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R e s tra in e d  re b o u n d  o f s a tu ra te d  c la y  

G o n fle m e n t res tre in t d ’une arg ile  sa tu rée

A.M USSO, Faculty of Engineering, University of Palermo, Italy

SYNOPSIS: The s w e ll pre s s ure  growth in d e r  conple te  im n d a t io n  o f a  s a tur a te d  c la y  specimen is  t h e o r e t ic a lly  in v e s t ig a te d . Diffe r e n t  degre s s  o f re ­

s t r a in t  inpos e d by a  s t r e s s  me as ur ing de vice  a r e  cons ide re d . The na t h e n a t ic a l mode l, b u i l t  up unde r  us ua l T e r za ghi's  c o ns o lid a t io n  hypothe s e s , r e ­

s u lt s  in  a  lin e a r  in t e g r o - d if fe r e n t ia l e qua t ion fo r  pore  pr e s s ur e s , viiich has  been s o lve d  t h r o u ^i a  pe r tur ba t io n  method. The s o lu t io n  y ie ld s  pore  

pre s s ure  and s t r a in  is ochr one s , be s ide s  the  s we ll pre s s ure - time  fun c t io n , fo r  va r io us  va lue s  o f a  r e s t r a in t  fa c t o r , *hic h  enconpasses  ge ome tr ica l 

and me chanical p r o pe r t ie s  o f the  c la y  specimen as  w e ll as. d e fo r m a b ilit y  o f the  me as ur ing de vic e .

1. IN T R O D U C T IO N

T he  pr oce s s  o f  p o r e  pr e s s ur e  e q ua liza t io n  t a k in g  p la c e  u p o n  in u n d a t io n  

in  c la y s  w h ic h  a r e  r e s t r a in e d  f r o m  r e b o u n d in g ,  a s  in  th e  c a s e  o f  

s w e llin g  pr e s s ur e  m e a s ur e m e n t , s t ill de s e rve s  c o ns ide r a b le  a t t e n t ion .

As  fa r  a s  the  a u t h o r  k n o w s , th is  s pe c ific  p r o b le m  ha s  n o t  b e e n  fa c e d  

in  t h e  p a s t , e x c e p t  in  a  p a p e r  b y  B a k e r  a n d  K a s s if f  (1 9 6 7 ) , w h o  

d e t e r m in e d  t h e o r e t ic a lly  t he  fu n c t io n  e x p r e s s ing  the  c o ur s e  o f  s w e llin g  

pr e s s ur e  w it h  t im e  fo r  a  p a r t ly  s a tur a te d  c lay .

H o w e v e r , th o s e  A u t h o r s  d id  n o t  e x p lic it ly  im p o s e  t h e  c o n s t a n c y  o f  

o v e r a ll v o lu m e  o f  t he  s p e c im e n  d u r in g  the  p r o c e s s , in t r o d u c in g  the  

r a t h e r  a r b it r a r y  a s s u m p t io n  th a t  t h e  e ffe c t iv e  s tr e s s  is  a  c o n s t a n t . 

U n d e r  t h is  h y p o t h e s is , p o r e  p r e s s ur e  d is s ip a t io n  d u r in g  a  s w e llin g  

p r e s s u r e  t e s t  a p p e a r s  id e n t ic a l w it h  t h a t  o c c u r r in g  in  u s u a l 

c o n s o lid a t io n .

T h e  p h e n o m e n o n  is  m a in ly  g o v e r n e d  b y  t h e  s lo w  r a t e  o f  w a t e r  

a b s o r p t io n ,  w h ic h ,  in  t u r n , is  c o n t r o lle d  b y  in t e r p a r t ic le  a n d  

in t r a - pa r t ic le  fo r c e s  in  the  m in e r a l c ons t itue nts . T he  la t te r  fo r c e s , o n  the  

o t h e r  h a n d ,  a r e  a ffe c t e d  b y  s e v e r a l fa c t o r s ;  a m o n g  t h e m  t h e  

c o m p o s it io n  a n d  s t r uc tu r e  o f  c la y , th e  n a t u r e  o f  p o r e  f lu id  a n d  o f  

d is s o lv e d  io n s ,  a n d ,  in  g e n e r a l, a ll t h o s e  fa c t o r s  p e r t a in in g  to  

ph y s ic o - c h e m ic a l cha r a c te r is t ic s  o f  the  s e d im e nt a r y  e nv ir o n m e n t , a r e  to  

be  c ite d .

T he s e  c o m p lic a t e d  in t e r r e la t io n s h ip s  s o m e h o w  o b s c ur e  t h e  r o le  o f 

e a ch  o f  a b o v e  m e n t io n e d  c o m p o ne n ts ;  the r e for e , th e ir  r e s ulta n t  e ffe c t  is  

u s u a lly  t a ke n  in t o  a c c o u n t  b y  in t r o d u c in g  t he  s o  c a lle d  s u c t io n  in  t h e  

b a la n c e  b e t w e e n  p o r e  w a te r  pr e s s ur e s  a n d  s tre s s e s  a c t in g  o n  th e  s o lid  

s ke le to n .

T h e  r e s t r a in e d  s w e llin g  p r o c e s s  in  a  s a tur a te d  c la y  s p e c im e n , d u e  to  

d is s ip a t io n  o f  s u c t io n  u p o n  in u n d a t io n  is  e x a m in e d  in  th e  p r e s e n t  

pa pe r .

T h e  in it ia l s u c t io n  is  in d u c e d  o n  the  c la y  b y  a  s ta te  o f  c a p illa r y  

p r e s s u r e , u n ifo r m ly  d is t r ib u t e d  o n  t h e  s u r fa c e s  o f  th e  s p e c im e n  

(T e r za g h i, 1 9 4 3 ). A s  a  r e s u lt  o f  in u n d a t io n  t h e  c la y  t e nds  to  e x p a n d , 

b u t  it s  v o lu m e  m u s t  b e  c o m p a t ib le  w it h  the  d e fo r m a t io n  o f  a  c e ll 

e m p lo y e d  t o  r e c o r d  the  t o t a l s tre s s  a r is in g  o n  a c c o u n t  o f  the  r e s t r a ine d  

c o n d it io n .

A  m a t h e m a t ic a l m o d e l, a llo w in g  t h e  d e r iv a t io n  o f  fu n c t io n s  fo r  b o t h  

s w e llin g  p r e s s ur e  g r o w t h  a n d  p o r e  p r e s s ur e  d is s ip a t io n , is  p r o p o s e d . 

It  is  s h o w n  t h a t , o w in g  to  c o m p a t ib ilit y  c o n d it io n  im p o s e d  o n  the  

v o lu m e  o f  s p e c im e n ,  t h e  d is s ip a t io n  o f  in it ia l s u c t io n  ta ke s  p la c e  

t h r o u g h  a  p e c u lia r  m o v in g  b o u n d a r y  pr oce s s  in v o lv in g  r e b o u n d  o f  pa r t  

o f  the  s pe c im e n  a n d  c o n t e m p o r a r y  c o m p r e s s io n  o f  the  r e m a in in g  pa r t . 

T h e  lo c a t io n  o f  t he  b o u n d a r ie s  b e t w e e n  the s e  zo n e s  d e p e nd s  o n  the  

v a lu e s  o f  a  s t iffne s s  p a r a m e te r , a c c o u n t in g  fo r  g e o m e t r ic  a n d  e la s t ic  

p r o p e r t ie s  o f  the  c la y  s p e c im e n  as  w e ll a s  d e fo r m a b ilit y  o f  the  s w e ll 

pr e s s ur e  m e a s ur in g  d e v ic e .

P o s s ib le  im p lic a t io n s  o f  the o r e t ic a l r e s ults  o n  the  in te r p r e ta t io n  o f  u s ua l 

s w e llin g  te s ts  a re  b r ie fly  d is c us s e d .

2 . M A T H E M A T IC A L  M O D E L

A  s a t ur a t e d  c la y  s p e c im e n , w h o s e  t h ic k n e s s  is  2 H , s ub je c t e d  to  a  

c a p illa r y  pr e s s ur e  a c , is  p la c e d  w it h in  a  c o n s o lid o m e t e r  b e t w e e n  t w o  

p o r o u s  p la te s . T h e  to p  p la t e  is  c o nn e c t e d  t o  a  t o ta l s tre s s  c e ll,  w h o s e  

d e fo r m a b ilit y , a c c o u n t in g  fo r  the  c o m p r e s s ib ilit y  o f  p ip e s , v a lv e s  a nd  

t r a n s d u c e r  d ia p h r a g m s , c a n  be  e x p r e s s e d  in  the  fo r m  cx =  A s / A P ,  

b e in g  A s  the  s h o r t e n in g  o f  the  m e a s u r in g  s y s te m  u n d e r  the  fo r c e  A P  

t r a ns m it t e d  b y  the  s pe c im e n .

A s  lo n g  as  the  p o r e  w a te r  is  in  a  s ta te  o f  e q u ilib r iu m ,  the  n e u t r a l
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t<0

° c / r w

a)

t = o t > o

0 = 0

u r~ ° c  

O 1-  or

0 = 0  

u = 0  

o '=o

o  =  Or(t) 

u = 0  

o '= O r (t)

b)
D
T

u ,=-°c 

0 =  ou

0 =  0

u  ,=  - CTc  
0 =  0^

0=Or (t) 
u=u ft) 

o'(t)=or(t)-u(t)

F ig . 1 - S ta te  o f  s tre s s  a t  d iffe r e n t  in s ta n ts  in  a  s a m p le  o f  c la y  in it ia lly  

s u b je c t e d  t o  c a p illa r y  p r e s s ur e  a n d  in u n d a t e d  a t  t  =  0 .  a ) a t  the  

bo u nd a r ie s ;  b ) a t  m id h e ig h t .

p r e s s ur e  is  e v e r y w h e r e  n e g a t iv e  a n d  e q u a l t o  ~ O c . M o r e o v e r ,  

n e g le c t in g  the  b u lk  w e ig h t  o f  the  s p e c im e n , the  t o ta l s tre s s  is  ze r o  a nd  

the  e ffe c t ive  s tres s  e q ua ls  the  v a lue  o f  c a p illa r y  pr e s s ur e .

A s  s o o n  as  the  c la y  is  flo o d e d ,  the  h y d r o s t a t ic  h e a d  a t  the  s ur fa c e  

s ud d e n ly  inc r e a s e s  to  ze r o  a ga ins t  the  v a lue  - G c / 2 iw in  the  in te r io r  o f 

the  s p e c im e n .T h e  c o r r e s p o n d in g  h y d r a u lic  g r a d ie n t  w o u ld  c a us e  an 

in filt r a t io n  o f  w a te r  fr o m  t he  a m b ie n c e  r e s e r vo ir , as  a  r e s u lt ,  r e b o u n d  

w o u ld  te nd  t o  o c c ur ; h o w e v e r , the  c la y  w ill a c t u a lly  e x p a n d  ju s t  as  

a llo w e d  b y  t he  d e fo r m a b ilit y  o f  the  m e a s u r ing  s ys te m.

T he  la t te r , in  t u r n , w ill  r e a c t  o n  the  s p e c im e n , b y  a p p ly in g  a  fo r c e  

e q u a l t o  A P  = A s / <x =  A o r ( L ) ,  w h e r e  A  r e p r e s e n t s  the  

c r o s s - s e c t io na l a r e a  o f  t he  s p e c im e n  a n d  <Jr ( t )  d e no te s  the  a ve r a g e  

v a lu e  o f  the  t o t a l s tr e s s  e x e r te d  o n  a n d  r e c o r d e d  b y  the  m e a s u r in g  

s y s te m .

In  fig . 1, the  r e la t io n s h ip s  a m o n g  to ta l, ne u t r a l a n d  e ffe c t iv e  s tre s s e s  

o n  t he  b o u n d a r y  a nd  at m id - h e ig h t  o f  the  s pe c im e n , a t d iffe r e n t  s tage s , 

a r e  s y n t h e t ic a lly  r e p r e s e n te d ;  t  =  0  la be ls  the  in s t a n t  in  w h ic h  the  

s p e c im e n  is  flo o d e d . F u r th e r m o r e , the  s tre s s  in c r e m e n t s  at a  p o in t  o f  

the  s pe c im e n  c a n be  o b t a in e d  as  in  T a b le  I.

A s s u m in g  t h e  Z a x is  u p w a r d  o r ie n t e d , p e r p e n d ic u la r ly  to  the  

s pe c im e n 's  c ros s  s e c t ion , c o m p a t ib ilit y  be tw e e n the  d e fo r m a t io n s  

o f  th e  s p e c im e n  a n d  o f  th e  m e a s u r in g  s y s te m  is  s a t is fie d  b y  the  

fo llo w in g  c o nd it io n :

2H

e d z  =  - < x A a  
z r

(I)

General
Associated  

with fig.l

AO(t) O(t)-O(0) or (t)

Au (z,t) u(z,t)-u(z,0) u (z, t) + oc

AO1 (z,t ) o ‘(z,t)~ O’(Z.O) or (t)-u(z,t)-oc

T a b . I  - Ex p r e s s io n s  fo r  c a lc u la t in g  s tre s s  inc r e m e n t s .

, =  m v A o '  =  m v [ ( J r ( t ) - u ( z , t ) - c 5 c ] (2 )

In  e q . 2 , A  O' r e p r e s e n ts  the  in c r e m e n t  o f  e ffe c t iv e  s tr e s s  a n d  m v 

de no te s  the  c o e ffic ie n t  o f  v o lu m e  c ha ng e .

N o t e  t ha t  m v  ta ke s  in  c o m p r e s s io n  a  d iffe r e n t  v a lu e  t h a n  in  r e b o u n d ;  

th e r e fo r e , th e  lo c a t io n  o f  the  b o u n d a r ie s  b e t w e e n  t h e  c o m p r e s s iv e  

s t r a in e d  zo n e s  a n d  th e  e x p a n d e d  o n e s  s h o u ld  b e  s p e c if ie d  in  

p e r fo r m in g  the  in t e g r a l in d ic a t e d  in  e q u a t io n  (1 ).

C o n s id e r in g ,  h o w e v e r ,  t h a t  th e  w h o le  a llo w e d  r e b o u n d  o f  t h e  

s p e c im e n  w il l  b e  s m a ll w h e n  s u ff ic ie n t  r e s t r a in t  is  im p o s e d ,  o n e  

m ig h t  r e a s o n a b ly  a s s u m e  t h a t  n e it h e r  c o m p r e s s iv e  n o r  e x p a n s iv e  

d is p la c e m e n t s  w ill  be  h ig h  e n o u g h  t o  c a us e  a p p r e c ia b le  v a r ia t io n s  in  

m v (U llr ic h ,  1 9 7 5 ).

M o r e o v e r , d u r in g  r e b o u n d , e ffe c t iv e  s tre s s e s  w ill ne ve r  o v e r c o m e  the  

in it ia l c a p illa r y  s tr e s s , s o  th a t  the  c la y  s p e c im e n  c a n  be  c o ns id e r e d  

o v e r c o n s o lid a t e d . In  t h is  s it u a t io n , c o in c id e n c e  o f  u n lo a d in g  a n d  

r e lo a d in g  pa t hs  c a n  b e  a s s um e d .

T h e  la t t e r  c o n s id e r a t io n ,a lo n g  w it h  th e  p r e v io u s  o n e ,  a llo w s  to  

c o ns id e r  m v  as  a  c o ns ta n t  w it h  r e s pe c t  to  b o t h  t im e  a n d  s pace .

T h is  e n a b le s  t h e  in t e g r a l in  e q u a t io n  (1 )  t o  b e  c a lc u la t e d ,  th u s  

e lim in a t in g  the  d iffic u lt ie s  a r is ing  fr o m  a  m o v in g  b o u n d a r y  p r o b le m . 

T h e  fo llo w in g  e x p r e s s io n  fo r  CTr ( t )  is  e a s ily  fo u nd :

2H

o  ( t )  =  X o  +—  [ u ( z , t ) d z
r c  2 H J

(3)

w h e r e  £ 2 , t he  o e d o m e t r ic  s t r a in , is  e x pre s s e d  by:

in  w h ic h  t h e  "s t iffn e s s  fa c t o r " X =  2 H m v / ( c x A  + 2 H m v ) is  

in t r o d u c e d . T h e  la t te r  d e p e n ds  o n  p r o pe r t ie s  b o th  o f  the  s p e c im e n  a n d  

o f  the  m e a s u r in g  s y s te m  a n d  va r ie s  b e t w e e n  ze r o  (<x - >°°) a n d  u n it y

(c x = 0 ).

T h e  c a s e  cx =  0  d e p ic t s  the  s itua t io n  in  w h ic h  n o  s w e llin g  is  a llo w e d ;  

in  t h is  o c c u r r e n c e , CTr ( t )  a t t a in s  it s  m a x im u m  v a lu e ;  o n  the  o t he r  

h a n d , fo r  cx -> ° ° ,  the  m e a s u r in g  s y s te m  im p o s e s  n o  r e s t r a in t  to  the  fr e e  

s w e ll o f  the  s p e c im e n , s o  tha t  O r( t )  is  id e n t ic a lly  ze ro.

In  o r d e r  t o  f in d  th e  u n k n o w n  fu n c t io n s  <Jr ( t ) ,  a n d  u ( z , t ) ,  the  

c o n t in u it y  c o n d it io n  fo r  t he  s a tur a te d  c la y  m u s t  be  a d d e d  t o  e q u a t io n

(3):
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9 v

3 2

9 e

8 t

( 4 ) U (Z .O )  =  I 0 < Z < 2 ( 7 a ' )

U ( 0 ,T )  =  0 T >0 ( 7 b ' )

U ( 2 ,T )  =  0 T >0 ( 7 c )

w he r e  V 2 de no te s  th e  s e e pa ge  v e lo c ity .

As s u m in g  tha t  th e  f lo w  o f  w a te r  is  e x c lus ive ly  d ue  to  the  e x is te nc e  o f  a  

h y d r a u lic  g r a d ie n t  w it h  a  p u r e ly  m e c h a n ic a l o r ig in , a s  e x p r e s s e d  b y  

Da r c y 's  la w , a n d  r e c a llin g  e q ua t io n  (2 ) , o ne  o b t a ins :

-k 9^.= m  (£Zl-9Jl) 

az2 v dt  at
( 5 )

in  w h ic h  h  =  Z  + u / # w is  th e  t o t a l h e a d  a n d  k is  the  p e r m e a b ilit y  

c oe ffic ie n t .

S u b s t it u t in g  (3 )  in  (5 )  y ie ld s , fin a lly :

2H

c  a ^ = i u - J L J L f udz 

v az2 at  2H at  ■>
(6 )

w h e r e  C v =  k / # w m v is  the  c o n s o lid a t io n  c o e ffic ie n t .

E q u a t io n  (6 )  is  a  lin e a r  in t e g r o - d iffe r e n t ia l e q u a d o n , w h ic h  r e duc e s  to  

the  c la s s ic a l T e r za g h i's  o n e  w h e n  X  =  0 .  It  m u s t  be  s o lv e d  a c c o r d in g  

to  the  fo llo w in g  in it ia l a n d  b o u nd a r y  c o nd it io n s :

U (z ,  0 )  =  -CTc 

u ( 0 ,  0  =  0 

u ( 2 H ,  t )  =  0

0 < z < 2 H

t > 0

t > 0

( 7 a )

( 7 b )

( 7 c )

3 . S T R E S S E S  A N D  S T R A IN S  E V O L U T IO N  

It  is  c o nv e n ie n t  t o  in t r o du c e  the  fo llo w in g  non - d im e n s io n a l pa r a me te r s : 

Z =  z / H ;  T = C v t / H 2; U  =  -U/oc ( 8 )

so tha t  d im e n s io n le s s  e q ua t io ns  a re  r e w r it te n  in  the  fo r m :

S = - ^ = x ( l -  f u d z )  
a  J

a£u = au  _ x _a_ f 

a z 2 3T 3T J
UdZ

( 3 ' )

( 6 ’ )

T h e  s o lu t io n  o f  e q .(6 ' )  u n d e r  c o n d it io n s  (7 1) h a s  b e e n  o b t a in e d  by  

m e a n s  o f  a  p e r t u b a t io n  m e t h o d  in  te r m s  o f  a  p o w e r  s e r ie s  o f  the  X  

fa c t o r . H o w e v e r , d u e  t o  s p a c e  lim it a t io n s ,  a ll m a t h e m a t ic a l d e t a ils  

a lo n g  w it h  a  t h o r o u g h  n u m e r ic a l in v e s t ig a t io n  o f  the  in flu e n c e  o f  the  

s t iffne s s  pa r a m e te r  va lue s  o n  a c c ur a c y  o f  the  s o lu t io n  a re  n o t  r e por te d . 

H e r e a fte r , s o m e  r e s u lts  c o n c e r n in g  the  r e - d is t r ib u t io n  o f  s tre s s e s  a n d  

s t r a ins  d u r in g  t he  d is s ip a t io n  o f  s uc t io n  a n d  the  d e v e lo p m e n t  o f  s w e ll 

p r e s s ur e  w it h  t im e  a re  d is c us s e d .

F ig . 2  s h o w s  t h e  is o c h r o n e s  o f  d im e n s io n le s s  p o r e  w a te r  p r e s s ur e  U 

a n d  s tr a in  E =  e z / m v CTc  =  [ S  + U  - 1 ] , fo r  s o m e  v a lu e s  o f  t h e  X  

fa c t o r  r a n g in g  fr o m  ze r o  to  un it y .

F o r  X  =  0 ,  n o  r e s t r a in t  is  im p o s e d  to  r e b o u nd ;  as  e x pe c t e d , s tr a ins  a re  

a lw a y s  e x p a n s iv e  t h r o u g h o u t  the  s p e c im e n ;  n e g a tive  ne u t r a l pr e s s ur e s  

d is s ipa te  a c c o r d in g  t o  T e r za g h i's  e q u a t io n  o f  c o n s o lid a t io n .

P o r e  p r e s s ur e  is o c h r o n e s  p r o g r e s s ive ly  d e v ia te  fr o m  t h o s e , p r e d ic te d  

by  the  s im p le  d if fu s io n  th e o r y , a n d  the  d e v ia t io n  b e c o m e s  m o r e  a n d  

m o r e  im p o r t a n t , a s  X  inc r e a s e s . In  the  la t te r  c a s e , the  s lo p e  o f  po r e  

p r e s s u r e  is o c h r o n e  c u r v e s  d o e s  n o t  in c r e a s e  m o n o t h o n ic a lly  

a p p r o a c h in g  the  d r a in a g e  s ur fa c e s . O n  the  c o n t r a r y , it  a c t u a lly  ta ke s  

o p p o s it e  s ig ns  a lo n g  d iffe r e n t  pa r ts  o f  the  s a m e  c ur ve , p r o v id e d  the  X  

fa c t o r  a s s um e s  s u ffic ie n t ly  h ig h  va lue s .

It  is  w o r t h  n o t in g , in  t h is  r e s pe c t , th a t  the  s lop e  o f  a n  is o c h r o n e  is  n o t  

d ir e c t ly  p r o p o r t io n a l to  the  h y d r a u lic  g r a d ie n t , s inc e  the  c ur ve s  d o  n o t  

r e p r e s e n t  p o r e  p r e s s ur e  e x ce s s e s  o v e r  the  in it ia l s t a t io n a r y  v a lu e s ;  

ne ve r the le s s , the  d e s c r ibe d  c ir c um s ta n c e  c a n  be  t a ke n  a s  a n  in d ic a t io n  

o f  d iffe r e n t  d ir e c t io n s  o f  s e e pa g e  w it h in  the  s p e c im e n . As  a  m a t t e r  o f  

fa c t , s t r a in  is o c h r o n e s  c le a r ly  in d ic a t e  t h e  c o n t e m p o r a r y  e x is te nc e  o f  

e x p a n d e d  a n d  c o m p r e s s e d  zone s .

M o r e o v e r , it  s h o u ld  be  n o t ic e d  tha t  fo r  0  < X  < 1, in  the  e a r ly  pha s e s  o f  

the  p r o c e s s , the  in n e r  zo ne  o f  the  s p e c im e n  c ompr e s s e s  w h ile  the  o ute r  

o ne s  d ila te ;  w it h  t im e , e x p a ns ive  s tr a ins  p r o pa g a t e  fr o m  the  o ut e r  t o  the  

in n e r  z o n e  u n t il the  w h o le  s p e c im e n  s w e lls  u n ifo r m ly  to  the  h e ig h t  

a llo w e d  b y  t he  c o m p lia n c e  o f  the  m e a s u r ing  d e v ic e .

O n  the  o t h e r  h a n d , fo r  X  =  1, e x p a n s io n  t o w a r d  the  in t e r io r  o f  the  

s p e c im e n  pr o g r e s s e s  a t  a  s m a lle r  r a te  t ha n  in  fo r m e r  c a s e s ; in  the  

m e a n t im e , the  o u t e r  zo ne s , w h ic h  w e r e  e x p a n d in g  a t  the  e a r ly  ph a s e , 

s ta r t  c o m pr e s s in g , in  s uc h  a  w a y  as  to  m a in t a in  the  s p e c im e n ’s v o lu m e  

u n v a r ie d  t h r o u g h o u t  the  pr oce s s .

T h e  in flu e n c e  o f  the  s t iffne s s  fa c t o r  is  fe lt  a ls o  o n  the  g r o w t h  o f  s w e ll 

pr e s s ur e  ( fig . 3 ). In  fa c t , the  h ig h e r  is  the  v a lu e  o f  X ,  the  s ho r te r  is  

th e  t im e  fa c t o r  a t  w h ic h  t h e  m a x im u m  s w e ll p r e s s ur e  d e v e lo p s ;  

fu r th e r m o r e ,th e  d iffe r e n c e  b e tw e e n  t he  m a x im u m  v a lue  o f  S =  CTr / a c 

a n d  it s  a s y m p t h o t ic  v a lu e , e q u a l t o  X ,  inc r e a s e s  w it h  in c r e a s in g  X.  

W h e n  r e b o u n d  is  c o m p le t e ly  p r e ve n t e d , the  u lt im a t e  s w e ll p r e s s ur e  is  

e q u a l t o  s u c t io n , a s  p o in t e d  o u t  b y  p r e v io u s  r e s e a r c he r s  (W a r k e n t in ,  

19 62 ; B a k e r  &  Ka s s iff, 1968 ).
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A  = 0.25 X —0.5 A  =  7.0

1.0 - 0.2

F ig . 2  - Is o c h r o n e s  o f  p o r e  pr e s s ur e s  (U  —  u / a n d  s t r a ins  (E -  t z / m y O c ). Ex t e n s iv e  s tr a ins  are  r e p o r te d  as  p o s it iv e .

A s  r e g a r d s  t h e  in f lu e n c e  o f  c h a r a c t e r is t ic s  ( m v , H )  o f  th e  c la y  

s p e c im e n  o n  r e s ults  o f  a  s w e ll te s t , o bs e r ve  fir s t  tha t  the s e  pa r a m e te r s  

p la y  a  s ig n if ic a n t  r o le  o n ly  i f  cx is  d iffe r e n t  fr o m  ze r o ; o t h e r w is e , X  

a lw a y s  e q u a ls  u n it y  a n d  t h e  s w e ll p r e s s ur e  c o nv e r g e s  t o  th e  in it ia l 

s u c t io n  v a lu e . In  th e  fo r m e r  c a s e , X  inc r e a s e s  fo r  in c r e a s in g  H a n d

m v.

C o n ve r s e ly , o n e  c a n  a s k  w h e t h e r  a  h ig h  v a lue  o f  X  - le a d in g  t o  a  be t te r  

e x p e r im e n t a l d e t e r m in a t io n  o f  O r - c o u ld  b e  o b t a in e d  e v e n  i f  t h e  c la y  

m a t e r ia l is  r a t he r  s t iff ( m v lo w ) o r  the  s p e c im e n  is  t o o  t h in  (H s m a ll) . 

V a lu e s  o f  H min r e q u ir e d  to  e ns u r e  a n  a d m is s ib le  X  fa c to r  ( X adm),  fo r

a s s ig ne d  v a lue s  o f  the  r a t io  c x / m v a re  r e po r te d  in  T a b . n .

T h e  r a t io s  c x / m v e x pre s s  t h e  r e la t ive  d e fo r m a b ilit ie s  o f  t h e  m e a s u r in g  

d e v ic e  c om p a r e d  to  thos e  o f  the  c la y  s pe c im e n .

It  is  e a s ily  r e c o g n iz e d  t ha t , a s s u m in g  fo r  <x a  v a lu e  a p p r o p r ia t e  t o  a  

u s ua l lo a d  r in g  (2 .3 3  * 1 0 "^ c m / K g ) ,  v e r y  t h ic k  s a m p le s  a re  ne e d e d  i f  

s u ffic ie n t ly  h ig h  va lue s  o f  X adm a r e  r e q u ir e d  in  the  m e a s u r e m e n t  o f  the  

s w e ll p r e s s ur e  o f  a  s t iff  c la y  (H mjn =  7 5 .6  c m  fo r  X adm > 0 .9 5 ;  H min 

=  3 9 4  c m  fo r  X adm i  0 .9 9 ;  m v =  0 .3 3  x 1 0 '2 c m 2 / K g ) .  O n  t he  o t he r  

h a n d , e v e n  r e la t iv e ly  t h in  s a m p le s  (H mjn =  1 .2  c m  fo r  X adm > 0 .9 5 ;  

H mjn =  6 .5  c m  fo r  X adm > 0 .9 9 ) m a y  b e  u s e d , p r o v id e d  the  c la y  to  be  

te s te d  is  s u ff ic ie n t ly  s o ft  ( m v =  0 .2  c m 2 / K g ) .

1.0 - 0.2

T a b . n  -  V a lu e s  o f  H mjn fo r  d iffe r e n t  v a lu e s  o f  X adm a n d  c x / m  .

F ig . 3 - N o r m a liz e d  s w e llin g  pr e s s ur e  S  =  a f / O c v e r s us  t im e  fa c to r

T = c t / H2.

< x / m v , 

x i o 2 7 .0 6  

(c m - 1)

W 0-95

H min

7 5 .6

(e m ) X a d m > 0 .9 9  3 9 4

________ L_

2 .3 3

2 4 .9

13 0

0 .2 3

2 .5

13

0 .1 2

1.2

6 .5
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4. S U M M A R Y  A N D  C O N C L U S IO N S

T he  r a t e  o f  d is s ip a t io n  o f  s u c t io n  u p o n  f lo o d in g  in  a  r e s t r a in e d  

s a tur a te d  c la y  s p e c im e n , in it ia lly  s ub je c te d  t o  c a p illa r y  p r e s s ur e , ha s  

be e n th e o r e t ic a lly  in v e s t ig a t e d

T h e  m a t h e m a t ic a l m o d e l d e s c r ib e s  the  c o n t r o l o f  v o lu m e  c h a n g e , 

w h ic h  t a k e s  p la c e  a s  a  r e s u lt  o f  in u n d a t io n ,  a c c o r d in g  t o  th e  

c o m p lia n c e  o f  a  t o ta l s tre s s  m e a s ur ing  d e v ic e .

T h e  p r o c e s s  o f  d is s ip a t io n  o f  n e g a t iv e  p o r e  w a t e r  p r e s s ur e s  is  

g o v e r n e d  b y  a  lin e a r  in t e g r o - d iffe r e n t ia l e q u a t io n ,  w h ic h  h a s  b e e n  

s o lve d  b y  m e a n s  o f  a  p e r t u r b a t io n  m e t h o d ;  the  a n a ly t ic a l e x p r e s s io n  

g o v e r n in g  the  e v o lu t io n  o f  the  s w e llin g  pr e s s ur e  ha s  be e n o b t a in e d . 

E v o lu t io n  o f  b o t h  s w e llin g  a n d  p o r e  w a te r  pr e s s ur e s  ha s  b e e n  fo u n d  

to  d e p e n d  o n  a  "s t iffne s s  p a r a m e te r " X ,  e n c o m p a s s in g  g e o m e t r ic  a n d  

e la s t ic  p r o p e r t ie s  o f  the  c la y  s p e c im e n  as  w e ll a s  d e fo r m a b ilit y  o f  the  

lo a d  c e ll e m p lo y e d  to  r e c o r d  the  s w e llin g  p r e s s ur e . T h e  a b o v e  fa c to r  

m a y  r a n g e  b e t w e e n  ze r o  a n d  1.

F o r  X  =  0 ,  n o  r e s t r a in t  is  im p o s e d  t o  the  fr e e  s w e ll o f  the  c la y ,  i.  e ., 

the  s w e llin g  p r e s s ur e  is  id e n t ic a lly  ze r o  t h r o u g h o u t  the  w h o le  pr oce s s  

o f  d is s ip a t io n  o f  the  in it ia l s uc t io n . C o n ve r s e ly , fo r  X  ^  0  th e  s w e llin g  

pr e s s ur e  in c r e a s e s  u p  t o  a  m a x im u m  v a lu e ;  a fte r w a r d s , it  de c r e a s e s , 

f in a lly  c o n v e r g in g  t o  the  v a lu e  o f  X  fa c to r . M o r e o v e r , s o m e  pa r t s  o f  

the  s p e c im e n  c o m pr e s s  w h ile  r e m a in in g  pa r ts  s w e ll s o  as  t o  r e s pe c t  the  

c o m p a t ib ilit y  b e t w e e n  d e fo r m a t io n s  o f  th e  s p e c im e n  a n d  o f  t h e  

m e a s u r in g  s ys te m.

C o m s p o n d e n t ly , po r e  pr e s s ur e s  inc r e a s e  fr o m  the  in it ia l n e g a tive  u p  to  

p o s it iv e  v a lue s ;  th e n  the y  de c r e a s e  d o w n  t o  ze ro .

As  r e g a r d s  t h e  r o le  p la y e d  b y  s u c t io n  d is s ip a t io n  in  the  m e c h a n ic s  o f  

r e s t r a in e d  s w e llin g ,  a t t e n t io n  is  d r a w n  o n  th e  fo r m a l a g r e e m e n t  

b e t w e e n  the  fo r m u la  fo r  O r e x p r e s s e d  b y  (3 ) , a fte r  h a v in g  s e t X  =  1, 

a n d  a  w e ll k n o w n  r e la t io n s h ip  p r o p o s e d  b y  C r o n e y  e t  a l. (1 9 5 8 ) ,  

p r o v id e d  th a t  t h e  c a p illa r y  pr e s s ur e  r e pre s e nts  s u c t io n  m e a s ur e d  u nd e r  

ze r o  lo a d , a n d  t h a t  t h e  v a lu e s  o f  p o r e  p r e s s ur e s  a v e r a g e d  o v e r  the  

w h o le  h e ig h t  o f  the  s p e c im e n  a re  s ubs t itu te d  to  lo c a l va lue s .

F in a lly ,  t h e  a n a ly s is  o f  t h e  in flu e n c e  o f  t h e  s t iffn e s s  p a r a m e t e r  

d is c lo s e s  th a t  fo r  s t if f  c la y s  v e r y  s t if f  d e v ic e s  a r e  ne e d e d  in  o r d e r  to 

a c c o m p lis h  a n  a c c u r a t e  m e a s u r e m e n t  o f  s w e llin g  p r e s s ur e  w it h o u t  

r e c our s e  to  u n u s u a lly  th ic k  la b o r a t o r y  s pe c im e ns .

T e r za g h i K .  (1 9 4 3 ) -  T h e o r e t ic a l S o il M e c h a n ic s  - W ile y ,  N .Y. .
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