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UPLIFT CAPACITY OF PILE GROUPS 

CAPACITE DE SOULEVEMENT DE PIEUX EN GROUPE

B.C. Chattopadhyay

Principal Investigator, CSIR Pile Project 
Civil Engineering Department, Bengal Engineering College (Deemed University) 
Howrah, India

SYNOPSIS : From t h e  l im i t e d  in f o r m a t io n s  a v a i la b le  f o r  u l t im a t e  u p l i f t  c a p a c it y  o f  p i l e  g r o u p s  e mbe dde d i n  d i f f e r e n t  
s o i l s ,  i t  i s  s e e n  t h a t  v a r ia b le s  l i k e  g r o u p  s h a p e , s iz e ,  s p a c in g  a n d  le n g t h  t o  d ia m e t e r  r a t i o  o f  t h e  p i l e s ,  s o i l  t y p e  
a n d  m e tho d o f  i n s t a l l a t i o n  a f f e c t  t h e  e f f ic ie n c y  o f  t h e  p i l e  g r o u p  i n  u p l i f t .  In  o r d e r  t o  in v e s t ig a t e  t h e  e f f e c t s  . o f  
s u c h  v a r ia b le s ,  u p l i f t  t e s t s  o n  g r o u p  o f  2 , 3  a n d  4  numbe r s  o f  m od e l p i l e  g r o u p s  f o r  v a r io u s  s p a c in g  a n d  le n g t h  o f  

e mbe dme nt w e r e  c o n d u c t e d  i n  d r y  s a n d  a n d  a ls o  i n  c o m p a c te d  c o h e s iv e  s o i l .  Gr o up  u p l i f t  e f f ic ie n c y  v a r ie s  w it h  
e mbe dme nt , numbe r  o f  p i l e  i n  t h e  g r o u p  a n d  a ls o  s p a c in g  o f  t h e  p i l e  i n  g r o u p s  u p t o  c e r t a in  v a lu e .

XIII ICSMFE, 1994, New Delhi, India /  XIII CIMSTF, 1994, New Delhi, Inde j l N t :

INTRODUCTION :

P i le d  f o u n d a t io n s  a r e  g e n e r a l ly  u s e d  t o  s u p p o r t  

c o m p r e s s iv e  lo a d s  fr o m  s u p e r s t r u c t u r e s .  Howe ve r  

fo u n d a t io n s  o f  s t r u c t u r e s  l i k e  t r a n s m is s io n  t o w e r ,  t a l l  

c h im n e y s , m o o r in g  s y s t e m s  f o r  o c e a n  s u r fa c e  o r  
s u b n e r g e d  p la t f o r m s  j e t t y  s t r u c t u r e s  e t c '  . a r e  

c o n s t r u c t e d  o n  p i l e  f o u n d a t io n s ,  w h ic h  ha v e  t o r e s i s t  
u p l i f t  lo a d s .  S t r a ig h t  s h a f t e d  p i l e s  a r e  b e in g  u s e d  
in c r e a s in g ly  t o  r e s i s t  a n d  s u s t a in  u p l i f t  lo a d s  a n d  i t  
i s  b e c o m in g  n e c e s s a r y  t o  e v a lu a t e  a c c u r a t e ly  t h e  u p l i f t  
r e s is t a n c e  o f  p i l e s  f o r  e c on o m ic  a n d  s a fe  d e s ig n .  
T h e o r e t ic a l a n d  e x p e r im e n t a l In v e s t ig a t io n s  ha v e  b e e n  

c a r r ie d  o u t  i n  l a s t  fe w  d e c a d e s  t o  s t u d y  t h e  b e h a v io u r  
o f  p i l e s  s u b je c t e d  t o  t e n s i l e  a x ia l  in c l in e d  o r  l a t e r a l  

lo a d s .  S e v e r a l t h e o r e t i c a l  m e th o ds  t o  p r e d ic t  u p l i f t  

c a p a c it y  o f  s in g le  p i l e s  a r e  now a v a i la b le .  

(C h a t t o p a d t y a y  a n d  P is e  1 9 8 5 , 8 6 a  8 6 b ,  8 7 , 9 0 ,  

Ch a t to p a c t ty a y  ° 0 ) . E f f e c t s  o f  d i f f e r e n t  f a c t o r s  l i k e  
d ia m e t e r  a n d  le n g t h  ■ o f  e mbe dme nt o f  p i l e , m e tho d o f  
p i l e  i n s t a l l a t i o n ,  i n c l i n a t i o n  o f  p i l e  a x is  o r  lo a d  
a p p l ic a t io n  w it h  v e r t i c a l ,  p r e s e n c e  o f  numbe r  o f  la y e r s  

o f  s o i l s  w i t h in  t h e  d e p t h  o f  e mbe dme nt , o n  t h e  u p l i f t  
c a p a c it y  o f  t h e  p i l e ,  h a ve  b e e n  in v e s t ig a t e d .

I n  many c ir c u m s t a n c e s ,  ho w e ve r , p i l e s  a r e  u s e d  in  

g r o u p s .  R e la t e d  p u b lis h e d  m a t e r ia ls  f o r  t h e  u p l i f t  
c a p a c it y  o f  p i l e  g r o u p s  a r e  s c a r c e .  A l im i t e d  numbe r  o f  
e x p e r im e n t a l r e s u l t s  f o r  t h e  u l t im a t e  u p l i f t  c a p a c it y  

o f  p i l e  g r o u s  e mbe dde d i n  s a n d ,  a r e  p r e s e n t ly  a v a i la b le  
i n  t h e  w o r ks  o f  in v e s t ig a t o r s  l i k e  C h a u d h u r i,  G h a t a o r a ,  

a n d  Symons  ( 1 9 8 2 ) ,  Das  e t  a l .  ( l t y j i l ,Me y e r h o f a n d  Adams 
( 1 9 6 8 ) .  Some la r g e  s c a le  f i e l d  t e s t s  o n  t h e  g r o u p  

c a p a c it y  o f  s c r e w  p i l e s  i n  s a n d s  h a ve  b e e n  r e p o r t e d  by  

T r o fim e n Ko v  a n d  M a r iu p o ls k ii  ( 1 9 6 9 ) .  I n  c o n t r a s t ,  
p u b lis h e d  w or ks  r e l a t i n g  t o  t h e  u l t im a t e  u p l i f t  
c a p a c it y  o f  g r o u p  p i l e s  e mbe dde d i n  c la y s  a r e  s t i l l  

le s s e r .  Me y e r h o f a n d  Adams ( 1 9 6 8 ) p r e s e n t e d  r e s u l t s  o f  

fe w  m od e l t e s t s  o n  u p l i f t  c a p a c it y  o f  p i l e  g r o u p s  In  

c la y .  Das  a n d  Azim  ( 1 9 8 5 ) r e p o r t e d  r e s u l t s  o f  some 
la b o r a t o r y  t e s t s  o n  g r o u p  u p l i f t  c a p a c it y  o f  p i l e s  i n  

c la y  w it h  e mbe dme nt r a t i o  v a r y in g  b e tw e e n  1 0  t o  1 8 .

How e ve r , i t  a p p e a r s  t h a t  t h e r e  a r e  s e v e r a l 

v a r ia b le s  s u c h  a s  t h e  g r o u p  s h a p e ,  le n g t h  a n d  s iz e  o f  
t h e  p i l e s ,  s p a c in g ,  le n g t h  t o  d ia m e t e r  r a t i o  o f  t h e  
p i l e s ,  s o i l  t y p e  a n d  m e th o d  o f  i n s t a l l a t i o n  o f  t h e  

p i l e ,  w h ic h  w i l l  a f f e c t  t h e  e f f ic ie n c y  o f  t h e  u p l i f t  

c a p a c it y  o f  t h e  p i l e s . More  t h e o r e t ic a l  a n d  

e x p e r im e n t a l s t u d ie s  a r e  n e e d e d  f o r  p r o p e r  

u n d e r s t a n d in g  o f  t h e  u p l i f t  c a p a c it y  o f  p i l e  g r o u p s .  In  
o r d e r  t o  in v e s t ig a t e  t h e  e f f e c t s  o f  a b o v e  v a r ia b le s ,  on  

u p l i f t  c a p a c it y  o f  p i l e  g r o u s ,  a  p r o g r a jim e  was  
u n d e r t a k e n  t o  c o n d u c t  u p l i f t  t e s t  o n  m o d e l p i l e  g r o u p s  
w it h  v a r io u s  s h a p e s ,  s iz e s  a n d  s p a c in g s .

I n  t h i s  p a p e r ,  r e s u l t s  o f  u p l i f t  c a p a c it y  t e s t  o n  

m od e l p i l e  g r o u p s  o f  v a r io u s  c o n f ig u r a t io n s ,  p i l e  
s p a c in g s  a n d  le n g t h s  o f  e mbe dme nt , i n  d r y  s a n d  a n d  a ls o  

c o m p a c te d  c o h e s iv e  s o i l ,  a x e  r e p o r t e d .

EXPERIMENTAL PROGRAMME

la b o r a t o r y  m od e l t e s t  w e r e  c o n d u c t e d  o n  m ode l 
a lu m in iu m  p i l e s  o f  d ia m e t e r  19  mn. F o r  c o n d u c t in g  t e s t  
o n  g r o u p  o f  p i l e s  a t  v a r io u s  c e n t r e  t o  c e n t r e  s p a c in g  

t o  d ia m e t e r  r a t i o ,  t h e  p i l e s  w e r e  a t t a c h e d  t o  s t e e l  

p i l e  c a p s .  T he  p i l e  c a p s  w e r e  made  o u t  o f  s t e e l  p la t e s  
w it h  p r o p e r  a t t a c h m e n t s  o f  f i x i n g  p i l e s  a t  d e s ir e d  

s p a c in g  i n  a  g e o m e t r ic  p a t t e r n  o f  g r o u p  c o n f ig u r a t io n .

The  p la n s  o f  t h e  c o n f ig u r a t io n  o f  g r o u p  p i l e s  
t e s t e d  a r e  s hown i n  F ig . 1 .  T hr e e  p i l e  g r o u p s  c o m p r is in g  
o f  2  p i l e s ,  3  p i l e s  a n a  4  p i l e s  r e s p e c t iv e ly  a lo n g w it n  
a  s in g le  p i l e ,  a s  s hown i n  F i g . l  w e r e  t e s t e d  f o r  
s p a c in g ,  s ,  v a r y in g  b e tw e e n  2 . 3 d t o  6 . 0 d ,  w he r e  d  = 

d ia m e t e r  o f  t h e  p i l e .  U p l i f t  t e s t s  w e r e  c o n d u c t e d  f o r  

le n g t h  o f  e mbe dme nt r a n g in g  fr o m  30  cm t o  60  cm. Mode l 

t e s t s  w e r e  c o n d u c t e d  i n  a  m od e l t e s t  t a n k  h a v in g  

d im e n s io n s  o f  145 cm x  9 0  cm h ig h .

T he  s o i l  u s e d  f o r  t h e  f i r s t  s e r ie s  o f  t h e  t e s t  

was  l o c a l ly  a v a i l a b le  b r o w n is h  g r e y  d r y  Mogr a  s a n d . The 

s a n d  i s  c o a r s e  t o  m e d ium , w it h  Di0 = 0 .9 5  run» D/o = 48mn 
a n d  Cu =1 . 9 8 . D if f e r e n t  p i l e  g r o u p s  a lo n g w it h  s in g le
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F16,1 CONFIGURATION OF GROUP PILES 

TESTED IN SAND J> COMPACTED 

COHESIVE SOIL.

p i l e  w e r e  s u i t a b ly  p o s it io n e d  i n  t h e  t a n k  a n d  s a n d  was  

p r o s e d  b y  r a i n f a l l  t e c h n iq u e  t o  e mbe d t h e  p i l e s  w it h  t o  

a n d  fr o m  move me nt o f  s t e e l  h o p p e r  fr o m  a  h e ig h t  o f  3 0  

a n .  T he  p la c e m e n t  d e n s it y  o f  s a n d  r a n g e d  a r r o u n d  I .7 0  

g / c c .

T he  s o i l  u s e d  f o r  s e c o n d  s e r ie s  was  l o c a l ly  

a v a i l a b le  b la c k is h  g r e y  c l a y e y s i l t  h a v in g  8 #  c la y  a n d  
9 2 #  s i l t .  T he  e f f e c t iv e  s iz e  D was  0 .0 0 5  nm a n d  

c o r r e s p o n d in g  v a lu e s  o f  u n if o r m it y  c o e f f ic i e n t  i s  2 .9 3 -  

T he  l i q u i d  a n d  p l a s t i c  l i m i t s  a r e  35- 5% a n d  2 3 .5 % 
r e s p e c t iv e ly .

D r ie d  s o i l  was  p u lv e r is e d  a n d  t h e n  s e iv e d  t h r o u g h  

IS 4 0 .  T he  s o i l  was  t h o r o u g h ly  m ix e d  w it h  w a te r  t o  make  

w a te r  c o n t e n t  a r o u n d  1 7 - 5%-  F o r  t e s t i n g  p i l e s  u n d e r  
u p l i f t  lo a d s ,  t h e  p la c e m e n t  d e n s it y  o f  t h e  f o u n d a t io n  

me dium was  a r o u n d  1 .7 0  g m / c c . a t  a  m o is t u r e  c o n t e n t  o f  

1 7 .5 %. To a c h ie v e  t h i s  d e n s i t y ,  150  n o s  o f  b lo w s  p e r  10 
cm t h ic k  la y e r  w it h  f a l l i n g  w e ig h t  o f  6 .2  k g  o v e r  a  
f r e e  f a l l  o f  30  cm was  u s e d .  T he  p i l e s  w it h  d e s ir e d  
c o n f ig u r a t io n  w e r e  d r iv e n  in t o  t h e  s o i l  u s in g  g u id e d  

f r e e  f a l l  o f  ha jime r  o n  t h e  p i l e  c a p .

A c a b le  was  a t t a c h e d  t o  t h e  t o p  o f  t h e  p i l e  c a p ,  

a t  i t s  c e n t e r  o f  g r a v i t y  a n d  t h e  c a b le  was  p a s s e d  o v e r  
two  p u l le y s .  S t e p  lo a d s  w e r e  a t t a c h e d  t o  t h e  lo a d  

h a n g e r  c a u s in g  p u l l  o n  t h e  p i l e s .  T he  v e r t i c a l  

d is p la c e m e n t  o f  t h e  p i l e  g r o u p s  w e r e  m e a s u r e d  t y  d i a l  

g O - T ^ e *  •

M3DEL TEST RESULTS

T hr e e  s e r ie s  o f  u p l i f t  t e s t s  w e r e  r u n  f o r  p i l e  

g r o u p s  o f  2  x  1 ,  3  a n d  2 x 2  p i l e s  s hown i n  F i g . l ,  f o r  

e mbe dme nt d e p t h  o f  3 0  cm, M5  cm a n d  6 0  cm. I n  e a c h  s e t  
o f  e x p e r im e n t ,  a lo n g  w it h  t h e s e  g r o u p s ,  a  s in g le  p i l e  

was  a ls o  e mbe dde d a n d  t e s t e d  f o r  u p l i f t .  T hus  s in g le  

p i l e  b e in g  t e s t e d  w it h  t h e  g r o u p s  i n  s ame  d e n s i t y  o f  
s o i l  o f  e mbe dme nt , a llo w e d  t h e  c o m p a r is o n  o f  t h e  
c a p a c it y  o f  t h e  p i l e  g r o u p s  w it h  r e s p e c t  t o  t h a t  o f  t h e  
in d iv id u a l  o n e . T he  u p l i f t  c a p a c it y  o f  e a c h  p ; i l e  

g r o u p s  was  e v a lu a t e d  fr o m  u p l i f t  lo a d  v e r s u s  p i l e  h e a d  
c a p  d is p la c e m e n t  d ia g r a m .

U p l i f t  C a p a c it y  o f  P i l e  Gr o up s  i n  S and

A t y p ic a l  lo a d  d is p la c e m e n t  d ia g r a m  o f  a  s in g le

PILE HEAD /  CAP DISPLACEMENT x|° 2rn"  

CO PILE LENGTH = CO CIT1. CU |-90Cm .

PILE HEAD / CAP DISPLACEMENT x lo'2mm 

(p ) PILE LENGTH = 4 5  c m .  <±= 1 - 9 0  c m .

PILE HEA D/CA P DISPLACEMENT*10*1™» 

(a ) PILE LENGTH = 30 cm d=|-90C m  

FIG-2. UPLIFT LOAD VERSUS PILE HEAD/ 
CAP DISPLACEMENT DIAGRAMS 

FOR PILE GROUPS = 2-3 dL.
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s / d - *

(OLÌ PILE LENGTH-30crr>

S /d
(b ) LENGTH = 4 > c m ;

s / d
C<9 P ILE  L ENGTH = 6 0  mm .

F IG -3 . EFFICIENCY OF PILE GROUPS 

VERSUS SPACING OF P1LESIN SAND.

p i l e  2 x 1 , 3  a n d  2x2 p i l e  g r o u p s  w it h  s p a c in g  S = 2 .3 d ,  
i s  s hown i n  F i g . 2 f o r  le n g t h s  o f  p i l e  e mbe dme nt o f  30  
cm, 45  cm a n d  6 0  cm. F o r  le s s e r  d e p t h  o f  e mbe dme nt , b u t  

w it h  same  s p a c in g  i t  i s  s e e n  t h a t  much le s s e r  p i l e  
h e a d / c a p s  move me nt c a u s e d  u p l i f t  f a i l u r e .  T he  g e n e r a l 
n a t u r e  o f  t h e s e  d ia g r a m s  was  s im i la r  f o r  d i f f e r e n t  
s p a c in g s  a n d  le n g t h s  t e s t e d .

T he  g r o s s  u l t im a t e  u p l i f t  c a p a c it y  o f  e a c h  p i l e  

g r o u p  was  e v a lu a t e d  fr o m  t h e  u p l i f t  lo a d  v e r s u s  p i l e  
h e a d / c a p  d is p la c e m e n t  d ia g r a m . V a r ia t io n  o f  t h e  u p l i f t  

c a p a c it y  o f  t h e  p i l e  g r o u p  i s  g e n e r a ly  e x p r e s s e d  by 
g r o u p  e f f i c i e n c y , ^ , whe r e

71 = Q ^ /  n Qu . . .  ( 1 )

whe r e  n  = No. o f  p i l e s  i n  a  g r o u p .

Q ii_= Ne t  u l t im a t e  u p l i f t  c a p a c it y  o f  s in g le  p i l e .

PILE HEAD/CAP DISPLACE MENT XIO* mm 

FIG-4. UPLIFT LOAD Vs PILE HEAD/CAP
MOVEMENT PLOT FOR PILES COHESIVE 

s o il .  L = 30  cm, d= t-9ocm . s= e-sd

U s in g  t h e  e v a lu a t e d  v a lu e s  o f  Q fr o m  e x p e r im e n t a l 

t e s t  r e s u l t s  a n d  t h a t  o f  Q ^  o f  s in g le  p i l e  t e s t e d  
t o g e t h e r  w it h  t h e  g r o u p ,  t h e  v a r ia t io n  o f  g r o u p  
e f f i c i e n c y , 7£ , h a ve  b e e n  c a lc u la t e d  f o r  a l l  g r o u p s .  T he y 

a r e  s hown i n  F i g . 3*

F IG -5 VARIATION OF NET UPLIFT CAPACITY 

OF PILE GROUP IN COHESIVE SOIL WITH

SPACING-
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o 2 0  4-0 6 0  e-0 
s / d  —►

fr o m  100% t o  n e a r ly  200% w it h  s / d  in c r e a s in g  fr o m  2 .5  t o  
6 . 0 .  Howe ve r  t h i s  e f f e c t  d e c r e a s e s  w it h  in c r e a s e  i n  
le n g t h  o f  p i l e  t o  45  cm. F o r  2x1 o r  2x 2  p i l e  g r o u p s ,  t h e  
g r o u p  e f f ic ie n c y  i s  le s s  t h a n  100% whe n s / d  r a t i o  i s  2 .5  

a n d  in c r e a s e s  t o  100% whe n s / d  r a t i o  a p p r o a c h e s  a  v a lu e  

o f  6 .0 d .  T h is  h a s  b e e n  a ls o  o b s e r v e d  f o r  s t e e l  p i l e s  
e mbe de d i n  c la y  f o r  L / d  r a t i o  w it h  a  r a n g e  o f  12  t o  15 

(Da s  a n d  Azim , 1 9 8 5 )-  F u r t h e r  t h e  g r o u p  e f f ic ie n c y  f o r  
2x1 o r  2x 2  p i l e  g r o u p s ,  i s  s e e n  n o t  be  t o o  much a f f e c t e d  
b y  v a r ia t io n  o f  le n g t h  o f  e mbe dme nt o f  p i l e s .

CONCLUSION :

S / d

S / d

F|i?- *>■ V A R I A T I O N  "F  C=ROl'f efFlCIENCY WITH 

s/d FOR '-ROUPS IN COHESIVE
SOIL-

I t  i s  s e e n  t h a t  f o r  a l l  le n g t h s  o f  e mbe dme nt , 
e f f ic ie n c y  o f  a l l  t h e  p i l e  g r o u p s  i s  more  t h a n  1 0 0% f o r  

c e r t a in  r a n g e  o f  s p a c in g  o f  p i l e s ,  a n d  e f f ic ie n c y  

d e c r e a s e s  g r a d u a l ly  t o  1 0 0% whe n s p a c in g  o f  p i l e s  
a p p r o a c h e s  6 d .  F o r  30  cm o f  e mbe dme nt o f  p i l e s , t h e  
e f f ic ie n c y  i s  maximum whe n s p a c in g  o f  p i l e  i s  a r o u n d  2 d 

f o r  a l l  t h e  p i l e  g r o u p s  t e s t e d .  Howe ve r  w it h  in c r e a s e  

o f  le n g t h  o f  e mbe dme nt , t h e  p e a k  e f f ic ie n c y  i s  a t t a in e d  
a t  h ig h e r  v a lu e s  o f. s p a c in g  a r o u n d  4 d . I t  s e e ms  g r o u p s  
s h a p e  a ls o  in f lu e n c e s  t h i s .  Howe ve r  w it h  in c r e a s e  o f  

e mbe dme nt o f  p i l e ,  t h e  v a lu e  o f  maximum e f f ic ie n c y  
a t t a in e d ,  a ls o  d e c r e a s e  a n d  i s o l a t i o n  e f f e c t s  be come s  
p r o m in e n t  a t  S = 6 d .

U p l i f t  C a p a c it y  o f  P i le  Gr o u p  i n  C o h e s iv e  S o i l

A t y p ic a l  lo a d  d is p la c e m e n t  d ia g r a m  o f  a  s in g le  

p i l e ,  2 x 1 , 3 a n d  2x 2  p i l e  g r o u p s  w it h  s p a c in g  S = 2 .5 d  
i s  s hown i n  F ig . 4  f o r  p i l e  le n g t h  o f  30  cm. V a r ia t io n  

o f  lo a d  w it h  d e fo r m a t io n  i s  p r a c t i c a l l y  l in e a r  a n d  

s u d d e n  f a i l u r e  t o o k  p la c e  n e a r  u l t im a t e  lo a d .  The 

g e n e r a l n a t u r e  o f  t h e s e  d ia g r a m s  was  s im i la r  f o r  o t h e r  
s p a c in g s  a n d  le n g t h .  N e t  u l t im a t e  u p l i f t  c a p a c it y  o f  
e a c h  p i l e  g r o u p  was  e v a lu a t e d  a n d  i s  p lo t t e d  i n  F i g . 5 
a g a in s t  S / d  r a t i o .  U s in g  t h e  e x p e r im e n t a l v a lu e s ,  t h e  
g r o u p  e f f ic ie n c y  h a s  b e e n  c a lc u la t e d  fr o m  E q . l  a n d  i s  
p lo t t e d  i n  F ig . 6  a g a in s t  t h e  s p a c in g  o f  p i l e s .  From 

t h i s  p l o t  i t  i s  o b s e r v e d  t h a t  b e h a v io u r  o f  3  p i l e  g r o u p  
i n  t r ia n g u la r  c o n f ig u r a t io n  i s  d i f f e r e n t  fr o m  t h o s e  o f  

2x1 a n d  2x 2  p i l e  g r o u p s .  P a r t i c u l a r ly  f o r  p i l e  le n g t h  

o f  3 0  cm, g r o u p  e f f ic ie n c y  o f  3 p i l e  g r o u p  in c r e a s e s

A numbe r  o f  la b o r a t o r y  m od e l t e s t  r e s u l t s  f o r  

u l t im a t e  u p l i f t  c a p a c it y  o f  p i l e  g r o u p s  e mbe dde d i n  d r y  

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

d i f f e r e n t  g e o m e t r y  o f  p i l e  g r o u p s ,  p i l e  s p a c in g s  a n d  
le n g t h  o f  e m be dme nt s . Ba s e d  o n  t h e  p r e s e n t  t e s t s ,  

f o l lo w in g  g e n e r a l c o n c lu s io n s  c a n  be  d r a w n.

1 . In  d r y  s a n d , i n  u p l i f t ,  f o r  2 x 1 , 3  ° r  2x2 p i l e  
g r o u p s  i t  i s  o b s e r v e d  t h a t  f o r  c lo s e  s p a c in g  o f  p i l e s ,  

t h e  g r o u p  e f f ic ie n c y  a t t a in s  a  p  e a k  v a lu e  g r e a t e r  t h a n  

100% a n d  t h e  e f f ic ie n c y  d e c r e a s e s  t o  100% g r a d u a l ly  w it h  

s p a c in g  a p p r o a c h in g  a  v a lu e  o f  s ix  t im e s  t h e  p i l e  
d ia m e t e r .  Maximum e f f ic ie n c y  a t t a in e d  a n d  t h e  p i l e  
s p a c in g  a t  w h ic h  t h i s  o c c u r s  de pe n d  o n  t h e  g r o u p  s ha pe  

a n d  le n g t h  o f  e mbe dme nt . How e ve r , i s o l a t i o n  e f f e c t  
be come s  p r o m in e n t  a t  s  = 6 d .

2 .  I n  c o m p a c te d  c o h e s iv e  s o i l s ,  f o r  d r iv e n  2 x 1 , 3  ° r  
2x 2  p i l e  g r o u p s ,  t h e  g r o u p  e f f ic ie n c y  i s  s e e n  t o  be  le s s  
t h a n  100% f o r  c lo s e  s p a c in g  o f  p i l e s  i n  t h e  r a n g e  o f  
t w ic e  t h e  p i l e  d ia m e t e r .  T he  e f f ic ie n c y ,  in c r e a s e s  t o  a  

v a lu e  o f  100% whe n s / d  r a t i o  a p p r o a c h  a  v a lu e  o f  6 .  
Howe ve r  t r ia n g u la r  p i l e  g r o u p s  be ha ve  d i f f e r e n t ly  t h a n  
t h e  o t h e r  p i l e  g r o u p s  p a r t i c u l a r l y  ifzs h a llo w  d e p t h  o f  
e mbe dme nt s .
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