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SYNOP SIS S t r u c t u r e s  fo u n d e d  o n  e x p a n s iv e  c la y s  c a n  b e  d a m a g e d  d u e  t o  d i f f e r e n t i a l  m o v e m e n ts  

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

l a t e r a l  v a r i a t i o n  o f  c la y  t h ic k n e s s  a n d  w a t e r  c o n t e n t  a n d  n o n u n if o r m i t y  o f  s t r e s s e s  b e lo w  t h e  

s t r u c t u r e .  A s i m p l i f i e d  t w o  d im e n s io n a l  f i n i t e  e le m e n t  m o d e l i s  p r e s e n t e d  f o r  t h e  a n a ly s i s  o f  

s o i1 - s t r u c t u r e  i n t e r a c t i o n  i n  e x p a n s iv e  c l a y s .  T he  m o d e l h a s  b e e n  u s e d  i n  t h e  a n a l y s i s  o f  a  la r g e  

s t e e l  s t o r a g e  t a n k  i n  a n  e x p a n s iv e  c l a y ,  u n d e r  v a r io u s  lo a d in g  a n d  w e t t in g  c o n d i t i o n s .  T he  m o d e l 

p r o v id e s  a  s im p le  m e t h o d  f o r  e v a lu a t in g  t h e  i n f lu e n c e  o f  v a r io u s  p a r a m e t e r s  a n d  c o n d i t io n s ,  f o r  
s t r u c t u r e s  i n  e x p a n s iv e  c l a y s .

INT RODUCT ION

E x p a n s iv e  c l a y s  c o v e r  l a r g e  a r e a s  o f  t h e  

e a r t h .  P r o b le m s  a s s o c i a t e d  w i t h  e x p a n s iv e  
c la y s  in c lu d e  h e a v in g  a n d  c r a c k in g  o f  b u i l d ­
in g  f o u n d a t io n s ,  s l a b s ,  p a v e m e n t s  a n d  c h a n n e l  

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

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

in g s .  He a ve  c a n  a l s o  r e s u l t  in  la r g e  t e n s i l e  
s t r e s s e s  i n  p i l e  a n d  p i e r  f o u n d a t io n s  (Gr o m ko  

1 9 7 4 ) .

He a ve  i n  e x p a n s iv e  c la y s  d e p e n d s  o n  a  n u m b e r  
o f  f a c t o r s  i n c l u d i n g  f r e q u e n c y  o f  r a i n f a l l ,  
r a t e  o f  e v a p o r a t i o n ,  d e p t h  a n d  a c t i v i t y  o f  

t h e  e x p a n s iv e  c l a y .  D i f f e r e n t i a l  h e a v e  b e lo w  
a s t r u c t u r e  d e p e n d s  o n  a  n u m b e r  o f  f a c t o r s  

i n c l u d i n g  l a t e f a l  v a r i a t i o n  in  c la y  t h ic k n e s s  
a n d  s o i l  w a t e r  c o n t e n t ,  n o n u n if o r m i t y  o f  t h e  
s o i l  a n d  s t r e s s e s  i n  t h e  g r o u n d  b e lo w  t h e  
f o u n d a t i o n  a n d  o t h e r  c a u s e s  r e l a t e d  t o  t h e  

u s e  o f  t h e  s t r u c t u r e .  A ls o  c o n s t r u c t i o n  o f  
t h e  s t r u c t u r e  r e s u l t s  in  a  l o c a l  m o d i f i c a t io n  

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

v a r i a t i o n  o f  t h e  s o i l  w a t e r  c o n t e n t  a n d  h e n c e  
d i f f e r e n t i a l  h e a v e  b e lo w  t h e  s t r u c t u r e ( G r o m k o  
1 9 7 4 ) .  In  a d d i t i o n ,  a t  h ig h  s t r e s s  l e v e l s  a n  
e x p a n s iv e  c l a y  m a y  u n d e r g o  c o l l a s p e  u p o n  

w e t t in g .  T h u s  u n d e r  a  s t r u c t u r e ,  t h e r e  may be  
r e g io n s  o f  b o t h  h e a v e  a n d  c o l l a s e  d e p e n d in g  

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

c o n t e n t ( J u s t o  a n d  S a e t e r s d a l  1 9 7 9 ) .

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

r e s e a r c h  h a s  b e e n  c o n d u c t e d  t o  s t u d y  t h e  

b e h a v io r  o f  e x p a n s iv e  c l a y s  a n d  a  n u m b e r  o f  
m e t h o d s  a r e  a v a i l a b l e  t o  e s t im a t e  h e a v e  a n d  
c o l l a s p e  u n d e r  o n e  d i m e n s io n a l  c o n d i t i o n s  

( J u s t o  a n d  S a e t e r s d a l  1 9 7 9 ) .  R e s e a r c h  h a s

a l s o  b e e n  c o n d u c t e d  t o  a n a ly s e  s t r u c t u r e s  

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

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

s t r u c t u r e s  in  e x p a n s iv e  c l a y s .  T h e s e  in c lu d e  
s i m p l i f i e d  e l a s t i c  m o d e ls ,  W in k le r  t y p e  

m o d e ls  a n d  f i n i t e  e le m e n t  m o d e ls .  B o t h  s t r i p  

a n d  r a f t  f o u n d a t i o n s  ( L y t t o n  1 9 7 7 ,  O ' N e i l l  
a n d  P o o r m o a y e d  1 9 8 0 , P o u lo s  1 9 8 4 ) a s  w e l l  a s  
p i l e  a n d  p i e r  f o u n d a t io n s  (A m ir  a n d  S o k o lo v  

1 9 7 6 ,  P o u lo s  a n d  D a v is  1 9 8 0 ,  J u s t o  e t  a l  
1 9 8 4 ) h a v e  b e e n  a n a ly s e d .  Ho w e v e r  a n a l y s i s  
o f  e x p a n s iv e  c l a y s  i s  c o m p le x ,  a s  t h e  c l a y  

b e h a v io r  i s  h i g h l y  n o n l i n e a r  a n d  in v o l v e s  

b o t h  a i r  a n d  w a t e r  f lo w  a n d  c o u p le d  s t r e s s  

a n d  d e f o r m a t io n .  A n u m b e r  o f  f i n i t e  e le m e n t  
m o d e ls  a r e  a v a i l a b l e ,  w h ic h  c a n  s o lv e  t h e  

c o u p le d  a i r - w a t e r - s t r e s s - d e f o r m a t io n  p r o b le m  
( L l o r e t  a n d  A lo n s o  1 9 8 0 ,  R i c h a r d  1 9 8 4 ) .  
Ho w e v e r  t h e s e  m o d e ls  r e q u i r e  a l a r g e  n u m b e r  

o f  p a r a m e t e r s ,  w h ic h  a r e  n o t  w e l l  u n d e r s t o o d  
a n d  d i f f i c u l t  t o  d e t e r m in e .  In  a d d i t i o n  t h e  
c a l c u l a t i o n  i s  c o m p u t a t io n a l ly  e x p e n s iv e .  On 

t h e  o t h e r  h a n d ,  t h e  s i m p l i f i e d  m o d e ls  a r e  n o t  

r e a l i s t i c  a n d  d o  n o t  a c c o u n t  f o r  many  im p o r ­
t a n t  f a c t o r s .  H e n c e  t h e r e  i s  a  n e e d  f o r  
s im p le  b u t  r e a l i s t i c  m o d e ls ,  w h ic h  c a n  p r o ­

v id e  u s e f u l l  in f o r m a t io n  t o  t h e  d e s ig n e r .

A t w o  d i m e n s io n a l  f i n i t e  e le m e n t  m o d e l f o r  
s o i l - s t r u c t u r e  i n t e r a c t i o n  in  e x p a n s iv e  c la y s  

i s  p r e s e n t e d .  N o n l in e a r  s o i l  r e s p o n s e ,  n o n h o -  
m o g e n e o u s  g r o u n d ,  n o n u n i f o r m  w e t t i n g  a n d  

c o m p le x  s t r u c t u r e s  c a n  b e  e a s i l y  a n a ly s e d .  
T he  p a r a m e t e r s  r e q u i r e d  f o r  t h e  a n a ly s i s  c a n  

be  d e t e r m in e d  f r o m  c o n v e n t i o n a l  t e s t s  o r  
e m p r ic a l  r e l a t i o n s .  T he  m o d e l h a s  b e e n  u s e d  
t o  t o  a n a ly s e  a  l a r g e  d ia m e t e r  s t o r a g e  t a n k  

o n  a  d e p o s i t  o f  e x p a n s iv e  c l a y .  T he  in f lu e n c e  
o f  lo a d  l e v e l ,  d e p t h  o f  w e t t in g  a n d  n o n u n i ­
fo r m  w e t t in g  a r e  a n a ly s e d .  T he  in f lu e n c e  o f  

r e p l a c i n g  p a r t  o f  t h e  e x p a n s iv e  c l a y  b e lo w  
t h e  t a n k  w it h  a  n o n e x p a n s iv e  m a t e r i a l  i s  a l s o
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a n a ly s e d .  T he  m o d e l p r o v id e s  a  s im p le  m e t h o d  
f o r  e v a l u a t i n g  t h e  i n f l u e n c e  o f  v a r i o u s  
p a r a m e t e r s  a n d  c o n d i t i o n s ,  f o r  s t r u c t u r e s  in  
e x p a n s iv e  c l a y s .  T he  m o d e l c a n  a l s o  b e  u s e d  
t o  a n a l y s e  r a f t s ,  p i e r s ,  p i l e s  a n d  o t h e r  

s t r u c t u r e s  in  e x p a n s iv e  c la y s .

MODEL

A t w o  d im e n s io n a l  a x is y m m e t r ic  f i n i t e  e le m e n t  
m o d e l f o r  t h e  a n a l y s i s  o f  s t r u c t u r e s  i n  
e x p a n s i v e  c l a y s  i s  p r e s e n t e d .  N o n l i n e a r  

r e s p o n s e ,  n o n h o m o g e n e o u s  g r o u n d ,  n o n u n if o r m  
w e t t i n g  a n d  c o m p le x  l o a d i n g  a n d  b o u n d a r y  
c o n d i t i o n s  c a n  b e  m o d e l le d .  T he  r e s p o n s e  o f  
e x p a n s iv e  c la y s  i s  v e r y  c o m p le x  a n d  i d e a l l y  a 
c o u p le d  s t r e s s  a n d  d e f o r m a t io n  a n d  a i r  a n d  

w a t e r  f lo w  a n a l y s i s  i s  n e c e s s a r y .  Ho w e ve r  f o r  

d e s ig n  p u r p o s e s  a  s i m p l i f i e d  m o d e l may b e  

s u f  f  i c i e n t .

T he  a n a ly s i s  c o n s i s t s  o f  t h e  f o l l o w in g  s t e p s :

1 . D e t e r m in e  t h e  s t r e s s e s  a n d  m o v e m e n t s  i n  
t h e  g r o u n d  b e f o r e  w e t t i n g  u s in g  t h e  f i n i t e  
e le m e n t  m e t h o d .  T he  a n a l y s i s  may be  l i n e a r  o r  

n o n l i n e a r .  T he  h y p e r b o l i c  m o d e l i s  u s e d  f o r  
n o n l i n e a r  a n a l y s i s .  T h e  p a r a m e t e r s  u s e d  i n  

t h e  a n a ly s e s  s h o u ld  be  e v a lu a t e d  fr o m  s a m p le s  
t e s t e d  a t  n a t u r a l  m o is t u r e ,  c o n t e n t .

2 .  D e t e r m in e  t h e  s w e l l / c o l l a s p e  v e r s u s  p r e s ­
s u r e  r e l a t i o n s h i p  ( s e e  f i g u r e  1 ) .  T h is  may be  
d e t e r m in e d  f r o m  a n u m b e r  o f  c o m m o n ly  u s e d  

t e s t s  a n d  m e t h o d s ,  ( a )  F r e e  s w e l l ,  s w e l l  
p r e s s u r e  o r  d i r e c t  m e t h o d s  ( H o l t z  a n d  G ib b s  
1 9 5 4 ) ,  (b )  M c D o w e lls  m e t h o d  u s in g  f r e e  s w e ll  
(M c Do w e ll 1 9 5 6 ) ,  ( c )  D o u b le  o e o d e m e t e r  t e s t s  
( J e n n in g s  a n d  K n ig h t  1 9 5 7 ) a n d  (d ) P r o c e d u r e s  

b a s e d  o n  c h a n g e s  in  s u c t io n  ( F r e d lu n d  1 9 7 9 ) .  
As  t h e  b e h a v io r  o f  e x p a n s iv e  c l a y s  i s  p a t h  

d e p e n d e n t ,  t h e  p a r a m e t e r s  s h o u ld  b e  d e t e r ­
m in e d  fr o m  t e s t s  t h a t  f o l l o w  t h e  f i e l d  lo a d ­
in g  a n d  w e t t in g  p a t h s  a s  c l o s e l y  a s  p o s s ib l e .

VERTI CAL STRESS (KPA)

FIG.1 SWELL/COLLAPSE -  PRESSURE RELATIONSHIP

3 .  T he  s w e ll  o r  c o l la s p e  i s  c o n v e r t e d  i n t o  a  
lo a d  v e c t o r  a n d  a p p l i e d  i n  a  s e c o n d  f i n i t e  
e le m e n t  a n a l y s i s  t o  d e t e r m in e  t h e  r e s p o n e  d u e  

t o  w e t t in g .

R = / v  BT D i g d v  (1 )

R = Lo a d  v e c t o r
B = S t r a in  d is p la c e m e n t  m a t r ix

D = S t r e s s  s t r a i n  m a t r ix
e g = S t r a in  v e c t o r  d u e  t o  w e t t in g

T he  a n a l y s i s  may b e  l i n e a r  o r  n o n l i n e a r .  I t  
s h o u ld  b e  n o t e d  t h a t  i t  i s  a s s u m e d  t h a t  t h e  
z o n e  o f  w e t t i n g  i s  f u l l y  s a t u r a t e d  i n  t h e  
d e t e r m in a t io n  o f  t h e  p a r a m e t e r s .  A lt h o u g h  t h e  

s o i l  b e lo w  a s t r u c t u r e  may n o t  be  s a t u r a t e d  
a n d  t h e  d e g r e e  o f  s a t u r a t i o n  may v a r y  w i t h  
t im e ,  f o r  d e s ig n  p u r p o s e s ,  t h i s  i s  l i k e l y  t o  

be  t h e  c r i t i c a l  c a s e .

RESULT S AND DISCUSSION

T he  m o d e l h a s  b e e n  u s e d  t o  a n a ly s e  a  la r g e  40 

M d ia m e t e r  s t e e l  s t o r a g e  t a n k  o n  a  d e p o s i t  o f  
e x p a n s iv e  c l a y .  T he  s i t e  c o n s i s t s  o f  a  d e p o s ­
i t  o f  p o t e n t i a l l y  e x p a n s iv e  c la y  10 M t h i c k ,  

u n d e r l a i n  b y  a  s t i f f  l a y e r .  A l i n e a r  v a r i a ­
t i o n  o f  t h e  m o d u lu s  i s  a s s u m e d ,  w i t h  a n  
a v e r a g e  m o d u lu s  o f  7 2 5 0  K p a . T h e  P o is s o n s  
r a t i o  i s  a s s u m e d  a s  0 . 3 5 .  T he  s w e l l / c o l -  

la s o e - p r e s s u r e  r e l a t i o n s h i p  i l l u s t r a t e d  i n  
F ig u r e  i  i s  u s e d  in  t h e  a n a l y s i s .  As  t h e  t a n k  

b o t t o m  i s  f l e x i b l e ,  t h e  t a n k  i s  m o d e lle d  a s  a  
u n i f o r m  c i r c u l a r  lo a d  o n  t h e  c l a y  s u r f a c e .  
T he  in f lu e n c e  o f  lo a d  l e v e l ,  d e p t h  o f  w e t t in g  

a n d  n o n u n i f o r m  w e t t i n g  a r e  a n a l y s e d .  T h e  
i n f l u e n c e  o f  r e p l a c i n g  t h e  e x p a n s iv e  c l a y  
b e lo w  t h e  t a n k  by  a  n o n e x p a n s iv e  m a t e r i a l  i s  

a l s o  i n v e s t i g a t e d .  A l t h o u g h  s t e e l  s t o r a g e  
t a n k s  a r e  f l e x i b l e  s t r u c t u r e s  a n d  c a n  t o l e r ­
a t e  la r g e  s e t t l e m e n t s ,  d i s t o r t i o n  o f  t h e  t a n k  

b o t t o m  d u e  t o  u n e v e n  m o v e m e n t s  c a n  c a u s e  
p r o b le m s .  A l lo w a b le  d i s t o r t i o n  l i m i t s  a r e  
g iv e n  i n  v a r io u s  c o d e s  o f  p r a c t i c e .

F ig u r e s  2 a n d  3 i l l u s t r a t e  t h e  m o v e m e n t s  o f  

t h e  t a n k  b o t t o m  d u e  t o  u n if o r m  a n d  n o n u n ifo r m  
w e t t in g  f o r  a n  e m p t y  a n d  lo a d e d  t a n k .  T h r e e  

t y p e s  o f  w e t t in g  a r e  c o n s id e r e d  (a )  a  u n if o r m  
w e t t in g  o f  t h e  g r o u n d  u p t o  a  d e p t h  o f  3 . 0  M

(b )  N o n u n if o r m  ( e d g e )  w e t t in g  o f  t h e  g r o u n d  
u p t o  a  d e p t h  o f  3 . 0  M a n d  p e n e t r a t i n g  o n e  
t h i r d  o f  t h e  t a n k  r a d iu s  f r o m  t h e  t a n k  e d g e  

b e lo w  t h e  t a n k  a n d  ( c )  N o n u n if o r m  ( c e n t e r )  
w e t t in g  o f  t h e  g r o u n d  u p t o  a  d e p t h  o f  3 . 0  M 
a n d  l i m i t e d  t o  a  d i s t a n c e  o f  t w o - t h i r d s  o f  
t h e  t a n k  r a d iu s  fr o m  t h e  t a n k  c e n t e r .  F o r  t h e  
e m p t y  t a n k ,  u n i f o r m  w e t t i n g  r e s u l t s  i n  a n  
u n i f o r m  h e a v e  o f  87  mm. N o n u n if o r m  w e t t i n g  
r e s u l t s  i n  l a r g e  d i s t o r t i o n s  o f  t h e  t a n k  
b o t t o m ,  s p e c i a l l y  n e a r  t h e  t a n k  e d g e .  In  c a s e  

o f  t h e  lo a d e d  t a n k ,  u n if o r m  w e t t in g  r e s u l t s  
i n  c o l l a s p e  b e lo w  t h e  t a n k  a n d  h e a v e  o u t s id e .  

N o n u n ifo r m  e d g e  w e t t in g  c a u s e s  la r g e  d i s t o r ­

t i o n s  n e a r  t h e  t a n k  e d g e .  N o n u n ifo r m  c e n t e r  
w e t t i n g  r e s u l t s  i n  c o l l a s p e  b e lo w  t h e  t a n k  

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

u n d e r g o e s  b o t h  h e a v e  a n d  c o l l a s p e  d e p e n d in g  
o n  t h e  l o a d i n g  a n d  t h i s  in c r e a s e s  t h e  t a n k  
b o t t o m  d i s t o r t i o n s .
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FIG.3 INFLUENCE OF NON-UNIFORM WETTING ON TANK 

SETTLEMENTS -  LOADED TANK

Figure 4 illustrates the influence of depth 

of wetting on the tank bottom movements for 

the loaded tank. Two cases are considered (a) 

uniform wetting upto a depth of 3.0 M and (b) 

uniform wetting upto a depth of 1.5 M. For 

both cases, the ground collaspes below the 

tank, with heave outside. The collaspe is 

larger for the the wetting depth of 3.0 M as 

a larger depth of wetting is involved. Howev­

er the difference in heave outside the tank 

is small. This is because most of the heave 

occours in the top 1.5 M of the expansive 

clay.

Figure 5 illustrates the influence of replac­

ing the top 1.5 M of the expansive clay with 

an nonexpansive material of simmilar density 

and s t i ffness below the loaded tank. The 

ground below the tank undergoes collaspe, 

while a small amount of heave takes place 

outside. Thus replacing the expansive clay by 

an nonexpansive material reduces the heave to 

a small value. However collaspe does take 

place below the loaded tank, although it is 

significantly reduced. For an empty tank, the 

m o v e m e n t s  and d i s t o r t i o n s  w o u l d  be very 

significantly reduced.

CONCLUSIONS

A simple two dimensional finite element model 

for the analysis of soil-structure interac­

tion in expansive clays is presented. The 

model has been used in the a n alysis of a 

large steel storage tank in an expansive 

clay, u n d e r  v a r i o u s  loa d i n g  and w e t t i n g  

conditions. On wetting, the ground below the 

tank undergoes both heave and collaspe d e ­

pending on the loading. Nonuniform wetting 

increases the tank bottom distortion. In­

creasing the depth of wetting results in

larger collaspe below the tank, but results 

in a small increase in heave outside. Replac­

ing the top of the e x p a n s i v e  clay by an 

nonexpansive material, significantly reduces 

h e ave o u t s i d e  and also the r e d u c e s  the 

collaspe below the tank.
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