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P . E . F O S S B E R G ,  c i v .  e n g . ,  m . n . i . f . ,  a . m . ( s . a . ) i . c . e . ,  S e nio r Re s e arch Officer, N at io nal In s titu te  f o r R o ad  Re se arch, 

Co unc il f o r Scie ntif ic  an d  Indus trial Re s e arch, Pre toria, S outh  A f ric a

S U M M A R Y

T his  pa pe r  give s  the  re s ults  o f inve s t iga t ions  o n  s ome  e ng i­

ne e r ing prope r t ie s  o f  a  m o n tm o r illo n it ic  c lay , s ta bilize d  w ith  

hydra te d  lime . Co ns o lid om e te r  te s t r e sults  s how a n a ppa r e nt  

pr e c o ns o lida t ion  e ffe ct, inc r e a s ing w ith  lim e  c on t e n t  a nd  c u r ing  

t ime , a nd  a s ligh t ly  u ns ta b le  s tr uc tur e  at pre s sure s  e xce e ding 

the  “pr e c ons olida tion  lo a d .” Be yond the  p r e c ons olida t ion  load, 

lim e  s ta b iliza t io n  cause s  a n  incre as e  in  p F  as c om pa r e d  w ith  

t h a t  o f  a n  uns ta b ilize d  m a te r ia l a t  the  s ame  m o is tur e  conte nt . 

T he  p e r m e a b ility  decreases  w ith  inc r e a s ing lim e  c ont e nt  and 
c ur in g  t ime . Dr a in e d  s he ar  box  tes ts  s how th a t  the  lim e  has  

a n  im m e d ia t e  e ffect in  inc r e a s ing the  tr ue  a ng le  o f  inte r na l 

fr ic t ion , b u t  t h a t  long- te rm ga in in  s tr e ngth is  achie ve d m a in ly  

t h r o ug h incre as e  in tr ue  cohe s ion.

l i m e  s t a b i l i z a t i o n  is  a  w e ll- k n o w n  m e th o d  fo r  im p r o v in g  

t h e  r o a d - b u ild in g  p r o p e r t ie s  o f  c la y e y  s o ils . T h e  b e n e fic ia l 

e ffe c ts  o f  lim e  in  im p r o v in g  p h y s ic a l p r o p e r t ie s , as  r e ve a le d  

b y  in d ic a t o r  te s ts , a n d  in  in c r e a s in g  t h e  b e a r in g  s t r e n g th  a r e  

w e ll k n o w n , a n d  n e e d  n o t  be  e la b o r a t e d  h e r e . T h e r e  is , h o w ­

e ve r , a  la c k  o f  k n o w le d g e  o f  t h e  fu n d a m e n t a l e n g in e e r in g  

p a r a m e te r s  o f  r o a d - b u ild in g  s o ils  in  g e n e r a l, a n d  o f  s t a b ilize d  

s o ils  in  p a r t ic u la r . F o r  a  r a t io n a l a p p r o a c h  t o  t he  p r o b le m  

o f  r o a d  d e s ig n , a  k n o w le d g e  o f  the s e  p a r a m e te r s  is  o f  p a r a ­

m o u n t  im p o r t a n c e . In  t h e  p r e s e n t  s t u d y , s a t u r a t e d , o r  ne ar-  

s a tu r a t e d  s a m p le s  o f  lim e - s t a b ilize d  c la y  w e r e  u s e d  t o  

e v a lu a t e  t h e  fu n d a m e n t a l p a r a m e te r s  c o n c e r n e d . T h is  is  a  

p r e lim in a r y  t o  t h e  s t u d y  o f  t he  b e h a v io u r  o f  no n- s a tu r a te d  

s o ils , w h ic h  a r e  fo u n d  in  r o a d  fo u n d a t io n s .  T h e  p r o p e r t ie s  

in v e s t ig a t e d  in c lu d e  c o n s o lid a t io n ,  s u c t io n  a n d  p e r m e a b ilit y  

c h a r a c t e r is t ic s , a n d  t h e  fu n d a m e n t a l s h e a r - s t r e ng th  p a r a ­

m e t e r s .

m a t e r i a l s  u s e d  

T h e  s o il u s e d  w a s  a  b la c k  c la y , a  r e s id u a l s o il f r o m  the  

w e a th e r in g  o f  n o r it e ,  b r o u g h t  f r o m  O n d e r s t e p o o r t , T r a n s ­

v a a l.  T h e  m a in  m in e r a l c o n s t it u e n t s  a r e  q u a r t z  a n d  Ca - mont-  

m o r illo n it e ,  w it h  le s s e r  a m o u n t s  o f  h y d r o u s  m ic a , k a o lin it e , 

a n d  fe ld s p a r s . S o m e  o f  its  r e le v a n t  p r o p e r t ie s  a r e  g iv e n  

¡n T a b le  I.  A  h ig h - c a lc iu m  h y d r a t e d  lim e  w a s  u s e d  fo r  

s t a b iliz in g  t h is  s o il. A  ty p ic a l a n a ly s is  o f  t he  lim e  is  g ive n  

in  T a b le  II .  F o r  t h e  m a in  p a r t  o f  t h e  te s t p r o g r a m m e  a 

s t a b ilize r  c o n t e n t  o f  10 p e r  c e n t  b y  d r y  w e ig h t  o f  s o il w a s  

u s e d , a n d  in  t h e  ca s e  o f  c o n s o lid o m e t e r  te s ts  a fe w  a d d it io n a l 

s a m p le s  w it h  5 p e r  c e n t  a n d  2 0  p e r  c e n t  lim e  w e r e  te s te d. 

T he s e  s t a b ilize r  c o n t e n t s  m a y  s e e m h ig h , b u t  a r e  n o t , w h e n  

t h e  la r g e  a m o u n t  o f  c la y  p r e s e n t  a n d  t h e  p la s t ic it y  o f  th is

s o m m a i r e

Le s  pr opr ié té s  app liqué e s  d ’une  m o n tm o r illo n it e  s tabilis ée  à 

la  c ha ux  hyd r a té e  s ont  ana lys ée s  dans  ce tte  c o m m u n ic a t io n . De s  

rés ulta ts  d ’essais  de  c o ns o lid a t io n m on tr e n t  u n  e ffe t a ppa r e nt  de  

p r é c ons o lida t ion , a u gm e n ta n t  ave c la  te ne ur  e n c ha ux  e t la  dur é e  

d u  mûr is s e me nt  a ins i q u ’une  s truc tur e  lé gè r e me nt ins table  au- de là 

de  la  pre s s ion de  p r é c o ns o lida t ion . A  m ê m e  te ne ur  e n e au, on 

cons ta te  que  lo r s q u ’on dépas s e  la  pr e s s ion de  p r é cons o lida t ion , 

le  p F  d u  m a té r ie l s tabilis é  à  la  c ha ux  es t p lus  éle vé  que  ce lui 

du m a té r ie l n on  tr a ité . La  pe r mé ab ilit é  d im in u e  ave c l’accrois ­

s e me nt de  la  c ha ux  e t de  la  dur é e  de  mûr is s e me nt . De s  essais  

de  c is a ille m e nt  dir e c t  o nt  d é m o nt r é  u ne  a ug me nta t ion  im m é d ia te  

de  l ’angle  de  fr o t te m e nt  inte rne  e ffe c tif e t u ne  a u gm e nta t ion  de 
la  rés is tance  à  lo ng  te rme  c ons é c ut if à une  a u gm e nta t ion  de  la  

cohé s ion rée lle .

T A B L lv  I. IN D IC A T O R  l’ R O IT .R T IL S  OF 

O N D IvR STK I’O O R T  C L A Y

Ra w
soil

With  
10 pe r  ce nt  

lime

Liq u id  lim it 7 0 % 77 pe r  ce nt
P la s t ic ity  inde x 4 2 % 2S pe r  ce nt
Line a r  s hr inka ge 20 % 10 pe r  ce nt
Ma te r ia l <
Spe cific  g r a v it v 2 .6 9
Ac t iv it y 0 .7 4

T A B L E  II .  C H ICM IC AL A N A L Y S IS  O I' 

H IG I I -C A L C I l’ M LIMI-,

T o ta l Ca O 7 2 .8  pe r  ce nt
Mg O 0.6 pe r  ce nt

SiO- > +  R 20 3 2.8 pe r  ce nt
Loss  on ig nit ion 2 3 .8  pe r  ce nt

T O T A L 100.0 pe r  ce nt

Ava ila b le  lime 67- 69 pe r  ce nt

C 0 2 0 .5 - 1 .0 per ce nt

s o il a r e  c o n s id e r e d , in  c o m p a r is o n  w ith  c la y e y  g r a ve ls , w h e r e  

a  lim e  c o n t e n t  o f  3 p e r  c e n t  is  fr e q u e n t ly  u s e d , b u t  w h e r e  

t h e  b u lk  o f  t h e  m a te r ia l is  c oa r s e  a n d  r e la t iv e ly  ine r t .

S A M P L E  P R E P A R A T IO N  A N D  T E S T  P R O C E D U R E

T h e  c lay - lim e - w a te r  m ix tu r e s  w e r e  p r e p a r e d  in  a  r o t a r y  

m ix e r  fo r  a p p r o x im a t e ly  o n e  h o u r . T h e  s a m p le s  fo r  c o n ­

s o lid o m e t e r  a n d  s h e a r  b o x  te s ts  w e r e  t h e n  c a s t  in  fla t  m e ta l 

t r a y s , w h e r e a s  the  s a m p le s  fo r  p e r m e a b ilit y  te s ts  w e r e
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m o u ld e d  in  3 in . d ia m . c y lin d e r s . D iffe r e n t  d e n s it ie s  w e r e  

o b t a in e d  b y  v a r y in g  t h e  m o is t u r e  c o n t e n t  o f  t h e  d iffe r e n t  

b a t c h e s  a n d  a t t e m p t in g  t o  m o u ld  t h e  s a m p le s  t o  a  h ig h  

d e g r e e  o f  s a t u r a t io n .  T h e  s a m p le s  w e r e  c u r e d  in  a  h u m id  

r o o m , a t  2 0  C .  fo r  7  d a y s , 2 8  d a y s , a n d  4  m o n th s ,  r e s p e c ­

t iv e ly . A f t e r  c u r in g , s a m p le s  o f  s u it a b le  s ize  w e r e  c u t  f r o m  

th e  s o il c a k e s . T o  e n s u r e  fu ll s a t u r a t io n ,  t h e  lim e - s t a b ilize d  

s a m p le s  w e r e  s o a k e d  u n d e r  w a te r . S u c t io n  w a s  a p p lie d  

g r a d u a lly  a t  a  r a t e  o f  a p p r o x im a t e ly  1 in . H g / 1 0  m in . ,  u p  

t o  2 4  in . H g .  T h e  s u c t io n  w a s  t h e n  g r a d u a lly  r e le a s e d  o v e r  

a p p r o x im a t e ly  o n e  h o u r , a ft e r  w h ic h  s a m p le s  w e r e  c u t  t o  

t h e  e x a c t  s ize  r e q u ir e d  fo r  te s t ing .

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  o n  3 - in. d ia ­

m e t e r , >i- in. t h ic k  s a m p le s , in  c o n v e n t io n a l t y p e  c o ns o lid o -  

m e tr e s , w it h  in c r e m e n ta l lo a d in g  fr o m  1.8  t o  4 2 6  lb / s q . in .  

a n d  t h e n  u n lo a d in g  t o  1.8 lb / s q .in .

F o r  s u c t io n  t e s t in g , s a m p le s  w e r e  c u t  f r o m  m a te r ia l in  

the  t r a y s , a n d  a ls o  f r o m  c o n s o lid a t e d  s a m p le s , in t o  r in g s  

1 in . in  d ia m e t e r  a n d  % in . t h ic k . R e fe r r in g  t o  t h e  s o il 

s u c t io n , o r  t h e  m o is tu r e  s o r p t io n  e x p o n e n t  p F ,  a s  in t r o d u c e d  

b y  S c h o fie ld  ( 1 9 3 5 ) ,  t h e  s a m p le s  w e r e  b r o u g h t  t o  e q u ilib r iu m  

a t  p F  =  1 (s u c t io n  p la t e ) ,  p F  =  2 , a n d  p F  =  3 (p r e s s ur e  

p la t e ) ,  a n d  a t  p F  =  4  (p r e s s u r e  m e m b r a n e ) .  (C r o n e y , 

C o le m a n ,  a n d  Br id g e ,  1 9 5 2 ; d e  B r u ijn , 1 9 6 3 ).

T h e  p e r m e a b ilit y  m e a s u r e m e n t s  w e r e  c a r r ie d  o u t  o n  t h e  

s a m p le s  m o u n t e d  in  a  t r ia x ia l c e ll, p r o v id in g  fo r  b a c k  

p r e s s u r e  t o  b e  a p p lie d  t o  t h e  s a m p le  t o  d is s o lv e  a ir  (B je r r u m  

a n d  H u d e r ,  1 9 5 7 ) . T h e  b a c k  p r e s s u re  w a s  inc r e a s e d  in  

s te ps  u p  t o  8 0  lb / s q . in . ,  t h e  c e ll p r e s s ur e  a t  e a c h  s te p  b e in g  

10 lb / s q . in .  h ig h e r  t h a n  t h e  b a c k  p r e s s ur e .

A ll s h e a r  b o x  te s ts  w e r e  d o n e  o n  3  in . X  3  in . s a m p le s , 

1/2 in . t h ic k , e x c e p t  fo r  t h o s e  c u r e d  fo r  4  m o n t h s  a n d  c o n ­

s o lid a t e d  u n d e r  a  n o r m a l s tre s s  o f  6 6 .7  lb / s q . in . ,  w h e r e  

VA in . x  \ Yi in . s a m p le s  w e r e  u s e d . T h e  r a t e  o f  m o v e m e n t  

a p p lie d  w a s  a b o u t  0 .0 1 5  in . / h o u r ,  a n d  a t  t h is  r a t e  t h e  t im e  

r e q u ir e d  fo r  s h e a r  g e n e r a lly  v a r ie d  b e tw e e n  3 0  a n d  7 8  

h o u r s . I t  is  c o n s id e r e d  t h a t  t h e  r a t e  o f  s t r a in  w a s  s lo w

e n o u g h  to  a llo w  p o r e  p r e s s u re s  t o  d is s ip a t e  d u r in g  t h e  s he a r , 

s o  t h a t  t he  s a m p le s  w e r e  c la s s e d  a s  fu lly  d r a in e d .

T E S T  RE S U L T S

Cons o lido m  e ter Tests

In  F ig . 1 a r e  s h o w n  lo a d - s e t t le m e nt  c u r ve s  fo r  r e m o u ld e d , 

u n s t a b iliz e d  On d e r s t e p o o r t  c la y , c o n s o lid a t e d  f r o m  in it ia l 

m o is t u r e  c o n t e n t s  o f  6 2  p e r  c e n t  (e 0 =  1 .68, s e r ie s  I )  a n d  

8 5  p e r  c e n t  ( e0 =  2 .2 8 ,  s e r ie s  I I ) .  T he s e  c u r v e s , a s  a ls o  t h e  

t im e - s e t t le m e nt  c u r ve s  o n  w h ic h  t h e y  a r e  b a s e d , a r e  t y p ic a l 

fo r  r e m o u ld e d  c la y s , a n d  d o  n o t  c a ll fo r  fu r th e r  c o m m e n t .  

A s  a  c o m p a r is o n  t h e  lo a d - s e t t le m e nt  c u r v e  fo r  r e m o u ld e d  

O n d e r s t e p o o r t  c la y  o f  s lig h t ly  h ig h e r  p la s t ic it y  in d e x  is  

g iv e n  (s e r ie s  I I I )  a s  a r r iv e d  a t  b y  S im o n s  ( 1 9 6 3 ) .

T h e  lo a d - s e t t le m e nt  c u r ve s  fo r  lim e - s t a b ilize d  s o il, c o n ­

s o lid a t e d  f r o m  in it ia l m o is t u r e  c o n t e n t s  o f  66 p e r  c e n t  

( e 0 =  1 .7 8 , s e r ie s  IV )  a n d  88 p e r  c e n t  (e 0 =  2 .3 7  s e r ie s  V ) ,  

a r e  s h o w n  in  F ig . 2 . A s  e x p e c t e d , t h e  s t a b iliz a t io n  a n d

1. Co n s o lid a t io n  curve s  fo r  r e m o ulde d  

Onde r s te poo r t c lay .

10% LIME, 7  DAYS CURING 

10% LIME, 28 DAYS CURING

4 MONTHS CURING 
4 MONTHS CURING 
4 MONTHS CURING

f i g . 2. Co ns o lid a t io n  curve s  f o r  Onde r s te po o r t  

c la y , s ta bilize d w ith  5, 10, a n d  20  pe r  ce nt  

hyd r a te d  lim e , a nd  c ur e d fo r  7 days , 28  days , 

a nd  4  m o nths .

s e t t in g  o f  t h e  s o il- lime  c a u s e s  a  p r e c o n s o lid a t io n  e ffe c t, t h e  

a p p a r e n t  p r e c o n s o lid a t io n  lo a d  in c r e a s in g  w it h  s t a b ilize r  

c o n t e n t  a n d  c u r in g  t im e . A  s lig h t ly  u n s t a b le  s t r u c tu r e  is  

in d ic a t e d  in  t h a t  t h e  c o m p r e s s io n  in d e x  C (., o n c e  t h e  p r e ­

c o n s o lid a t io n  lo a d  is  e x c e e d e d , is  la r g e r  fo r  t h e  s t a b iliz e d  

m a te r ia ls  t h a n  fo r  t h e  u n s t a b iliz e d  s o ils  a n d , a s  is  a ls o  

e x p e c te d , t h is  t e n d e n c y  inc r e a s e s  w it h  s t a b iliz e r  c o n t e n t  a n d  

c u r in g  t im e .  T h e  c o n d it io n  is  a n a lo g o u s  t o  t h e  o n e  e x p e r i­

e n c e d  w it h  o v e r c o n s o lid a t e d  q u ic k  c la y s . T h is  c o n c e p t  is  

illu s t r a t e d  in  F ig . 7 ( a ) ,  in d ic a t in g  h o w  th e  p r e c o n s o lid a t io n  

lo a d ,  p ',  a t  m o is tu r e  c o n t e n t s  w l a n d  w 2 inc r e a s e s  w it h  

c u r in g  t im e  / , b u t  t h a t  o n c e  t h e  p r e c o n s o lid a t io n  lo a d  is
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e x c e e d e d , t h e  lo a d - s e t t le m e n t  c u r v e  t e n d s  t o w a r d s  t h e  v ir g in  

c o m p r e s s io n  c u r v e  a s  g iv e n  b y  n o r m a l c o n s o lid a t io n . T h e  

t im e - s e t t le m e nt  c ur v e s  a r e  as  n o r m a l in  t h e  r a n g e s  b o th  

b e lo w  a n d  a b o v e  t h e  p r e c o n s o lid a lio n  lo a d .

S uc tion Prope rtie s

A s  p o in t e d  o u t  b y  C r o n e y , C o le m a n ,  a n d  B r id g e  ( 1 9 5 2 ) ,  

c o n s o lid o m e te r  te s t  r e s u lts  c a n  b e  u s e d  fo r  d e t e r m in in g  t h e  

r e la t io n s h ip  b e tw e e n  s u c t io n  a n d  m o is t u r e  o f  s a t u r a t e d  

s a m p le s . W a t e r  le a v e s  t h e  s o il d u r in g  c o n s o lid a t io n  a n d  

e n te r s  d u r in g  o fflo a d in g , u n t il t h e  s u c t io n  o f  t h e  m o is tu r e  

r e t a in e d  is  e q u a l t o  t h e  a p p lie d  p r e s s ur e . T h is  c o n c e p t  h a s  

b e e n  u s e d  in  F ig .  3 , w h e r e  s o m e  o f  t h e  c o n s o lid a t io n  c ur ve s  

f r o m  F ig s . 1 a n d  2  h a v e  b e e n  t r a n s fo r m e d  t o  a  m o is tu r e - p F  

s ca le . T h e s e  c u r ve s  a r e  t h e n  c o m p a r e d  w it h  t h e  r e s p e c t ive  

s u c t io n - m o is tu r e  c u r ve s  a s  o b t a in e d  b y  t h e  s u c t io n  te s ts  a t  

p F  =  1, 2 , 3 , a n d  4 . C u r v e s  w h ic h  a r e  d ir e c t ly  c o m p a r a b le , 

a r e  jo in e d  b y  a r r o w s  ( i.e ., s e r ie s  B , E ,  a n d  F ) .  A ll  s a m p le s

f i g . 3. Mois lur e - s uc t ion curve s  fo r  Onde r s te poo r t c lay , and  

fo r  c lay  s ta b ilize d  w ith  10 pe r  c e n t  h yd r a te d  lim e . Cu r in g  t ime ; 

appr ox . 28  days , e xce pt whe re  othe rwis e  s ta te d.

w e r e  t e s te d  in  d e s o r p t io n  ( in d ic a t e d  b y  a r r o w s  o n  t h e  

c u r v e s ).

I t  is  in t e r e s t in g  t o  n o t e  t h a t  g o o d  a g r e e m e n t  e x is ts  b e tw e e n  

t he  c u r v e s  o b t a in e d  b y  s u c t io n  te s ts , a n d  t h e  r e s p e c tive  

o n e s  o b t a in e d  f r o m  c o n s o lid o m e te r  r e s u lt s , e x c e p t  t h a t  t h e  

fo r m e r  o n e s  a r e  a  lit t le  “d r ie r .”  T h is  e ffe c t  is  o ft e n  n o t ic e d  

in  n a t u r a l s o ils  a n d  is  a s c r ib e d , in te r alia, t o  t h e  r e s is ta n c e  

a g a in s t  d is p la c e m e n t  o ffe r e d  b y  in d iv id u a l s o il g r a in s  o r  

g r a in  a g g r e g a te s  u n d e r g o in g  d e s o r p t io n  in  t h e  c o n s o lid o ­

m e t e r . T h e  a n a ly s is  o f  t h e  p h e n o m e n o n  h a s  r e c e ive d  a t t e n ­

t io n  b y  s e v e r a l a u th o r s  in  la t e r  y e a r s  (d e  B r u ijn ,  1 9 6 3 ).

F r o m  F ig . 3 it  is  s e e n t h a t , fo r  the  s t a b ilize d  s a m p le s , t h e  

m o is t u r e  c o n t e n t  is  a ffe c t e d  r e la t iv e ly  lit t le  b y  t h e  p r e s s ur e

a p p lie d , a s  lo n g  a s  t h is  is  b e lo w  th e  p r e c o n s o lid a t io n  lo a d . 

B e y o n d  th is  r a n g e , h o w e v e r , t h e  m o is t u r e  c o n t e n t  is  p r i ­

m a r ily  d e p e n d e n t  u p o n  t h e  p r e s s u r e , a n d  is  c o n s p ic u o u s ly  

h ig h e r  fo r  t h e  s t a b ilize d  s a m p le s  t h a n  fo r  t h e  u n s t a b iliz e d  

one s .

Pe rm e ability

F r o m  th e  c o n s o lid o m e te r  te s t  d a t a ,  t h e  s a tu r a t e d  p e r m e a ­

b ilit y ,  k , c a n  be  e v a lu a t e d  (T a y lo r ,  1 9 4 8 ) .  T h e  p e r m e a ­

b ilit ie s  t h u s  d e t e r m in e d , t o g e t h e r  w it h  p e r m e a m e te r  te s t  

r e s u lts  a r e  g iv e n  in  F ig . 4 , s h o w in g  t h a t  t h e  p e r m e a b ilit y  

is  d e c r e a s e d  w h e n  s t a b iliz in g  t h e  c la y  w it h  lim e . A g a in  t h is  

e ffe c t  is  m o r e  p r o n o u n c e d  w ith  in c r e a s in g  lim e  c o n t e n t  ( n o t  

s h o w n )  a n d  c u r in g  t im e .

f i g . 4. Vo id  r a t io - pe rme ability  curve s  

fo r  Onde r s te poo r t c lay , and  fo r  c lay  

s t a b ilize d  w ith  10 pe r  ce nt  hyd r a te d  

lim e , a n d  cur e d fo r  7 days  a nd  28 days .

I t  is  a c c e p t e d  t h a t  fo r  m o s t  s o ils , t h e  fin e r  t h e  s o il a n d  

t h e  s m a lle r  t h e  p o r e s , t h e  h ig h e r  is  t h e  s u c t io n  a n d  t h e  

lo w e r  is  t h e  p e r m e a b ilit y , p r o v id e d  t h e  m o is t u r e  c o n t e n t , 

o r  c o n ve r s e ly , t h e  d r y  d e n s it y , is  t h e  s a m e . T h e  r e s u lt s  in  

F ig s . 3 a n d  4 , in d ic a t e ,  t h u s ,  t h a t  lim e  s t a b iliz a t io n  r e d uc e s  

t h e  p o r e  s ize  o f  t h e  c la y . P o s s ib le  r e a s o n s  fo r  t h is  m a y  b e  

t h e  fo r m a t io n  o f  ge ls  “c lo g g in g  u p ”  t h e  p o r e s , a n d  a ls o  t h e  

fo r m a t io n  o f  a  c e m e n t e d  m a t r ix , c a u s e d  b y  t h e  r e a c t io n  

b e tw e e n  lim e  a n d  c la y . In  v ie w  o f  F ig . 4 , t h e  la t t e r  c a u s e  

w o u ld  a p p e a r  t o  be  m o s t  lik e ly .

S he ar box  tests

T h is  le s t  p r o g r a m m e  w a s  c a r r ie d  o u t  t o  e v a lu a t e  t h e  

fu n d a m e n t a l s he a r - s lr e n g th  p a r a m e te r s  a s  d e fin e d  b y  

H v o r s le v  (1 9 3 7 )  in  t h e  e q u a t io n :

Tr =  cv +  t  t a n  <j>c, ( 1 )

w h e r e  r r =  s h e a r  s t r e n g t h , c0 =  t r u e  c o h e s io n , a-'{ — e ffe c t ive  

n o r m a l s tre s s  a t  fa ilu r e , 4>c =  t r u e  a n g le  o f  in t e r n a l fr ic t io n . 

T h e  d e t e r m in a t io n  o f  t he s e  p a r a m e te r s  in  s a t u r a t e d  s o ils  

in v o lv e s  c o m p a r in g  t h e  s t r e n g th s  o f  s a m p le s  a t  t h e  s a m e  

m o is t u r e  c o n t e n t ,  o r  t h e  s a m e  d e n s it y , b u t  w it h  d iffe r e n t  

e ffe c t ive  s tre s s e s  a c t in g  o n  t h e  fa ilu r e  p la n e  a t  fa ilu r e . I t  

s h o u ld  b e  n o t e d  h e r e  t h a t  H v o r s le v ’s  c o n c e p t  im p lie s  t h a t , 

fo r  a  n a t u r a l s a tu r a t e d  s o il, t h e  t r u e  c o h e s io n  is  a  fu n c t io n  

o f  t h e  w a te r  c o n t e n t  o n ly , t h e  d iffe r e n c e  in  s h e a r  s t r e n g th  

u n d e r  d iffe r e n t  n o r m a l s tre s s e s  b e in g  a fu n c t io n  o f  t h e  t r u e  

a n g le  o f  in t e r n a l fr ic t io n . T h is  c o n c e p t  h a s  t o  be  m o d if ie d  

w h e n  s ta b ilize r s  a r e  a d d e d  t o  t h e  s o il, a s  t h e  t r u e  c o h e s io n
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a n d  a ls o  t h e  t r u e  a n g le  o f  in t e r n a l fr ic t io n  w ill v a r y ,  inte r  

alia, w it h  s t a b iliz e r  c o n t e n t ,  c u r in g  t im e , a n d  c u r in g  c o n ­

d it io n s . I t  is  b e lie v e d , h o w e v e r , t h a t  H v o r s le v ’s c o n c e p t  is  

s t ill v a lid  p r o v id e d  the s e  la t t e r  fa c to r s  a r e  k e p t  c o n s t a n t , 

a n d  t h e  fo llo w in g  a n a ly s is  is  b a s e d  o n  th is .

W h e n  s h e a r e d  u n d e r  d r a in e d  c o n d it io n s , it  is  a  n o r m a l 

o c c u r r e n c e  fo r  lo o s e  s a n d s  a n d  n o r m a lly  c o n s o lid a t e d  c la y s  

t o  s e t t le , a n d  fo r  de n s e  s a n d s  a n d  h e a v ily  o v e r c o n s o lid a t e d

to) 7 DAYS CURIN6

(b) 28 DAYS CURING

(c) 4 MONTHS CURING

SAMPLES WERE CONSOLIDATED AND SHEARED UNDER NORMAL STRESSES THUS 

• | x |  +  | ® l o | ® |  Q I
| 6 -7  P.S.I. 15-5 RS.I. 200RS.I. 26-7 RS.I. 4 0  0 RS.I. 66-7 P.S.I. TRUE COHESION

f i g . 5. She a r  s tr e ngth vs. m o is tu re  c o n t e n t  a nd  n o r m a l s tress 

r e la t ions hips  fo r  On de r s te poo r t c la y , s ta bilize d w ith  10 pe r  ce nt 

hyd r a te d  lim e , a nd  c ure d fo r  7 days , 28  days , and  4 m onths .

c la y s  t o  s w e ll, im m e d ia t e ly  b e fo r e , a n d  a t  t h e  t im e  o f  

fa ilu r e . S u c h  a  c h a n g e  o f  v o lu m e  d u r in g  s h e a r  s ig nifie s  t h e  

a d d it io n  o r  e x p e n d it u r e  o f  e n e r g y , a  c o n c e p t  fo r m u la t e d  by  

B is h o p  ( 1 9 5 0 )  fo r  s a n d s  a n d  e x t e n d e d  b y  G ib s o n  (1 9 5 3 )  

a n d  o th e r s  fo r  c la y s . A p p lie d  t o  s h e a r  b o x  t e s t in g  t h e  c o r ­

r e c t io n  t o  t h e  s he a r  s t r e n g th  is

U  =  <r't(A y /A x ), ( 2 )

w h e r e  Ay  is  t h e  v e r t ic a l d is p la c e m e n t  a c c o m p a n y in g  t h e  

h o r iz o n t a l d is p la c e m e n t ,  Ax , a t  t h e  s ta ge  o f  fa ilu r e .  In  t h e  

p r e s e n t  in v e s t ig a t io n ,  w h e r e  m a n y  o f  t h e  s a m p le s  a r e  h e a v ily  

o v e r c o n s o lid a t e d  (F ig .  2 ) ,  fo r  t h e  n o r m a l s tr e s s e s  a p p lie d  

d u r in g  s he a r , a n d  w h e r e  t h e  s o il s t r u c tu r e  is  s lig h t ly  u n ­

s t a b le  a t  n o r m a l s tre s s e s  a b o v e  t h e  p r e c o n s o lid a t io n  lo a d , 

t h e  e n e r g y  c o r r e c t io n s  b e c o m e  v e r y  s ig n ific a n t , a n d  d o  in  

s o m e  ca s e s  a m o u n t  t o  2 5  p e r  c e n t  o f  t h e  “ c o r r e c t ”  s h e a r  

s t r e n g th  v a lu e .

F r o m  s he a r  te s ts  c a r r ie d  o u t  o n  s a t u r a t e d  s a m p le s , a  

f a m ily  o f  lin e s , d e p ic t in g  s h e a r  s t r e n g th  as  a  fu n c t io n  o f  

m o is tu r e  c o n t e n t  a n d  a p p lie d  n o r m a l s tre s s  c a n  b e  o b t a in e d .  

T h is  m e t h o d  o f  a n a ly s is  is  s h o w n  in  F ig . 5  ( r ig h t ) .  It  c a n  

be  m o s t  r e a d ily  a p p lie d  w h e n  th e  s a m e  s e t  o f  n o r m a l s tre s se s  

is  u s e d  fo r  a  w h o le  s e r ie s  o f  s a m p le s , a n d  in v o lv e s  r e la t in g  

s he a r  s t r e n g th  t o  m o is t u r e  c o n t e n t  o f  s a m p le s  s h e a r e d  u n d e r  

t h e  s a m e  n o r m a l s tr e s s . F r o m  the s e  is o - line s , a  fa m ily  o f  

lin e s  c a n  be  d r a w n , g iv in g  t r u e  c o h e s io n  a n d  t r u e  in t e r n a l 

fr ic t io n  a t  d iffe r e n t  m o is t u r e  c o n t e n t s  (le f t  d ia g r a m s ,  F ig . 5 ) .  

F r o m  th e  n o r m a l s tre s s  vs . s h e a r  s t r e n g th  d ia g r a m s ,  t h e  

v a lu e  o f  t h e  t r u e  c o h e s io n  c a n  be  t r a n s fo r m e d  b a c k  a s  a  

fin a l is o - line  o n  t h e  m o is t u r e  c o nt e n t - s h e a r  s t r e ng th  d ia g r a m . 

A  fe a t u r e  o f  t h e  is o- line s  t o  t h e  r ig h t  in  F ig . 5 , is  t h e  

e x is te n c e  o f  t h e  p r e c o n s o lid a t io n  lin e , a n  u p p e r  lim it  o f  t h e  

s h e a r  s t r e n g th - m o is tu r e  c o n t e n t  r e la t io n s h ip , w h ic h  is  n o t  

d e t e r m in e d  b y  t h e  n o r m a l s tre s s  d u r in g  s h e a r , b u t  b y  t h e  

p r e c o n s o lid a t io n  lo a d . T h e  e x is te n c e  o f  t h is  u n iq u e  r e la t io n ­

s h ip  is  w e ll k n o w n  fo r  n o r m a lly  c o n s o lid a t e d  c la y  s a m p le s , 

a n d  fo r  s a m p le s  s u b je c t e d  t o  a  c o m m o n  p r e c o n s o lid a t io n  

p r e s s u r e  (H e n k e l,  1 9 6 0 ) . It  is  in t e r e s t in g  t o  n o t e  t h a t  t h e  

la t t e r  k in d  o f  r e la t io n s h ip  is  a ls o  v a lid  fo r  s t a b iliz e d  c la y s , 

w h ic h  a r e  a r t ific ia lly  p r e c o n s o lid a t e d  b e c a u s e  o f  c e m e n ta ­

t io n . C o r r e s p o n d in g  t o  t h e  p r e c o n s o lid a t io n  lin e  o n  t h e  

s t r e n g th - m o is tu r e  p lo t ,  t h e r e  e x is ts  a  lo w e r  lim it  o n  t h e

TRUE ANGLE OF INTERNAL FRICTION, f '

f ic .  6. Mo is tu r e  c o nt e n t  vs. t r ue  c ohe s ion a nd  

t r ue  a ng le  o f  fr ic t io n  fo r  On de r s te po o r t c lay , 

a nd  fo r  c lay  s ta b ilize d  w ith  10 pe r  c e nt  hydra te d  

lim e , and  c ure d fo r  7  days , 28  days , a nd  

4  months .
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n o r m a l s tre s s - s he ar  s t r e n g th  d ia g r a m . T h is  lin e , w h ic h  is  

s lig h t ly  c u r v e d ,  s h o w n  w it h  d o t t e d  lin e s  o n  t h e  le ft  d ia g r a m s  

o f  F ig . 5 , is  a n a lo g o u s  t o  t h e  r e lo a d in g  s h e a r - s t r e ng th  c u r v e  

o f  p r e c o n s o lid a t e d  c la y s  (H v o r s le v , 1 9 6 0 ).

F ig . 6 g ive s  t h e  s h e a r  te s t  r e s u lt s , as  c o m p a r e d  w it h  te s t 

r e s u lts  fo r  u n s t a b iliz e d ,  r e m o u ld e d  O n d e r s t e p o o r t  c la y  

(S im o n s ,  1 9 6 3 ) .  It  c a n  be  s e e n t h a t  a d d in g  lim e  t o  t h e  

c la y  h a s  a n  im m e d ia t e  e ffe c t  in  in c r e a s in g  t h e  t r u e  a n g le  

o f  in t e r n a l f r ic t io n ;  in d e e d  10 p e r  c e n t  lim e  n e a r ly  d o u b le s  

t h e  f r ic t io n  a n g le  a ft e r  7  da y s ’ c u r in g .  P r o lo n g e d  c u r in g  h a s  

lit t le  e ffe c t  o n  t h e  t r u e  a n g le  o f  f r ic t io n , in  fa c t  i t  is  s lig h t ly  

r e d u c e d  a ft e r  4  m o n t h s ’ c u r in g .  L im e  a ls o  inc r e a s e s  t h e  

t r u e  c o h e s io n  o f  t h is  c la y , a n  e ffe c t  w h ic h  inc r e a s e s  w it h  

lim e  c o n t e n t  ( n o t  s h o w n )  a n d  c u r in g  t im e . T h u s ,  a ft e r  4  

m o n t h s ’ c u r in g  o f  s a m p le s  w it h  10 p e r  c e n t  lim e , t h e  t r u e  

c o h e s io n  is  6 t o  8 t im e s  a s  la r g e  a s  t h e  v a lu e s  a t  7  d a y s , a t  

t h e  s a m e  m o is t u r e  c o n t e n t s . I t  is  c le a r  t h a t  lim e  h a s  a n  im ­

m e d ia t e  e ffe c t  in  in c r e a s in g  t h e  t r u e  a n g le  o f  in t e r n a l fr ic ­

t io n , b u t  t h a t  long - t e r m  g a in  in  s t r e n g th  is  m a in ly  a c h ie v e d  

t h r o u g h  in c r e a s e  in  t r u e  c o h e s io n .

L E G E N D : INDICATES E F F E C T IV E  PRECONSOLIDATION L 0 A 0  OF A

S A M P L E  W ITH  % M O ISTURE. AND CURED FOR l, DAYS

f i g . 7 . A  c o n c e p t  o f  h o w  t h e  s h e a r - s t r e n g t h  b e h a v io u r  o f

a  s t a b il iz e d  s o il  is  r e la t e d  t o  t h e  c o n s o l id a t io n  c h a r a c ­

t e r is t ic s .

In  F ig . 7  a  c o n c e p t  is  o u t lin e d  o f  h o w  th e  s h e a r  s t r e n g th  

b e h a v io u r  o f  t h e  s t a b ilize d  s o il is  r e la t e d  t o  t he  c o n s o lid a t io n  

c h a r a c t e r is t ic s . A lt h o u g h  th is  p ic tu r e  is  w e ll k n o w n  f r o m  

s tud ie s  o f  s e n s it iv e  c la y s , in  t he  p r e s e n t  c a s e  t h e  c u r in g  t im e  

( a n d  s t a b ilize r  c o n t e n t )  g iv e  r is e  t o  v a r ia t io n  o f  t h e  pre -  

c o n s o lid a t io n  lo a d  a n d  t h e  t r u e  s h e a r - s t r e ng th  p a r a m e te r s , 

in  s p it e  o f  t h e  m o is tu r e  c o n t e n t  b e in g  t h e  s a m e .

C O N C L U S I O N

T h e  p r e s e n t  p a p e r  h a s  s e r ve d  t o  illu s t r a t e  t h a t  lime -  

s t a b ilize d  c la y s  in  t h e  s a tu r a t e d  s t a t e  c a n  b e  a n a ly s e d  in

t e r m s  o f  g e n e r a lly  a c c e p t e d  c o n c e p t s  in  r e g a r d  t o  c o n ­

s o lid a t io n  c h a r a c t e r is t ic s , s u c t io n , p e r m e a b ilit y , a n d  s h e a r  

s t r e n g th . T h e  c la y  b e ha v e s  lik e  a  p r e c o n s o lid a t e d  m a te r ia l 

a n d  d o e s  s o  b e c a u s e  o f  t h e  c e m e n ta t io n  o f  p a r t ic le s , a n  

e ffe c t  in c r e a s in g  w it h  s t a b iliz e r  c o n t e n t  a n d  c u r in g  t im e .

T h e  w o r k  d e s c r ib e d  is  c o n s id e r e d  t o  be  a  p r e lim in a r y  to  

t h e  s t u d y  o f  n o n - s a tu r a t e d , s t a b iliz e d  m a te r ia ls ,  b u t  is  

c o n s id e r e d  im p o r t a n t  in  e s t a b lis h in g  fu n d a m e n t a l p a r a ­

m e t e r s . I t  s e e ms  c le a r  t h a t , fo r  fu r th e r  p r o gr e s s  in  c e r t a in  

a s p e c t s  o f  p a v e m e n t  d e s ig n , a  c le a r  k n o w le d g e  a n d  u n d e r ­

s t a n d in g  o f  s u c h  fu n d a m e n t a l p r o p e r t ie s  is  v e r y  im p o r t a n t .
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