e  w it h  a  g ive n  r a t io  o f v e r t i­

c a l s tr e s9 c o n c e n t r a t io n  o n  s a n d  p ile s .  C o n c e r n in g  t he  s t r e n g t h  o f s oils  

it  h a s  a ls o  b e e n  a s s um e d  in  t h e  c o n v e n t io n a l a n a ly s is  t h a t  t h e  s a n d  fo l ­

lo w s  d r a in e d  c o n d it io n ,  w h ile  t h e  c la y , u n d r a in e d .  A lt h o u g h  t h e  a n a ly s is  

m e t h o d  it s e lf is  s im p le  e n o u g h  fo r  t h e  us e  in  e n g in e e r ing  p r a c t ic e , th e  

m e t h o d  c a n  h a r d ly  e v a lu a t e  t h e  fo llo w in g  fa c t o r s  t h a t  a c t  t o  b r in g  a b o u t  

t h e  inc r e a s e  o f b e a r in g  c a p a c it y  o f  t h e  c o m p o s it e  g r o u n d :  ( 1) S t iffne s s  

o f  t h e  lo a d  o n  c o m p o s it e  g r o u n d , (2 )  D r a in a g e  c o n d it io n  fo r  s a n d  d u r ­

in g  lo a d in g ,  a n d  (3 ) C o n s o lid a t io n  o f s u r r o u n d in g  c la y  d u e  t o  s a n d  p ile  

d r iv in g .  T h e  p r e s e n t  s t u d y  p r o v id e s  a  s im p le  y e t  c o n s is t e n t  m e t h o d  o f 

s o lv in g  s o il- w a te r  c o u p lin g  lim it  s ta te  o f a  c o m p o s ite  g r o u n d  t o  e v a lu a te  

the s e  th r e e  fa c t o r s  q u a n t it a t iv e ly .

In  the s e  y e a r s , e x p e r im e n t a l r e s e a r c h w o r ks  ha ve  b e e n  a c c u m u la t e d  t o  a  

c o n s id e r a b le  e x te n t  in  o r d e r  t o  c la r ify  t h e  fa ilu r e  m e c h a n is m s  o f s o ft  c la y  

im p r o v e d  w it h  S C P  t h r o u g h  b o t h  c e n t r ifu g e  m o d e l t e s t s  (e g ., K im u r a  

e t  a l.,  1985; Na k a s e  e t  a l. ,  1989 ; T a k e m u r a  e t  a l. ,  19 90 ) a n d  a  fu ll s ca le  

fie ld  fa ilu r e  te s t  ( O k a d a  e t  a l. ,  1 9 89 ). T h e  t y p ic a l p e r fo r m a n c e  o b s e r ve d  

in  the s e  fa ilu r e  te s t s  is  a ls o  e x a m in e d  a n d  d is c us s e d  in  t h e  p r e s e n t  s tu d y .

E S S E N T IA L S  O F  T H E  S O IL - W A T E R  C O U P L IN G  B E A R ­

IN G  C A P A C IT Y  A N A L YS IS

S tr e s s  S tr a in - r a te  R e la t io n s h ip s  a t  C r it ic a l S ta te

M e c h a n ic a l b e h a v io u r  o f  s o il is  a s s um e d  in  t h is  p a p e r  t o  fo llo w  t h e  o r ig ­

in a l  C a m  C la y  m o d e l,  fr o m  w h ic h  t h e  9t r e s s  s t r a in - r a t e  r e la t io n s h ip  a t  

c r it ic a l s ta te  is  o b t a in e d  as  fo llo w s :

( 1 )

in  w h ic h  5| j a n d  p' d e n o te  d e v ia t r ic  s t ie s s  a n d  m e a n  e ffe c t ive  s tr e s s , 

r e s pe c t ive ly  w h ile  M , t he  c r it ic a l s ta te  p a r a m e t e r  a n d  e , th e  e q u iv a le n t

p la s t ic  s t r a in  r a te . It  s h o u ld  b e  no te d  he re  t h a t  p1 a t  c r it ic a l s ta te  give s  

shear s trength o f  s o il a n d  t h a t ,  s inc e

¿S  =  0  (2 )

t h e  p la s t ic  s t r a in  r a te  g ive n  in  E q . ( l )  ju s t  fo llo w s  t h e  p la s t ic  flo w o f t he  

Mis e s  t y p e  m a t e r ia l.

L im it in g  E q u ilib r iu m  E q u a t io n s

Ba s e d  o n  t h e  u p p e r  b o u n d  th e o r e m  in  p la s t ic it y , th e  m in im iz a t io n  o f 

t h e  r a te  o f p la s t ic  e ne r g y  d is s ip a t io n  a t  c r it ic a l s ta te  y ie ld s  t h e  e q u a t io n  

o f e q u ilib r iu m  o f force s :

[Problem A\  Some line ar relations  among velocity  components  at the 

displacement boundary  are assigned a p r io n  and contact pressure dis ­

tribution is unknown, w h ic h  c o r r e s p o n d s  t o  lo a d  a p p lic a t io n  t h r o u g h  a  

rigid rough or smooth fo o t in g .  In  t h is  p r o b le m  t h e  e q u ilib r iu m  e q u a t io n  

a t  l im it  s t a te

[  B T s dV  + L t X = C Tt i  (3 )
Jv

s h o u ld  b e  s o lv e d  s im u lt a n e o u s ly  w it h  E q s . ( l )  a n d  (2 ) u n d e r  t h e  fo llo w in g  

lin e a r  c o n s t r a in t  c o n d it io n :

C ii  =  u o  (4 )

in  w h ic h  ¿ o  is  a  p r e s c r ib e d  ve lo c ity , w h ile  / i  in  E q .(3 )  r e p r e s e n ts  t he  

c o n t a c t  p r e s s ur e  d is t r ib u t io n .

[Problem B\  The shape of applied load F  has been assigned a prio ri and 

the magnitude  of applied load p F  is unknown, w h ic h  c o r r e s p o n d s  to  

fle x ib le  lo a d in g  o n  s o ft  c la y . In  t h is  p r o b le m  th e  e q u ilib r iu m  e q u a t io n

/  B T s dv  +  L t \  = iiF  (5 )
Jv

s h o u ld  b e  s o lv e d  w it h

F t u  =  1 (6 )

w h e r e  fi is  t he  s o- ca lle d lo a d  fa c t o r  a t  l im it  s ta te . A ll s y m b o ls  a p p e a r e d  

in  E q s .(3 )~ (6 )  fo llo w  t he  u s u a l fin it e  e le m e n t  n o t a t io n ,  a m o n g  w h ic h  

t h e  s  a n d  t h e  A in  E q s .(3 )  a n d  (5 )  d e n o te  t he  ve c to r  o f d e v ia t o r ic  s tr e s s  

a n d  t h e  ve c to r  o f m e a n  t o t a l s tr e s s  o f a ll e le m e n t s ,  r e s pe c t ive ly .
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C o u p l in g  E q u a t io n s o b t a in e d  t h r o u g h  a  s e r ie s  o f a n a ly s e s  is  s u m m a r iz e d  in  F ig .2 t a k in g  sand-  

replacement area ratio As  b e n e a t h  t he  fo o t in g  as a  p a r a m e te r .

W h e n  s o lv in g  t h e  e q u a t io n  o f e q u ilib r iu m  a t  l im it  s ta te  w it h  c o n s t i ­

t u t iv e  r e la t io n s  E q s . ( l )  a n d  (2 ) ,  a n  a d d it io n a l fie ld  v a r ia b le  ( p ' ) / 5 the  

m e a n  e ffe c t ive  s tr e s s  a t  c r it ic a l s t a t e , s h o u ld  be  d e t e r m in e d  s im u lt a n e ­

o us ly ,  w h ic h  c a n  be  p e r fo r m e d  w ith  t he  a id  o f c o u p lin g  e q u a t io n  t h a t  

c o n s id e r s  v o lu m e  c h a ng e  b e h a v io u r  o f s o il d u r in g  s he a r .

W h e n  u n d r a in e d  lo a d in g  is  a s s um e d  for  c lay , no  v o lu m e  c h a n g e  c o n ­

d it io n  ( £ve +  evp =  0 )  d u r in g  lo a d in g  y ie ld s  th e  c o u p lin g  e q u a t io n :

(p')f  = J>o e x p [ A(—1 +  E,,m  ’I'- '0 )] (7 )

in  w h ic h  pQ a n d  1 7 ,^0  a r e  th e  m e a n  e ffe c tive  s tr e s s  a n d  s tr e s s  r a t io  ju s t  b e ­

fo r e  u n d r a in e d  lo a d in g ,  r e s pe c t iv e ly  a n d  (p ') / >  t he  m e a n  e ffe c t ive  s tr e s s  

a t  fa ilu r e . T h e  A in  t h is  e q u a t io n  d e no te s  t he  ir r e ve r s ib le  r a t io  d e fin e d  

by 1 -  k /X  w he r e  th e  k  a n d  A a r e  s lo pe s  o f s w e lling  a n d  c o n s o lid a t io n , 

r e s pe c t ive ly . F ig . 2 .  qf  ~  As

For  c o m p a c t e d  s a n d ,  t h e  fo llo w in g  tw o  d r a in a g e  c o n d it io n s  a r e  c o n s id ­

e r e d d u r in g  lo a d in g .

[Fully drained and/or swelling case]

S in c e  n o  e xce s s  p o r e  p r e s s ur e  is  a s s um e d  to  d e ve lo p , t h e  u n k n o w n  m e a n  

e ffe c t ive  s t re s s  o f  s a n d  a t  fa ilu r e  is  s im p ly  e x pr e s s e d as

(8)

w he r e  ( p ) /  is  th e  m e a n  t o t a l s tr e s s  a t  fa ilu r e  a n d  is  s o lve d a s  t h e  e le m e n t  

o f A in  E q s .(3 )  a n d  (5 )  w h ile  7 w - z, t he  h y d r o s t a t ic  p r e s s ur e . W h e n  s o lv ­

in g  l im it in g  e q u ilib r iu m  e q u a t io n s  w ith  th e  a id  o f E q s . ( l)  a n d  (2 ) ,  (pf) j  is  

it e r a t iv e ly  c o r r e c t e d  u n t il E q . ( 8 ) is  s a t is fie d  (A s a o k a  a n d  K o d a k a ,  1 9 92 ).

As  s ho w n in  t h is  fig ur e , w h e n  As  is  g r e a te r  t h a n  4 0 %, a  fu lly  d r a in e d  c o n ­

d it io n  fo r  s a n d  p ile s  g ive s  b e a r in g  c a p a c it y  g r e a te r  t h a n  t h e  u n d r a in e d  

c o n d it io n .  T h is  s h o u ld  b e  d u e  t o  ve r y  h ig h  c o n t a c t  p re s s ur e  c o n c e n t r a ­

t io n  o n  t h e  t o p  o f s a n d  p ile s . T h e  d e ta ils  o f t h e  t y p ic a l e x a m p le  is  g ive n  

in  F ig .3 ( ^ 5  =  7 0 % ), in  w h ic h  t h e  v e lo c ity  fie ld  u n d e r  th e  fo o t in g  is  

a ls o  illu s t r a t e d .  As  s ho w n in  t h is  fig ur e , t h e  a ve r a g e d  va lue  o f t h e  r a ­

t io  o f v e r t ic a l s tr e s s  c o n c e n t r a t io n  o n  th e  t o p  o f a  s a n d  p ile  r e ac he s  4 .4 

o r  m o r e . F ig .4  s ho w s  t h e  ve r t ic a l s t re s s  c o n c e n t r a t io n  b e h a v io u r  w it h  

d e p t h ,  w h ic h  s ho w s  t h a t  t h e  s tr e s s  c o n c e n t r a t io n  w it h in  s a n d  p ile s  is  

d ir e c t ly  p r o v id e d  t h r o u g h  a  r ig id - r o ug h  fo o t in g .

[Undrained case]

N o  v o lu m e  c h a n g e  c o n d it io n  fo r  s a n d  y ie ld s

(*>')/  = p0'nAex p(- A) (9 )

in  w h ic h  t h e  d e g re e  o f c o m p a c t io n  o f s a n d  is  e x pr e s s e d in  t e r m s  o f t he  

overconsolidation ratio n  d e fine d  by

n = PylPo ( 10 )

w he r e  py* is  th e  m e a n  e ffe c tive  y ie ld  s tr e s s  e v a lu a t e d  in  K q c o n s o lid a t io n  

c o n d it io n  w h ile  p 0' , t h e  m e a n  e ffe c t ive  s tr e s s  ju s t  b e fo r e  u n d r a in e d  lo a d ­

in g . C o m p a r in g  E q .(1 0 )  w it h  the  u n d r a in e d  c o n d it io n  fo r  c la y  g iv e n  in  

E q .(7 ) ,  s in c e  A is  p o s it iv e  a n d  n  >  1 , m e a n  e ffe c t ive  s t re s s  o f s a n d  is  

g r e a te r  t h a n  c la y  a t  fa ilu r e  w he n p 0'  is  th e  s a m e . T h is  is , o f  c o u r s e , d u e  

t o  t h e  e ffe c t  o f dilatancy  c h a r a c te r is t ic s  o f s a n d  o b s e r ve d  d u r in g  s he a r .

L O A D I N G  T H R O U G H  R I G I D - R O U G H  F O O T I N G

Lo a d  a p p lic a t io n  o n  t h e  S C P  is  fir s t  c o n s id e r e d  t h r o u g h  a  r ig id - r o ug h  

fo o t in g ,  see F ig . l ,  in  w h ic h  p la n e  s t r a in  c o n d it io n  is  e x a m in e d  fo r  s im ­

p lic it y . S o il p a r a m e te r s  o f s a n d  a n d  o f c la y  a r e  b o t h  t a b u la t e d  in  T a ­

b le  1, w it h  in it ia l  s tr e s s  d is t r ib u t io n .  An a ly s e s  we re  e q u a lly  m a d e  fo r  

b o t h  d r a in e d  a n d  u n d r a in e d  c o n d it io n  fo r  s a n d . U lt im a t e  b e a r in g  c a ­

p a c it y  qj ( lim it  lo a d  a ve ra ge d  o ve r  t he  t o ta l a r e a  o f lo a d  a p p lic a t io n )

1 0  (m) T a b le  1 . S o il p a r a m e te r s

r i g i d  f o o t i n g

A K M

c la y 0 .25 0 .1 30 4 1 . 2

s a n d 0.03 0 .00 3 1 . 2

== 19 .6 + Y  • z ( k P a )

7 '  == 6 .3 7 ( k N / m 3 )

s a n d  p i l e s  

F i g . l .  Rig id - r o u g h  fo o t in g  on

c o m p o s it e  g r o u n d ,  ^ 5 = 7 0 %

v e r t i c a l  s t r e s s ( k P a )  
0 500 1000 1500 2 0 0 0

2

1  4
W  6 
N

8

1 0

12
c l a y  s a n d 2  s a n d l

F ig . 3 .  C o n t a c t  p r e s s ur e  a n d

ve lo c ity  fie ld , ^ 5  =  7 0 %

F ig . 4 .  St r e s s  c o n c e n t r a t io n

w it h  d e p t h ,  As  =  7 0 %

W h e n  lo w  s a n d - r e p la c e m e n t  a r e a  r a t io  s uc h  as  As  <  3 0 % is  c o ns id ­

e r e d , ho w e ve r , u n d r a in e d  c o n d it io n  for  s a n d  p r o v id e s  b e a r in g  c a p a c it y  

g r e a te r  t h a n  d r a in e d  c o n d it io n .  T h is  is  m u c h  m o r e  c le a r ly  o b s e r ve d  

w h e n  fle x ib le  lo a d  a p p lic a t io n  is  e x a m in e d .

E M B A N K M E N T - L I K E  F L E X I B L E  L O A D  A P P L I C A T I O N

He r e  e x a m in e d  is  t h e  e m b a n k m e n t  lo a d in g  o n  s o ft  c la y  in  w h ic h  th e  

a r e a  ju s t  b e lo w  t h e  to e  o f e m b a n k m e n t  is  im p r o v e d  b y  S C P . N o  c o n t a c t  

p r e s s ur e  c o n c e n t r a t io n  is  in t r o d u c e d  b e n e a t h  t he  e m b a n k m e n t  a n d  th e  

s h a p e  o f  the  s u r fa c e  lo a d  is  a s s um e d  s im ila r  t o  t h e  c r os s - s e c tio na l s h a p e  

o f e m b a n k m e n t  ( Problem B). In  t he  e x a m p le  p r o b le m  a  r e la t iv e ly  lo w  

s a n d - r e p la c e m e n t  a r e a  r a t io  ( ,4 s  =  3 0 % ) is  c o ns id e r e d  t h r o u g h o u t  a n a l ­

ys e s  a n d  t h e  e ffe c t  o f  w id t h  o f im p r o v e d  a r e a  o n  t h e  inc r e a s e  o f  b e a r in g  

c a p a c it y  is  e x a m in e d .  T h e  r e s u lt s  o f a n a ly s e s  a r e  s u m m a r iz e d  in  F ig . 5, 

in  w h ic h  t he  s a m e  s o il p a r a m e te r s  a n d  t he  s a m e  in it ia l s tr e s s  c o n d it io n s  

ar e  e m p lo y e d  as  thos e  fo r  t he  r ig id - r o ug h  fo o t in g  p r o b le m . S inc e  the r e  

is  no  c o n t a c t  p r e s s ur e  c o n c e n t r a t io n ,  u n d r a in e d  a s s u m p t io n  fo r  s a n d  a l ­

w a ys  g ive s  g r e a te r  b e a r in g  c a p a c it y  t h a n  the  d r a in e d  a s s u m p t io n .
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T h e  s h a p e  o f s he a r  d e fo r m a t io n  a t  fa ilu r e  o b t a in e d  in  t h e  fin ite  e le ­

m e n t  s im u la t io n  o f th is  s t u d y  is  illu s t r a t e d  in  F ig .6 , w h ile  F ig . 7 , the  

fa ilu r e  m e c h a n is m  o b s e r ve d  in  c e n t r ifu g e  m o d e l le s t  (T a k e m u r a , e t  a l., 

1 9 91 ). M o d e l t e s ts  a n d  t h e ir  s im u la t io n  s ho w  t h a t  S C P ’s a t  th e  to e  o f 

e m b a n k m e n t  o ffe r  a  s t r o n g  r e g is t a nc e  a g a in s t  la t e r a l d e fo r m a t io n .

te s t  was  t he  e v a lu a t io n  o f  th e  u n d r a in e d  s he a r  s t r e n g t h  ju s t  be fo re  the  

s e c o nd  s ta g e  o f lo a d in g .

undrained condition 

OCR=30 
20 

10

drained condition 

for sand

width of improved area

7.5 15.0 30.0

width of improved area, b(m)

F ig . 5 .  Inc r e a s e  o f b e a r in g  c a p a c it y

( a )  ( b )

F ig . 6 . S h e a r  d e fo r m a t io n  a t  fa ilu r e , ( a ) b / B = 0 .2 5 ,  ( b ) b / B = 0 .5 .

F ig . 7 .  F a ilu r e  in  m o d e l t e s t  (T a k e m u r a  e t  a l. ,  1 9 91 ), 

( a ) b / B = 0 .2 5 ,  ( b ) b / B = 0 .5 .

F IE L D  L O A D IN G  T E S T  T O  F A IL U R E  IN  M A IZ U R U ,  1988 

P r o file  o f  th e  F ie ld  T e s t

A fie ld  fa ilu r e  te s t  o f  c o m p o s ite  g r o u n d  w it h  a  r e la t iv e ly  lo w  s and-  

r e p la c e m e n t  a r e a  r a t io  ( .4 s = 2 5 % ) wa s  c o n d u c t e d  in  M a iz u r u ,  K y o t o  by 

t h e  M in is t r y  o f  T r a n s p o r t  o f  J a p a n  in  1988, t h e  m a in  p u r p o s e  o f w h ic h  is  

to  d e m o n s t r a t e  t h a t  s a n d  c o m p a c t io n  p ile s  ar e  s t ill a p p lic a b le  e ve n w it h  

s uc h  a lo w  s a n d - r e p la c e m e n t  r a t io  ( O k a d a e t  a l. ,  1 9 89 ). S h o w n  in  F ig .8 a  

is  t he  fie ld  te s t  p r o file  w it h  a  lo a d  a p p lic a t io n  s y s te m  w h ile  in  F ig . 8 b , 

t h e  fa ilu r e  m o d e  o b s e r ve d  in - s itu . T h e  lo a d in g  p r o c e d ur e  w as  m a d e  in  

tw o  s ta ge s : (1 ) A ft e r  s a n d  p ile  d r iv in g ,  s a n d  m a t  fill w it h  a  c onc r e te  

c a is s o n  w a s  p la c e d  d ir e c t ly  o n  t he  he a ve d  c la y  o n  th e  c o m p o s ite  g r o u n d  

fo r  a b o u t  t e n  m o n t h s .  (2 ) A ft e r  t h e  te n  m o n t h s ,  t h e  c a is s o n  w a s  fille d  

w it h  s a n d  a n d  a  la r g e  s te e l t a n k  wa s  in s t a lle d  o n  th e  c a is s o n  to  a p p ly  

a  ve r t ic a l for ce  b y  fillin g  t he  la n k  w it h  w a te r .  In  t h is  s e c ond  s ta g e  the  

lo a d in g  was  m a d e  in  n ine  d a y s  a n d  t he  la s t  4 3 % o f t he  lo a d  was  a p p lie d  

r a p id ly  to  fa ilu r e  w it h in  le s s  t h a n  tw o  h o u r s  a n d  h a lf  in  t he  m o r n in g  

o f Ju ly  2 6 t h , 1988. T h is  lo a d in g  h is to r y  is  illu s t r a t e d  s c h e m a t ic a lly  in  

F ig .9 . A  p e n d in g  t e c h n ic a l p r o b le m  im p o s e d  u p o n  e ng ine e r s  in  t h is  fie ld

bearing capacity analysis

ultimate load intensity 
for failure, 70.6kPa r— <73.5

failure

103.9

sand pile 

driving

29.4

L

placement of sand 
mat fill

200 days 300 days
i , 9 ; ¡ l a s t  
jd a y s j ; 2 . 5 h o u r s

F ig . 9 .  Lo a d in g  p r o c e d ur e

C o n s o l id a t io n  o f  S u r r o u n d in g  C la y  d u e  t o  S a n d  P i le  D r iv in g

T h e  p r o b le m  t h a t  c a n n o t  b e  b y p a s s e d  in  cas e  o f a  low  s a nd - r e p la c e m e n t  

a r e a  r a t io  m a y  c o m e  fr o m  t h e  r a p id  inc r e a s e  o i  e xcess  p o r e  p re s s ur e  in  

c la y  d u e  t o  r a p id  d r iv in g  o f s a n d  p ile s , w h ic h  s h o u ld  in it ia t e  t he  c o n ­

s o lid a t io n  o f s u r r o u n d in g  c la y  a n d  as  t h e  r e s u lt s ,  t he  inc r e a s e  o f b o t h  

u n d r a in e d  s he a r  s t r e n g t h  o f c la y  a n d  c o n fin in g  e ffe c t ive  s tr e s s  fo r  s a n d  

p ile s  c a n  b o t h  be  e x pe c te d . T h is  is  s im p ly  c a lle d , in  t h is  s tu d y , the  

consolidation effect due to sand pile driving.

A s e r ie s  o f fig ur e s  g iv e n  he re  r e p r e s e n ts  s a n d  p ile  d r iv in g  a n d  c o ns e qu e n t  

c o n s o lid a t io n  o f s u r r o u d in g  c lay . P ile  d r iv in g  is  s im u la t e d  in  t he  p r e s e n t  

s t u d y  b y  s o lv in g  a  cylinder expansion problem in  n o r m a lly  c o n s o lid a te d  

c la y , w h ic h  c a n  b e  p e r fo r m e d  b y  t h e  s oil- w a te r  c o u p lin g  lim it in g  e q u i ­

l ib r iu m  a n a ly s is  fo r  c la y  u n d e r  u n d r a in e d  c o n d it io n .  S o il p a r a m e t e r  a n d  

s o il p r o file  a lo n g  d e p t h  r e q u ir e d  for  the s e  c o m p u la t io n  w o rks  a r e  g ive n  

in  T a b le  2, w h ic h  we re  d e t e r m in e d  fr o m  in - s itu  s o il c o n d it io n s  a t  the  

s it e  o f fiMd  lo a d in g  te s t  in  M a iz u r u .  S h o w n  in  F ig . 10 a  is  t h e  p la s t ic  flo w 

a n d  heaving o f s u r r o u d in g  c la y  d u e  t o  s a n d  p ile  e x pa ns io n  fr o m  t h e  s ize  

o f c a s in g  to  t he  c o m p le te d  d ia m e t e r  o f a  s a n d  p ile , w h ile  e xce s s  po r e  

p r e s s ur e  r a is e d  ju s t  a ft e r  p ile  d r iv in g  is  d is t r ib u t e d  as  s h o w n  in  F ig .lO b . 

No te  he re  t h a t  F ig . lO b  p r o v id e s  t he  in it ia l  c o n d it io n  ne ce s s a ry  fo r  the  

s ub s e q u e n t  e la s t o - p la s t ic  c o n s o lid a t io n  c o m p u t a t io n .  F ig . 10c give s  the  

s h a pe  o f s u r r o u d in g  c la y  a fte r  c o n s o lid a t io n  t o g e th e r  w it h  t he  s e t u p  r a ­

t io  o f u n d r a in e d  s he a r  s t r e n g t h  o f c la y  b e fo r e  a n d  a fte r  c o n s o lid a t io n . 

B o u n d a r y  c o n d it io n s  fo r  F ig s . 10 as  w e ll as  th e  p e r io d  o f t im e  fo r  c o ns o l­

id a t io n  (see F ig .11) we re  a ls o  d e t e r m in e d  t o  s im u la t e  th e  fie ld  lo a d in g  

te s t .  As  c a n  b e  s e e n in  F ig . 11, c o n s o lid a t io n  o f s u r r o u d in g  c la y  take s  

c o n s id e r a b le  t im e .

T a b le  2 . S o il p a r a m e te r s  in  M a iz u r u  fie ld  te s t

( F ig . 1 0 a ) A K M Ko c 0 V ( k N / m 3 ) fc (c m / s )

c la y ( t o p ) 0 .3 62 0 .048 1 . 2 0 0.5 2 .4 2 5.29 4 . 6 x l0 - 7

c la y (m id d le ) 0 .3 59 0.0 39 1.27 0.5 1.89 6.27 2 .0 X1 0 - 7

c la y (b o t t o m ) 0 .19 5 0 .025 1.33 0.5 1.37 7.35 6 . 1 x l 0 - 7

s a n d 0 .0 30 0 .003 1 . 2 0 1 . 0 - 9 .80 -

g|:As=25% 

§§: As=70 % 

H.W.L L>W>L 

7 + 0- 3^j.o.Q

steel tank -lateral movement profile

US: 7 :4 5 a m , 8 :1 5 a m  ,- - - - - - - -

i n  J u l y  2 6 t h ,  1988

W.L+0.3m 60

C.D.L(m)caisson

F ig s . 8 . F ie ld  te s t  in  M a iz u r u ,  K y o t o  (O k a d a  e t  a l.,  1 9 89 ), ( a )  F ir s t

s ta g e  o f lo a d in g ,(b )  R a p id  lo a d in g  in  t h e  s e c o nd  s ta g e  t o  fa ilu r e .
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F ig s . 1 0 .  ( a )  H e a v in g  o f c lay , ( b )  Ex ce s s  p o r e  p r e s s ur e , (c )  S e t u p  r a t io  

o f u n d r a in e d  s he a r  s t r e n g t h  o f c la y  a ft e r  c o n s o lid a t io n .

F ig .12 p r o v id e s  in - s itu  s o il c o n d it io n  m e a s ur e d  b e fo r e  s a n d  p ile  d r iv ­

in g  a n d  t h a t  a ft e r  t h e  t e n  m o n t h - p la c e m e n l o f s a n d  m a t  fill in  the  

fir s t  s ta g e  o f lo a d in g .  In  t h is  fig ur e , t h e  inc r e a s e d  s t r e n g t h  p r o file  o f 

c la y  c o m p u t e d  b y  t h e  c o n s o lid a t io n  d u e  t o  s a n d  p ile  d r iv in g  (F ig .1 0 c )  is  

a ls o  illu s t r a t e d  b y  a  s o lid  lin e . T h e  c o m p u t e d  s t r e n g t h  p r o file  g ive s  t he  

s t r e n g t h  o f c la y  a v e r a g e d  fr o m  p ile  t o  p ile . As  s ho w n in  t h is  fig ur e , t he  

c o m p u t e d  s t r e n g t h  is  ^6 ~ 5 0 %  g r e a te r  t h a n  t h e  m e a s ur e d  s t r e n g t h  a t  

e ve r y  d e p t h ,  w h ic h  s ug g e s t s  t h e  d e gr e e  o f d is t u r b a n c e  o n  t h e  de cr e as e  

o f s he a r  s t r e n g t h  o f  c la y . Ho w e ve r , it  s h o u ld  a ls o  b e  n o t e d  t h a t  the  

m e a s ur e d  s t r e n g t h  s t ill e x h ib it s  s u r p r is in g  inc r e a s e  e ve n  a t  a  ve ry  d e e p  

a r e a  in  th e  c la y , w h ic h  c a n n o t  b e  e x p la in e d  s uffic ie n t ly  b y  t h e  c o nv e n ­

t io n a l c o n c e p t io n : c o n s o lid a t io n  d u e  t o  t h e  w e ig h t  o f t h e  s a n d  m a t  fill 

a lo n e . W h e n  S C P  w it h  a  lo w  s a n d - r e p la c e m e n t  a r e a  r a t io  is  c o n s id e r e d  

in  p r a c t ic e , t h e  inc r e a s e  o f  s he a r  s t r e n g t h  o f c la y  d u e  t o  s a n d  p ile  d r iv in g  

is  t h u s  id e n t ifie d  t o  b e  d o m in a n t .

P r e d i c t io n  o f  L i m i t  L o a d

S u m m a r iz e d  in  T a b le  3 a r e  t he  r e s u lt s  o f p r e d ic t io n  o f t he  u lt im a t e  

fa ilu r e  lo a d  u n d e r  s o m e  d iffe r e n t  d r a in a g e  c o n d it io n s  fo r  s a n d  w it h  d if ­

fe r e n t  d e g re e  o f  c o m p a c t io n .  S inc e  a  lo w  s a n d - r e p la c e m e n l a r e a  r a t io  

(v 4 j =  2 5 % ) is  t he  ca s e , u n d r a in e d  c o n d it io n  fo r  s a n d  p r e d ic t s  h ig h e r  

b e a r in g  c a p a c it y . T h e  b e s t  fit  is  o b t a in e d  u n d e r  u n d r a in e d  c o n d it io n  for  

s a n d  c o m p a c t e d  w it h  n = 2 0 . Ho w e ve r , d r a in e d  c o n d it io n  lo r  s a n d  w it h  

t h e  us e  o f inc r e a s e d  s t r e n g t h  o f  c la y  a ls o  p r o v id e s  s u ffic ie n t  im p r o v e ­

m e n t  o f b e a r in g  c a p a c it y , w h ic h  e ns ur e  lo n g  t e r m  s t a b ilit y  o f c o m p o s ite  

g r o u n d  w it h  r e la t iv e ly  lo w  s a n d - r e p la c e m e n t  a r e a  r a t io .

T a b le  3 .  P r e d ic t io n  o f t h e  fa ilu r e  lo a d  in  th e  s e c o nd  s ta g e  

( a c t u a l fa ilu r e  lo a d  =  70 .6 k P a )

u n d r a in e d  a na lys e s d e gr e e  o f 30 9 / = 6 8 . 0  (k P a )

for  s a n d c o m p a c t io n 2 0 6 8 . 0

( O C R ) 1 0 63.8

d r a in e d  a n a ly s e s us e  o f m e a s ur e d  s t r e n g t h 52.5

fo r  s a n d (u s e  o f p r e d ic te d  s t r e n g t h ) 7 2 .2

C O N C L U S I O N

F ig . 1 1 . C o n s o lid a t io n  w it h  t im e .

H e a v in g  o f t h e  c la y  t h a t  s u r r o u n d s  s a n d  p ile s  a ls o  r e a c he s  c o ns id e r a b le  

a m o n n t .  A lt h o u g h  t h e  h e ig h t  o f  th e  h e a v in g  is  o b t a in e d  as  5 0 ~ 6 0 c m  in  

c o m p u t a t io n  (see F ig .1 0 a ) , t h e  he a ve  o f  o ne  m e t e r  o r  m o r e  w a s  r e p o r te d  

in  t h e  cas e  r e c o r d . W h e n  s u c h  la r g e  s he a r  d e fo r m a t io n  h a p p e n s  in  n a t u ­

r a lly  s e d im e n t e d  c la y , s inc e  s uc h  c la y  s h o u ld  a lw a y s  b e  s o m e w h a t  s e ns i­

t iv e , disturbance effect o n  t he  d e cr e a s e  o f s he a r  s t r e n g t h  s h o u ld  e q u a lly  

b e  t a k e n  in t o  a c c o u n t . Ho w e ve r , t h e  p o s it iv e  e ffe c t  o f c o n s o lid a t io n  d u e  

to  s a n d  p ile  d r iv in g  is  n e x t  s ho w n m o r e  d o m in a n t  in  t h e  cas e  r e c o r d.

unconfined compressive strength qu (=2c ) (kPa) 

.0 20 40 60 80 100 “

obefore rapid loading.

•before sand pile 

driving

predicted(Fig.10c)

F ig . 1 2 .  In c r e a s e  o f  u n d r a in e d  s he a r  s t r e n g t h  o f c la y .

W h e n  r ig id - r o ug h  fo o t in g  is  c o ns id e r e d , d r a in e d  c o n d it io n  fo r  s a n d  p ile s  

p r o v id e s  g r e a te r  b e a r in g  c a p a c it y  t h a n  u n d r a in e d  c o n d it io n  fo r  t h e  s a n d . 

T o t h e  c o n t r a r y , e m b a n k m e n t - lik e  fle x ib le  lo a d in g  y ie ld s  g r e a te r  b e a r in g  

c a p a c it y  u n d e r  th e  u n d r a in e d  c o n d it io n .  A n o t h e r  fa c t o r  t h a t  inc re a s e s  

b e a r in g  c a p a c it y  o f  s o ft  c la y  im p r o v e d  w it h  s a n d  c o m p a c t io n  p ile s  c ome s  

f r o m  t h e  c o n s o lid a t io n  o f s u r r o u n d in g  c la y  t h a t  s h o u ld  b e  c a us e d  b y  s a n d  

p ile  d r iv in g  in t o  t h e  c la y , w h ic h  w as  fo u n d , in  a  c a s e  r e c o r d s tu d y , m o r e  

d o m in a n t  t h a n  t h e  d is t u r b a n c e  e ffe c t  o f  s o ft  c la y  d u e  t o  t h e  p ile  d r iv in g .
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