
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

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

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

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

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


Se condary Compre s s ion Effe c ts  dur ing  One - dime ns ional 

Cons olida t ion Tests

2/13

E ffe t s  d e  c o m p r e s s io n  s e c o n d a ir e  d u r a n t  d e s  e s s a is  d e  c o n s o lid a t io n  u n id im e n s io n n e lle

I.  F .  C H R IS T IE ,  B.s c ., P H . D . ,  a . M . i . c . e . ,  De p artm e n t  o f  C iv il Eng ine e ring , Univ e rs ity  o f  E d in b u rg h , Gre at B rit ain

S U M M A R Y

One - dime ns iona l c o ns olid a t ion e x pe r ime nts  w ith  r e moulde d 
s ample s  o f tw o e s tuar ine  c lays  a nd  two c lay mine ra ls  are  
de s cribe d. In  o ne  series o f tests e ach lo a d  inc r e me nt  was  m a in ­
t a ine d fo r  a ppr ox ima te ly  24 hour s  a nd  in  a s e cond series , fo r  
a b o ut  one  m o n th. In  a ll cases the  excess pore  wa te r  pressures  at 
the  base  o f the  s ample  we re  me as ure d by pre s sure  t r ans duce r .

Us ing an e xte ns ion o f T e r za gh i’s the ory as  a  firs t a p pr o x im a ­
t ion, the ore tica l s olut ions  have  been ob ta ine d w hic h  c la r ify  the  
e ffect o f the  fle x ibility  o f the  pore  wate r  pre s sure  me as ur ing  
s ys tem d ur in g  such tests.

T he  m a jor ity  o f the  tests are  n o t  s ignificantly  affected by this  
a nd  fur the r  ana lys is  s hows  tha t  the y are  in  c los e r  agr e e me nt w ith  
the  the ory o f Gib s o n a nd  Lo  th a n w ith th a t  o f T e rzaghi. H o w ­
ever , in  the  long- dura t ion tests, the  ra te  o f pore - pre ssure  dis s ipa ­
t ion  a t  the  base  is s till h ighe r  th a n one  w ou ld  expect fr o m  the  
me as ure me nts  o f s ur face  s e ttle me nt.

o n e  o f  t h e  f i r s t  a t t e m p t s  a t  a  r a t io n a l r e v is io n  o f  

T e r z a g h i’s o n e - d im e n s io n a l th e o r y  o f  c o n s o lid a t io n  fo r  c lay s  
w a s  m a d e  b y  T a y lo r  a n d  M e r c h a n t  (M e r c h a n t ,  1 9 3 9 ; T a y lo r  

a n d  M e r c h a n t , 1 9 4 0 )  w h o  s ugg e s te d  th a t  p r im a r y  c o n s o lid a ­

t io n  a n d  s e c o n d a r y  c o m p r e s s io n  o c c u r  c o n c u r r e n t ly , w it h  th e  
c o m p o n e n t  d u e  to  s e c o n d a r y  c o m p r e s s io n  d e v e lo p in g  a t  a 

r a te  w h ic h  is  p r o p o r t io n a l to  th e  a m o u n t  o f  r e s id ua l s e c o n ­
d a r y  c o m p r e s s io n . In  a n o th e r  p a p e r  (C h r is t ie , 1 9 6 4 )  it  h a s  

b e e n  s h o w n  th a t , p r o v id e d  c e r t a in  e r r or s  in  th e  p u b lis h e d  

v e r s io ns  o f  T a y lo r  a n d  M e r c h a n t ’s th e o r y  a r e  c o r r e c te d , th e ir  
th e o r y  is  m a th e m a t ic a lly  e q u iv a le n t  to  a  m o r e  r e c e n t  o n e  
(G ib s o n  a n d  L o , 1 9 6 1 ) in  w h ic h  th e  c o m p r e s s ib ility  o f  a n  

e le m e n t  o f  th e  s o il s k e le to n  is  r e p r e s e n te d  b y  a  r h e o lo g tc a l 
m o d e l c o m p r is in g  a  H o o k e a n  s p r in g  in  s e r ie s  w it h  a K e lv in  

b o d y .

In  th is  p a p e r  s o m e  e x p e r im e n ts  a r e  d e s c r ib e d  in  w h ic h  a n 
a t t e m p t  w a s  m a d e  to  v e r ify  th is  th e o r y , n o t  o n ly  b y  s e t tle ­
m e n t  m e a s u r e m e n t s  d u r in g  o n e - d im e n s io n a l c o n s o lid a t io n  

te s ts , b u t  a ls o  b y  m e a s u r in g  th e  p o r e  w a t e r  p r e s s u r e  a t  th e  

ba s e  o f  th e  s a m p le  d u r in g  th e  tes ts .
T h e  e ffe c t  o f  th e  fle x ib ilit y  o f th e  p o r e  w a te r  pr e s s ur e  

m e a s u r in g  s ys te m d u r in g  s uc h  te s ts  h a s  b e e n  c o n s id e r e d  in  

s o m e  d e ta il b e c a us e  th is  c a n  g iv e  r is e  to  m is le a d in g  r e s ults .

O U T L IN E  O F  E X P E R IM E N T S

T w o  s e r ie s  o f  o n e - d im e n s io n a l c o n s o lid a t io n  e x p e r im e n ts  
w e r e  c o n d u c t e d  as  fo llo w s :

1. T h r e e  r e m o u ld e d  s o ils  (k a o lin it e , c la y  fr o m  Le igh- on-  
Se a , Es s e x , a n d  s ilty  c la y  fr o m  G r a n g e m o u t h )  w e r e  s ubje c te d

S O M M A IR E

On  décr it des  e xpérie nce s  de  c ons olid a t io n unidime ns ionn e lle  
ave c des écha nt illon s  r e ma iniés  de  de ux  argile s  d ’e s tuaire  et 
de  de ux  m in é r a ux  d ’argile . A u  cours  d ’une  pr e mièr e  s ér ie  d ’e xpé ­
r ie nces  c haque  a ugm e nta t ion de  charge  fu t  ma inte n ue  pe nd ant  
a p pr ox ima t ive m e nt  24 he ure s  e t a u cours  d ’une  de ux ième  série  
p e nd a nt  un  mois  e nvir on. Da n s  c h aque  e xpér ie nce  la  pre s s ion de  
î’e au inte r s t it ie lle  à  la  s ur face  infér ie ure  de  l’é c h a nt illo n fu t  
me s urée  avec un t rans duc te ur  de  pre s s ion.

E n  a p p liq ua n t  une  e x te ns ion de  la  théor ie  de  T e rzaghi p our  
obte n ir  une  pr e mièr e  a p pr o x ima t io n , des  s o lut ions  théor ique s  
o n t  été obte nue s  q u i e x plique nt  l’e ffe t de  la  fle x ibilité  d u  sys tème 
de  me s ure  des  pre s s ions  inte r s t it ie lle s  p e nd a nt  ces expériences .

Ce tte  fle x ibilité  n ’a pas  d ’e ffe t s ignifica t if s ur  la  p lup a r t  des 
e xpérie nce s , et des  analys e s  plus  dé ta illée s  m o n tr e nt  que  les 
rés ulta ts  s’accor dant  mie ux  avec la  théor ie  de  Gib s o n  e t Lo  
q u ’avec la  théor ie  de  T e rzaghi. Ce pe n da nt , dans  les  expériences  
de  longue  durée , la  r a pid ité  de  dis s ipa t ion de  la  pre s s ion inte r ­
s t it ie lle  à  la  s ur face  infér ie ure  est e ncore  plus  g r ande  que  ne  le  
fe r a ie nt  pr évoir  les  me s ure s  se r ap p or ta n t  a u tas s e me nt de  la  
supe rficie .

to  te s ts  o f  n o r m a l d u r a t io n  w it h  m e a s u r e m e n ts  o f  p o r e  w a te r  

p r e s s u re  a t  th e  ba s e  o f  th e  s a m p le  th r o u g h o u t  e a c h  te s t . F o u r  

s a m p le s  o f e a c h  s o il w e r e  s ubje c te d  to  e ith e r  five  o r  s e ve n 
p r e s s u r e  in c r e m e n ts  b e tw e e n ze r o  a n d  105 Ib / s q .in .

2. T h e  c la y s  fr o m  Le igh- on- Se a  a n d  G r a n g e m o u t h  a n d  

s a m p le s  o f  b e n to n it e  w e r e  s ub je c te d  to  s im ila r  te s ts  in  w h ic h  

e a c h  p r e s s u r e  in c r e m e n t  w a s  m a in t a in e d  o n  th e  s a m p le  fo r  

a p p r o x im a t e ly  o n e  m o n th .
T h e  r e s u lt s  o f  s o m e  g e n e r a l c la s s ific a t io n  te s ts  o n  th e  fo u r  

s o ils  a r e  g iv e n  in  T a b le  I.

T A B L E  I. G liN E K A L  P R O P E R T IE S  O F  S O IL S  T E S T E D

S o il

L iq u id  
lim it  

(p e r  c e n t )

P la s t ic  
lim it  

(p e r  c e n t )

P e r  c e n t  
b y  w e ig h t  

<2 f i

P r e d o m in a n t
c la y

m in e r a l

K a o lin it e 80 43 98 K a o lin it e
\ \  y o m in g  

b e n t o n it e 687 42 84 M o n t m o r illo n it e
G r a n g e m o u t h  

s ilt y  c la y 60 24 26 Illit e
Le igh- on- Se a

c la y 88 2!) 4.'i Illit e

T h e  c o n s o lid a t io n  te s ts  w e r e  c a r r ie d  o u t  in  a  ce ll w h ic h  

p e r m it t e d  fre e  d r a in a g e  o f  p o r e  w a te r  fr o m  th e  to p  o f  the  
s a m p le  o n ly . T h e  p o r e  w a te r  p re s s ur e  a t  th e  b as e  o f  th e  
s a m p le  w a s  m e a s u r e d  b y  a  t r a n s d u c e r , in c o r p o r a t in g  a 

d ia p h r a g m  a n d  u n b o n d e d  r e s is t an ce  s t r a in  w ire s . T h e  s oils  
to  be  te s te d w e r e  m ix e d  u n d e r  v a c u u m  a t  w a te r  c o n t e n t s  in 

th e  r e g io n  o f  9 0  p e r  c e n t  o f  th e ir  liq u id  lim it s .
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F L E X IB IL IT Y  O F  T H E  P O R E - P R E S S U R E  M E A S U R IN G  S Y S T E M

In  s o m e  te s ts  th e  m e a s u r e d  p o r e  w a t e r  p re s s ur e  inc r e a s e d  

g r a d u a lly  to  a  p e a k  v a lue ,  w h ic h  w a s  le s s  th a n  th e  pr e s s ur e  
in c r e m e n t  a p p lie d  to  th e  to p  o f  the  s a m p le , b e fo r e  d e c a y in g . 

A  s im ila r  e ffe c t  h a s  b e e n  r e p o r te d  p r e v io u s ly  ( fo r  e x a m p le , 
G e u z e , 1 9 5 7 ) a n d  it  h a s  a ls o  b e e n  s ugge s te d  t h a t  th is  m ig h t  

be  d u e  to  the  fle x ib ilit y  o f  th e  p o r e  w a te r  p r e s s u re  m e a s u r in g  

s ys te m w h ic h  a llo w s  p a r t ia l d r a in a g e  o f  p o r e  w a te r  fr o m  the  
b a s e  o f  th e  s a m p le  a n d  p r o v id e s  t e m p o r a r y  s to r a g e  fo r  th is  

( W h it m a n ,  Ric h a r d s o n , a n d  H e a ly ,  1 9 6 1 ) . W h it m a n ,  

R ic h a r d s o n , a n d  H e a ly  d id  n o t  p r o d u c e  a  r ig o r o u s  m a t h e ­

m a t ic a l a n a ly s is  o f  th is  p r o b le m  b u t  s im u la te d  th e  e ffe c t  b y  
m e a n s  o f  a  s p e c ia l- pu r po s e  e le c t r ic a l a n a lo g u e . S im ila r  p r o b ­
le m s , b u t  w it h  d iffe r e n t  b o u n d a r y  c o n d it io n s , h a v e  b e e n  

a n a ly s e d  b y  G ib s o n  (1 9 6 3 ) .
In  th e  a na ly s is  w h ic h  fo llo w s  it  is  a s s um e d , as  a firs t  

a p p r o x im a t io n , t h a t  e a c h  e le m e n t  o f  s o il b e h a ve s  in  a c c o r ­

d a n c e  w ith  T e r z a g h i’s o n e - d im e n s io n a l th e o r y  o f  c o n s o lid a ­

t io n , w it h  th e  c o e ffic ie nt  o f  c o n s o lid a t io n  ( c v) h a v in g  the  
s a m e  v a lu e  in  s w e llin g  as  in  c o m p r e s s io n ,  b u t  th e  fle x ib ility  

o f  th e  m e a s u r in g  s ys te m in t r o d uc e s  a n  u n u s u a l b o u n d a r y  
c o n d it io n  a t  th e  b as e  o f  th e  s a m p le  (t h ic k n e s s  H ) .  In  

g e n e r a l, th e  fle x ib ilit y  o f  th e  m e a s u r in g  s ys te m c o m p r is e s  

( a )  c o m p r e s s ib ility  o f  th e  flu id  u s e d  to  t r a n s m it  th e  p o r e  
w a te r  p re s s u re  fr o m  the  bas e  o f  th e  s a m p le  to th e  m e a s u r in g  
de v ic e ; ( b ) e x p a n s ib ilit y  o f  a n y  p ip e s  a n d  v a lve s  c o n t a in in g  

th e  a b o v e  flu id :  ( c )  e x p a n s ib ilit y  o f  the  s ys te m d u e  to  

d e fo r m a t io n  o f  th e  d ia p h r a g m  o f  th e  p re s s ur e  t r a n s d uc e r  
( i f  u s e d ) . T he s e  c o m p o n e n t s  a r e  n o t  c o n s id e r e d  s e p a r a te ly  in  

th is  a na ly s is  a n d  th e  fle x ib ilit y  is  a s s um e d  to  be  lin e a r , i.e ., 

t h e  v o lu m e  c h a n g e  o f  th e  m e a s u r in g  s ys te m p e r  u n it  c h a n g e  

o f  pr e s s u r e  w it h in  it  is  c o n s ta n t  ( =  x)-
If  th e  in it ia l p r e s s u re  w it h in  th is  s ys te m (p mo) is le s s  th a n  

th e  in it ia l exce s s  p o r e  w a te r  p r e s s u r e  t h r o u g h o u t  th e  s o il 

(w0) ,  s o m e  p o r e  w a te r  e s cape s  fr o m  th e  ba s e  o f  th e  s a m p le  

a n d  is s to r e d  t e m p o r a r ily  in  th e  m e a s u r in g  s ys te m. La te r , 
w h e n  th e  p o r e  pr e s s ur e  a t  th e  bas e  is  h ig h e r  th a n  e ls e w h e re  

in  th e  s o il s a m p le , th is  w a t e r  flow s  b a c k  in to  th e  s o il. 
T h r o u g h o u t  th is  pr oce s s  th e  p o r e  w a te r  p re s s ur e  a t  the  

ba s e  o f  th e  s a m p le  a n d  th e  p re s s ur e  in  the  m e a s u r in g  s ys te m 
( p m) a r e  e q u a l a n d  c o n t in u it y  o f  flo w  m u s t  b e  p r e s e r ve d  

a t  th e  ba s e  o f  th e  s a m p le .
T h e  p a r t ia l d iffe r e n t ia l e q u a t io n  to  be  s o lv e d  is

au / Bi  =  cv(a 2!i/ a z2) ( l)

s ub je c t  to  the  b o u n d a r y  c o n d it io n s

( i )  it  =  0 a t  z  —  0 ( /  >  0)

( i i )  u  ~  h 0 w h e n  / =  0 (0 <  z  <  H )

( i i i)  p „ =  p,„0 w h e n  t =  0

( iv )  u =  p m at z  — H  (t  >  0)

( v )  ( A k / y „) ( d u / d z ) +  x ( d p n / d O  =  0 a t  z  =  H ( t >  0)

w h e r e  A  is  th e  a r e a  o f  th e  s a m p le  a n d  th e  r e m a in in g  s y m b o ls  

h a v e  th e ir  u s u a l s ig n ific a n c e  in  T e r z a g h i’s c la s s ic a l th e o r y  o f 

c o n s o lid a t io n .
U s in g  c o n d it io n  ( iv )  p m c a n  be  e lim in a te d  fr o m  (v )  to

g ive

( v i)  ( A k / y w) ( d u / d z )  +  x ( d u / d t )  =  0

a t  z  =  H  (t  >  0 ) .  

In t r o d u c in g  th e  D ir a c  d e lt a  fu n c t io n  (s e e , fo r  e x a m p le , 

S n e d d o n ,  1 9 6 1 ) c o n d it io n s  ( i i )  a n d  ( i i i)  c a n  be  r e p la c e d  by

( v i i)  d u / d z  =  u 0S (z ) -  («o  -  p mo)5 (s  -  H )

w h e n  t =  0.

U s in g  th e  u s u a l s e p a r a t io n  o f  v a r ia b le s  t e c h n iq u e  w e  a s s ume  
a  s o lu t io n  to  e q u a t io n  ( 1 ) o f  th e  fo r m

u  =  e~ cvff‘ l ( D  c o s  ¿9s +  B  s in  0 z )

w h e r e  D , B , a n d  0  a r e  c o ns ta n t s .
F r o m  c o n d it io n  ( i ) ,  D  =  0.
F r o m  (v i)

—  c o s  f f l  ■■
7 w

x c ^ e - ^ ' B  s in  0 H ,

i.e . j8 t a n  (3H =  Ak/ yvxcv

O r ,  p u t t in g  a =  0H,

a  t a n  a  =  C  

w h e r e  C  =  AkH/ ywxcv =  AHmv/ x-

(T h e  r o o t s  o f  e q u a t io n  ( 2 )  h a v e  b e e n  t a b u la te d  b y  

C a r s la w  a n d  Ja e g e r , 1 9 5 9 .) T h e  s e r ie s  s o lu t io n  is  th e r e fo r e

(2 )

E - «n 2T y jj •
e ' B n s i n —  

11=1 t i

T v =  c yt / H 2.

(3)

w h e re

Diffe r e n t ia t in g  w ith  r e s pe c t  to  z  a n d  a p p ly in g  c o n d it io n

( v ii) ,

E"  OinZ3n ctnz  . ,  . . . „ .
- J j - C ° S  - J j  =  H o 5 ( 2 )  -  ( m 0 -  p m0 ) 8 ( z ■ H)

t h e r e fo r e
'.nB n / ír )J^Ó(s ) c o s  (a „z / H )d z

H  f  o c o s '  (a nz / H ) d z

— (»o  — />mo)J?5 (z — H )  c o s  (anz / H ) d z  

cos " (a nz / H ) d z

________ Up —  (lip — p mo) c o s  a n

"  [ H / 2 ( a n 2 +  C * ) K « n 2 +  C 2 +  C )  

u  r t> 2  (orn +  C  ) , . .
t h e r e fo r e  B n =  —  .» , a — (wo — pmo)

1 L  +  L )

c o s  a n }

S u b s t it u t in g  in  ( 3 ) ,  th e  fin a l s o lu t io n  fo r  exce s s  p o r e  w a te r  

p r e s s u r e  a t  a n y  p o in t  in  th e  s a m p le  is th e r e fo r e

=  2 « 0 E
f a 2 +  C- )

n = l “ n ( “ n" +  C~ +  C ) H

2  ( i l  0  P i  n o )  y  .
+  c  ) - =n=rv 

a „(a „2 +  C-  +  C )  C

c o s  a„ s in  - ~  (4 )  
r i

w h e r e  a „  is  a p o s it iv e  r o o t  o f  e q u a t io n  ( 2) .

( E q u a t io n  ( 4 )  c a n  a ls o  be  d e r iv e d  b y  m e a n s  o f  th e  L a p la c e  
t r a n s fo r m .)

N u m e r ic a l s o lu t io n s  h a v e  b e e n e v a lu a t e d  fr o m  s pe c ia l 

cas e s  o f  e q u a t io n  ( 4 )  fo r  p o r e  w a te r  p r e s s u r e  a t  th e  ba s e  o f 
th e  s a m p le  (z  =  H ) ,  fo r  v a r io u s  v a lue s  o f  C ,  a s s u m in g  th a t  

th e  in it ia l p r e s s u re  in  th e  m e a s u r in g  s ys te m is e ith e r  e q ua l
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f i g .  1 .  Theoretical effect of flexibility of the pore pressure measuring system on pore 

pressure at base of sample, p mo =  u 0.

■4 
3  0 -8

“ • 0  2 

I
O
0 -0 1  0-1 I IO

TIM E FAC TO R  Tv

f i g . 2. T he ore t ica l e ffect o f fle x ibility  o f  the  por e  pre s sure  me a s u r ing  s ys te m o n pore  
pre s sure  a t bas e  o f s ample , p mu =.  0.

t o  th e  in it ia l e xce s s  p o r e  w a te r  p r e s s ur e  in th e  s a m p le  o r  p e a k  p re s s ur e  a n d  inc r e a s e s  th e  t im e  la g  in  th e  p r o ce s s  o f 

ze r o . T h e s e  a r e  s h o w n  in  F ig s . 1 a n d  2  r e s p e c t iv e ly . p or e - pr e s s ur e  d is s ip a t io n .
I f  p mo =  Uq, t h e  e ffe c t  o f  in c r e a s in g  th e  fle x ib ilit y  o f  th e  T h e  e ffe c t  o f  th e  fle x ib ilit y  o f  th e  m e a s u r in g  s ys te m  o n  th e  

m e a s u r in g  s ys te m, a n d  th e r e b y  d e c r e a s in g  C ,  is  t o  p r o lo n g  s e t t le m e n t  o f  th e  s u r fa c e  o f  th e  s a m p le  h a s  a ls o  b e e n  
the  c o n s o lid a t io n  p ro ce s s . I f  p mo =  0 , th e  p o r e  w a t e r  pre s -  e v a lu a te d .  I f  p mo =  0 , a  v e r y  fle x ib le  s ys te m c a us e s  u n u s u a lly  

s u r e  a t  th e  bas e  o f  th e  s a m p le  inc r e a s e s  f r o m  ze r o  t o  a  p e a k  r a p id  s e t t le m e n t  a t  s m a ll v a lu e s  o f  t im e  b u t  d e la y s  th e  
v a lu e  a n d  th e n  de c a y s . In  th is  c a s e , d e c r e a s in g  C  r e d uc e s  th e  s e t t le m e n t  d u r in g  th e  la t e r  s tage s  o f  c o n s o lid a t io n . F o r  th is

c a s e , th e  r e la t io n s h ip  b e tw e e n p o r e  w a t e r  p r e s s u re  a t  th e  
ba s e  o f  th e  s a m p le  a n d  a v e r a ge  d e g re e  o f  c o n s o lid a t io n , fo r  

v a r io u s  v a lu e s  o f  C ,  is  s h o w n  in  F ig . 3.

O B S E RV E D  E F F E C T  O F  E N T RA P P E D  A IR  

T a k in g  th e  m e a s u r e d  v a lu e  o f  f le x ib ilit y  o f  th e  p o r e  w a te r  

p r e s s u re  m e a s u r in g  s ys te m in  c o n ju n c t io n  w it h  th e  m in im u m  

o b s e r v e d  v a lu e  o f  c o e ffic ie n t  o f  s o il c o m p r e s s ib ility  ( m v) ,  

o n e  o b ta in s  a  v a lu e  o f  C  ( =  A H m v/ x )  g r e a te r  t h a n  1,000. 
T h e  m e a s u r in g  s ys te m  it s e lf is  th e r e fo r e  e ffe c t iv e ly  r ig id  in  
r e la t io n  t o  th e  s o ils  t e s te d. A  le s s  s a t is fa c to r y  fe a t u r e  o f  th e  

a p p a r a tu s  is  th e  d iffic u lty  o f  p la c in g  a  s o il s a m p le  in  th e  
o e d o m e te r  w it h o u t  e n c lo s in g  a ir  a t  th e  ba s e  o f  th e  s a m p le . 

A ir  e n t r a p p e d  in  th is  w a y  h a s  th e  e ffe c t  o f  in c r e a s in g  th e  

fle x ib ilit y  o f  th e  m e a s u r in g  s ys te m  b y  a n  u n k n o w n  a m o u n t .
S o m e  ty p ic a l c u r ve s  o f  p o r e  w a te r  p re s s ur e  a t  th e  ba s e  o f  

th e  s a m p le  p lo t t e d  a g a in s t  t im e  a r e  s h o w n  in  F ig . 4 . F o r  
k a o lin it e  s a m p le  K 4 ,  th e  c o r r e s p o n d in g  p lo t  o f  b as e  p o r e  

w a te r  p r e s s ur e  a g a in s t  a v e r a ge  d e g re e  o f  c o n s o lid a t io n  is  
in c lu d e d  in  F ig . 5 . (T h e  a v e r a ge  d e g re e  o f  c o n s o lid a t io n  is  

d e fin e d  as  U  =  ( e,  — ea) / ( e i — e2) w h e r e  e 1 a n d  e2 a r e  th e  
in it ia l a n d  fin a l v o id  r a t io s  fo r  a n  in c r e a s e  in  e ffe c t ive  s tre s s  

f r o m  p j to  p , ,  a n d  en is  th e  a v e r a ge  v o id  r a t io  th r o u g h o u t

AVERAGE DEGREE OF CONSOLIDATION

f i g . 3. P or e  pre s s ure  a t  bas e  o f s ample  plo t te d  
aga ins t  ave rage  degree  o f  c ons o lid a t io n fo r  
var ious  va lue s  o f  C ( =  A H m v/ x )• In it ia l pre s ­

s ure  in  me as ur ing  sys te m, p m0 =  0.
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f i g .  4 .  Typical recorded curves of pore pressure dissipation at 
base of sample. (Pressure increment 8.75 to 17.5 lb /sq .in ,).
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f i g .  5. Average results, from tests o f normal 
duration with kaolinite, o f pore pressure at 

base o f sample plotted against average degree 
of consolidation.

th e  s a m p le  a t  t im e  r ) .  A  c o m p a r is o n  o f  the  c ur v e s  fo r  s a m p le  

K 4  w it h  th e  th e o r e t ic a l c u r ve s  in  F ig s . 2  a n d  3 (a n d  a  

s im ila r  c o m p a r is o n  o f  th e  s e t t le m e n t  c u rv e s , w h ic h  a r e  n o t  
s h o w n  h e r e )  in d ic a t e s  th a t  a ll th e  s y m p to m s  o f h ig h  fle x ib ility  

o f  th e  m e a s u r in g  s ys te m a r e  d is p la y e d  in  th is  c a s e . A t  th e  

c o n c lu s io n  o f  th e  te s t , th e  fle x ib ilit y  o f  th e  p r e s s u r e  m e a s u r ­
in g  s y s te m  fo r  th is  s a m p le  w a s  s o  la r ge  th a t  it  c o u ld  n o  
lo n g e r  be  m e a s u r e d  w it h  th e  e q u ip m e n t  a v a ila b le .

T h is  is  e v id e n t ly  a ca s e  in  w h ic h  a ir  w a s  t r a p p e d  a t  th e  

b as e  o f  th e  s a m p le  p r io r  t o  te s t ing . A  fe w  o th e r  te s ts  w e r e  
s im ila r ly  a ffe c te d  a n d  th e  r e s ults  o f  s uc h  te s ts  h a v e  b e e n  
e x c lud e d  f r o m  th e  s ub s e q ue n t  a na ly s is .

T E S T S  O F  N O R M A L  DU RAT IO N  

F o r  th e  te s ts  o f  n o r m a l d u r a t io n , s o m e  d e v ia t io n s  fr o m  
T e r za g h i’s  th e o r y  w e r e  in d ic a te d  b y  th e  d iffe r e n t  v a lue s  fo r  

c v w h ic h  w e r e  o b ta in e d  b y  d iffe r e n t  c u r ve - fit t ing  m e th o d s .
T h e s e  d e v ia t io n s  a r e  m o r e  c le a r ly  s h o w n  b y  a  non-  

d im e n s io n a l p lo t  o f  p o r e  p re s s u re  a t  th e  ba s e  o f  the  s a m p le

a g a in s t  a v e r a g e  d e g r e e  o f  c o n s o lid a t io n . M e a n  c u r ve s  o f  th is  
ty p e  fo r  th e  k a o lin it e  te s ts  a r e  g iv e n  in  F ig .  5 . A n  e x a m in a ­

t io n  o f  th e s e  c ur v e s , to g e th e r  w it h  s im ila r  o n e s  fo r  G r a n g e ­

m o u t h  a n d  Le igh - o n- Se a  c la y s  (C h r is t ie , 1 9 6 3 ) ,  r e v e a le d  
th e  fo llo w in g  t r e n d s :

1. T h e  d e v ia t io n s  f r o m  T e r z a g h i’s  th e o r y  w e r e  le a s t  w it h  
k a o lin it e  a n d  g r e a te s t  w it h  th e  G r a n g e m o u t h  c la y . A  p o s s ib le  

e x p la n a t io n  o f  th is  is  th a t  th e  G r a n g e m o u t h  c la y  c o n t a in s  

th e  s m a lle s t  p e r c e n ta g e  c la y  fr a c t io n  o f  th e  s o ils  te s te d.

2 . F o r  th e  n a t u r a l c la y  s o ils , th e  d e v ia t io n s  w e r e  s lig h t ly  
g r e a te r  a t  la r g e  v a lu e s  o f  a p p lie d  p r e s s u re , o r  s m a ll v o id  

r a t io s .

3 . In  a ll cas e s  th e  d e v ia t io n s  w e r e  s ig n ific a n t ly  la r g e r  fo r  
th e  la s t  p r e s s u r e  in c r e m e n t , in  w h ic h  th e  p re s s u re  in c r e m e n t  

r a t io  (p ., —  p i ) / p i ,  w a s  r e d u c e d  to  o ne - h a lf. T h is  is  in  

a g r e e m e n t  w it h  w o r k  e ls e w h e r e  (L e o n a r d s  a n d  G ir a u lt ,
1 9 6 1 ).

4. F o r  a  g iv e n  a v e r a g e  d e g re e  o f  c o n s o lid a t io n , th e  p o r e  

pr e s s u r e  a t  th e  b as e  o f  a  s a m p le  is  a lw a y s  s m a lle r  th a n  
p r e d ic te d  b y  T e r z a g h i’s  th e o r y .

W it h  a  s u it a b le  c h o ic e  o f  p a r a m e te r s , c u r ve s  b a s e d  o n  

G ib s o n  a n d  L o ’s th e o r y  (C h r is t ie , 1 9 6 4 )  w o u ld  fit  th e  
e x p e r im e n ta l d a t a  s o m e w h a t  b e t t e r  th a n  T e r z a g h i’s  th e o r y  

doe s . H o w e v e r , th e s e  p a r a m e te r s  h a v e  n o t  be e n e v a lu a te d  
fr o m  th is  s e r ie s  o f  te s ts  b e c a us e  s e c o n d a r y  c o m p r e s s io n  w a s  

o b v io u s ly  in c o m p le te  a t  th e  e n d  o f  2 4 - h o ur  lo a d in g  p e r io d s .

D E T E R M IN A T IO N  O F  P A RA M E T E RS  F R O M  LO N G- DU RA T IO N  

T E S T S

T h e  p a r a m e te r s  w h ic h  a r e  r e q u ir e d  to  d e fin e  G ib s o n  a n d  

L o ’s T h e o lo gic a l m o d e l fo r  a n  e le m e n t  o f  th e  s o il s k e le ton  
a r e  th e  c o m p r e s s ib ility  o f  th e  H o o k e a n  s p r in g  ( a ) ,  th e  c o m ­

p r e s s ib ility  a n d  v is c o s ity  o f  th e  K e lv in  b o d y  ( b  a n d  1 /X 

r e s p e c t iv e ly ), a n d  th e  p e r m e a b ility  ( k ) .  In  p la c e  o f  A a n d  
k  t h e  v a lue s  o f  A/6 a n d  6, =  k / ( a y w) ,  w ill be  s t a te d  h e r e . 

G ib s o n  a n d  L o  (1 9 6 1 )  h a v e  d e s c r ib e d  m e th o d s  fo r  d e te r ­
m in in g  th e s e  p a r a m e te r s  fr o m  th e  s e t t le me n t - t im e  d a ta  fo r  a  

p a r t ic u la r  te s t . T o  a v o id  th e  ne ce s s ity  fo r  c a lc u la t in g  s tr a ins , 

th e ir  p r o c e d u r e  h a s  b e e n  s lig h t ly  m o d if ie d  b y  th e  a u t h o r  as  

fo llo w s .
A t  la r g e  v a lue s  o f  t im e , w h e n  u  is  n e g lig ib le , th e  s u r fa c e  

s e t t le m e n t  is

Pt ~ (P > ~  P\ )H[° +  M l  —

T h e  fin a l s e t t le m e n t  is

Pt = ( P  > — Pi ) H ( a  +  b ) .  ( 5 )

T h e  r e s id ua l s e t t le m e n t  a t  t im e  / is  th e r e fo r e  g iv e n  b y  

Pt — Pt —  (p> ~  P i )H h e -  (*/ b)t 

^ d t - d t

w h e r e  d { a n d  d t a r e  th e  d ia l g a u g e  r e a d in g s  c o r r e s p o n d in g  to  

p f a n d  p t  r e s p e c t iv e ly .

T h e r e fo r e  lo g ,„ ( i/ t -  d , ) ~  lo g ,„ [ (> .. -  p t )H b ]

-  0 . 4 3 4 ( X / * ) i.

A  g r a p h  o f  lo g 10( d r — d , )  is  p lo t t e d  a g a in s t  t im e  a n d  a 

s t r a ig h t  lin e  fit t e d  to  th e  p o in t s  a t  la r ge  v a lu e s  o f  t im e .  T h is  

lin e  in te r c e p t s  th e  v e r t ic a l a x is  a t  lo g l0[(/>2 — P\ )Hb]  anc* 
h a s  a  s lo pe  o f  —0 .4 3 4  \ /b. H e n c e  b  a n d  \ /b a r e  o b ta in e d  

a n d  a  fo llo w s  fr o m  e q u a t io n  ( 5 ) .
G ib s o n  a n d  L o  h a v e  s h o w n  th a t ,  a t  s m a ll v a lue s  o f  t im e ,

Pt ~  2a(p.> — p i ) A O t / t t ) .
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T h e  s lo p e  o f  th e  in it ia l s t r a ig h t  lin e  in  a g r a p h  o f  s e t t le m e n t  

a g a in s t  / f  is  th e r e fo r e  2 a ( p 2 —  f r o m  w h ic h  9 c a n
b e  c a lc u la t e d .

RE S U L T S  O F  L ON G- DU RAT IO N  T E S T S  

T h e  s h a p e  o f  th e  s e t t le m e nt - t im e  c u r v e s  in  th e  Iong-  
d u r a t io n  te s ts  c a n  b e  d e fin e d  m o r e  a c c u r a t e ly  b y  m e a n s  o f  

G ib s o n  a n d  L o ’s  th e o r y  th a n  b y  T e r z a g h i’s . T h e  p r o c e d u r e  
d e s c r ib e d  in  th e  im m e d ia t e ly  p r e c e d in g  s e c t io n  h a s  b e e n  

a p p lie d  to  e a c h  o f  the s e  te s ts  a n d  m e a n  v a lue s  o f  th e  p a r a ­

m e te r s  o b ta in e d  in  th is  w a y  a r e  g iv e n  in  T a b le  I I .  I t  s h o u ld  

b e  n o t e d  t h a t  the s e  v a lue s  a r e  b a s e d  o n  th e  s e t t le me n t- t ime  
m e a s u r e m e n ts  o n ly .

F o r  th e  lim it e d  r a n g e  o f  te s ts  c a r r ie d  o u t , a  a n d  b  de c r e a s e  
w ith  in c r e a s in g  a p p lie d  p r e s s u re . A t  th e  s a m e  t im e , th e  

v is c os ity  o f  th e  s o il s k e le to n  ( 1 / X )  inc r e a s e s  s o  th e  r a t io

O 0 2  0  4 0 6  0 8  I

AVER AG E DEGREE O F C O N S O LID A TIO N

+  Pressure Increment O  -  219 I b / i f i *

^  2-19 -  4-38

□  4 38  -  8-75

O  8-75 -  17-5

R e la tio nsh ip  fro m  Tcrzagh i’a th e o ry .

— — —  Gibson ond Lo 's  th e o ry  * t l h  M = (« + b yb  =  l-2S  

and N -X H y tb € $ -O  I.

f i g . 6. Ave rage  re s ults , fr o m  long- dura t ion 
tes ts  w ith  Le igh- on- Sea c lay , o f por e  pre s sure  
a t  bas e  o f s a m p le  p lot te d  aga ins t ave rage  

de gre e  o f cons o lida t ion .

T A B L E  I I .  M E A N  V A L U E S  O F  P A R A M E T E R S  I N  G IB S O N

\ /b, w h ic h  d e t e r m in e s  th e  r a te  o f  s e c o n d a r y  c o m p r e s s io n , 
r e m a in s  a p p r o x im a t e ly  c o n s ta n t  fo r  a  g iv e n  s o il ( L o ,  1 9 6 1 ) .

C u r v e s  o f  p o r e  p r e s s u r e  a t  th e  b as e  a g a in s t  a v e r a g e  de g re e  

o f  c o n s o lid a t io n  w e r e  p lo t t e d  fo r  e a c h  te s t  a n d  s o m e  a v e r a ge  
v a lue s  fo r  Le igh- on- Se a  c la y  a r e  s h o w n  in  F ig . 6. E x c e p t  

fo r  th e  fir s t  lo a d  in c r e m e n t ,  th e  d e v ia t io n s  f r o m  th e  T e r za g h i 
th e o r y  w e r e  v e r y  la r g e . W h ile  th e  th e o r y  o f  G ib s o n  a n d  L o  
g ive s  b e t t e r  a g r e e m e n t  w it h  th e  e x p e r im e n ta l d a ta , s o m e  

d is c r e p a n c y  s t ill e x is ts . T h is  is  s h o w n  b y  th e  fa c t  t h a t  th e  
v a lue s  s t a te d  in  T a b le  I I  (o b t a in e d  f r o m  s e t t le m e n t  m e a s u r e ­

m e n t s )  le a d  to  v a lue s  o f  M  ( = ( a  +  b ) / a )  b e tw e e n 1.1 a n d  

1.6 w h e r e a s  m u c h  h ig h e r  v a lue s  w o u ld  be  r e q u ir e d  to  fit  
s o m e  o f  th e  e x p e r im e n ta l c u r ve s  in  F ig . 6. In  o th e r  w o r d s , 

th e  o b s e r v e d  r a te  o f  p or e - pre s s ur e  d is s ip a t io n  is  h ig h e r  

th a n  o n e  w o u ld  e x p e c t  f r o m  th e  s e t t le m e n t  m e a s u r e m e n t s .
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A N D  L O ’S  T H E O R Y  F R O M  T E S T S  O F  L O N G  D U R A T IO N

Soil

Pres sure
inc r e me nt
(lb / s q .in .)

a
(s q .in ./ lb  X  10-4)

b
(s q .in ./ lb  X  10- 4)

\ /b 
(m in -1 X  10’

8
' )^ (s q .in ./ m in  X  10- 1]

Be ntonit e 0 - 2 .19 965 223 0 .2 9 1.11
2 .1 9 - 4 .3 8 550 305 0 .3 5 0 .7 6
4 .38 - 8 .7 5 507 169 0 .5 3 0 .4 6

Leigh- on- Sea 0- 2 .19 703 95 0 .41 5 .5
clay 2 .1 9 - 4 .3 8 202 55 0 .5 7 3 .8

4 .3 8 - 8 .7 5 134 33 0 .4 8 3 .8

Gr ang e m o uth 0 - 8 .75 190 22 0 .9 6 1 9 .2
s ilty  c lay 8 .7 5 - 1 7 .5 55 1 8 .5 0 .9 5 9 .3

17 .5 - 35 .0 32 7 .2 0 .41 7 .2

2 0 2


