
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


XIIIICSMFE. 1994. New Delhi. India / XIIICIMSTF. 1994 New Delhi. Inde ^

S M

THE MECHANICAL PROPERTIES OF SIMULATED SOIL-ROCK MIXTURES 

LES PROPRIETES MECANIQUES DE MELANGES TERRE-PIERRE SIMULES

LE. Vallejo1 Y. Zhou2

'Associate Professor, Department of Civil Engineering 

University of Pittsburgh, Pittsburgh, Pennsylvania, U.S.A. 

2Project Engineer, J & L Engineering, Inc., Canonsburgh, Pennsylvania, U.S.A.

SYNOPSI S:  Ma t e r i a l s  f o r mi n g  p a r t  o f  r o c k f i l l  d a ms ,  d e b r i s  f l o ws  a n d  r e s i d u a l  s o i l s  a r e  ma d e  o f  a 

mi x t u r e  o f  l a r g e  r o c k  p a r t i c l e s  e mb e d d e d  i n  a ma t r i x  o f  c l a y e y  s o i l .  Th i s  s t u d y  p r e s e n t s  c o n s o l i ­

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

a n d  s o i l  p h a s e s  o n  t h e s e  p r o p e r t i e s .  F r o m t e s t i n g  mi x t u r e s  o f  k a o l i n i t e  c l a y  wi t h  q l a s s  b e a d s  o r  

s and ,  i t  wa s  f o u n d  t h a t  t h e  p e r c e n t a g e  o f  t h e  g r a n u l a r  p h a s e  i n  t h e  mi x t u r e s  h a s  a  ma r k e d  i n f l u ­

e n c e  o n  t h e  c o mp r e s s i o n  i n d e x ,  c o e f f i c i e n t  o f  p e r me a b i l i t y  a n d  s h e a r  s t r e n g t h  o f  t h e  mi x t u r e s .
Fr o m d i r e c t  s h e a r  t e s t s  o n  mi x t u r e s  o f  k a o l i n i t e  c l a y  a n d  Ot t a wa  s a n d  i t  wa s  f o u n d  t h a t  wh e n  t he  

s a n d  c o n c e n t r a t i o n  v o l u me  wa s  b e t we e n  80 a n d  1 00%,  t h e  s h e a r  s t r e n g t h  o f  t h e  s a n d  c o n t r o l l e d  t he  

s t r e n g t h  o f  t h e  mi x t u r e s .  Wh e n  t h e  s a n d  c o n c e n t r a t i o n  wa s  b e t we e n  80 a n d  50%,  t h e  s h e a r  s t r e n q t h  

o f  t h e  mi x t u r e s  wa s  p r o v i d e d  i n  p a r t  by  f r i c t i o n a l  r e s i s t a n c e  b e t we e n  t h e  s a n d  a n d  i n  p a r t  b y  t he  

s h e a r  s t r e n g t h  o f  t h e  c l a y .  I f  t h e  s a n d  c o n c e n t r a t i o n  wa s  l e s s  t h a n  50%,  t h e  s h e a r  s t r e n q t h  o f  t h e  

mi x t u r e s  wa s  g o v e r n e d  e n t i r e l y  b y  t h e  s h e a r  s t r e n g t h  o f  t h e  c l a v .

I NTRODUCTI ON

Ma t e r i a l s  f o r mi n g  p a r t  of  r o c k  f i l l  dams ,  

g l a c i a l  t i l l s ,  mu d f l o ws ,  d e b r i s  f l ows ,  s o l i f l u c -  

t i o n  s h e e t s  a n d  r e s i d u a l  s o i l  d e p o s i t s  h a v e  a  

d i s t i n c t  s t r u c t u r e ,  t h i s  c o n s i s t i n g  of  a  mi x t u r e  

of  l a r g e  p a r t i c l e s  ( g r av e l  o r  h a r d  c l a y  f r a g ­

men t s )  a n d  a  s o f t  ma t r i x  o f  s o i l  ( c l ay ,  s a n d  o r  

s a n d - s i l t - c l a y  mi x t u r e )  ( Val l e j o ,  1989;  Zhou,  

1989)  . To  a n a l y z e  t h e  c o n s o l i d a t i o n  a n d  

s t a b i l i t y  c h a r a c t e r i s t i c s  of  s o i l  s t r u c t u r e s  

ma d e  of  t h i s  t y p e  of  mi x t u r e ,  t h e i r  

c o mp r e s s i o n  c h a r a c t e r i s t i c s ,  p e r me a b i l i t y  a n d  

s h e a r  s t r e n g t h  a r e  ne e d e d .  Th e s e  me c h a n i c a l  

p r o p e r t i e s  wi l l  d e p e n d  u p o n  t h e  r e l a t i v e  c o n ­

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

ma t r i x  a s  we l l  a s  t h e  i n t e r a c t i o n s  b e t we e n  t h e s e  

t wo  c o mp o n e n t s  i n  t h e  mi x t u r e .

Ve r y  f e w l a b o r a t o r y  i n v e s t i g a t i o n s  i n v o l v i n g  

t h e  d e t e r mi n a t i o n  of  t h e  c o n s o l i d a t i o n  c h a r a c ­

t e r i s t i c s ,  t h e  p e r me a b i l i t y ,  a n d  t h e  s h e a r  

s t r e n g t h  o f  s o i l - r o c k  mi x t u r e s  h a v e  b e e n  

c o n d u c t e d  t o  da t e .  Th e  r e a s o n  f o r  t h i s  i s  t h a t  

t h e  d e t e r mi n a t i o n  of  s u c h  me c h a n i c a l  p r o p e r t i e s  

r e q u i r e s  t h e  u s e  of  l a r g e  c h a mb e r s  t h a t  c a n  

a c c o mo d a t e  t h e  l a r g e  p a r t i c l e s  i n  t h e  mi x t u r e  

a n d  t h e  u s e  o f  l a r g e  l o a d i n g  s y t e ms  t h a t  c a n  

s i mu l a t e  f i e l d  s t r e s s  c o n d i t i o n s .  Re c e n t l y ,  

Fr a g a s z y ,  e t  al .  ( 1990,  1991)  h a v e  c o n d u c t e d  

l a b o r a t o r y  t e s t s  o n  l a r g e  s a mp l e s  o f  s and-  

g r a v e l  mi x t u r e s  i n  o r d e r  t o  e v a l u a t e  t h e i r  

d e n s i t y  a n d  s h e a r  s t r e n g t h .  Cl a y - r o c k  mi x t u r e s ,  

h o we v e r ,  h a v e  r e c e i v e d  l i t t l e  a t t e n t i o n .

I n  o r d e r  t o  b e t t e r  u n d e r s t a n d  t h e  b e h a v i o r  of  

c l a y - r o c k  mi x t u r e s  i n  t h e  f i e l d ,  t h e  p r e s e n t  

s t u d y  r e p o r t s  t h e  r e s u l t s  o f  a  l a b o r a t o r y  

i n v e s t i g a t i o n  t h a t  u s e d  c o n v e n t i o n a l  l a b o r a t o r y  

e q u i p me n t  a n d  s i mu l a t e d  s o i l - r o c k  mi x t u r e s .  Th e  

c o mp r e s s i o n  i ndex ,  t h e  c o e f f i c i e n t  o f  p e r me a b i ­

l i t y ,  a n d  t h e  s h e a r  s t r e n g t h  we r e  me a s u r e d  o n  a  

mi x t u r e  o f  k a o l i n i t e  c l a y  ( r e p r e s e n t i n g  t h e  s o i l  

c o mp o n e n t  i n  t h e  mi x t u r e )  a n d  g l a s s  b e a d s  of

d i f f e r e n t  s i z e s  o r  s a n d  ( r e p r e s e n t i n g  t h e  

g r a n u l a r  c o mp o n e n t  i n  t h e  mi x t u r e ) .

MATERI AL S USED FOR EXPERI MENTS

Th e  s i mu l a t e d  s o i l - r o c k  mi x t u r e s  we r e  d e v e l o p e d  

i n  t h e  l a b o r a t o r y  b y  mi x i n g  k a o l i n i t e  c l a y  wi t h  

g l a s s  b e a d s  o r  Ot t a wa  s and.  Th e  k a o l i n i t e  c l a y  

h a d  a  l i q u i d  l i mi t  o f  58% a n d  a  p l a s t i c  l i mi t  

of  28%.  I t s  s p e c i f i c  g r a v i t y  wa s  e q u a l  t o  2 . 65.  

Th e  k a o l i n i t e  c l a y  r e p r e s e n t e d  t h e  s o i l  p h a s e  i n 

t h e  mi x t u r e s .  To  s i mu l a t e  t h e  g r a n u l a r  p h a s e  i n 

t h e  s o i l - r o c k  mi x t u r e s ,  g l a s s  b e a d s  of  t wo  

d i f f e r e n t  d i a me t e r s  ( 12. 7 mm a n d  5 mn)  a n d  

Ot t a wa  s a n d  wi t h  a n  a v e r a g e  d i a me t e r  of  0 . 8  mm 

we r e  u s e d  i n  t h e  e x p e r i me n t s .  Th e  g l a s s  b e a d s  

as  we l l  a s  t h e  Ot t a wa  s a n d  h a d  s p e c i f i c  g r a v i ­

t i e s  e q u a l  t o  2 . 67.  Th e  g l a s s  b e a d B we r e  u s e d  

f o r  b o t h  t h e  c o n s o l i d a t i o n  a n d  t h e  p e r me a b i l i ­

t y  e x p e r i me n t s ;  t h e  Ot t a wa  s a n d  f o r  t h e  s h e a r  

s t r e n g t h  e x p e r i me n t s .

CONSOL I DATI ON CHARACTERI STI CS 

Co mp r e s s i o n  I ndex ,  Cc

Co n s o l i d a t i o n  t e s t s  we r e  c o n d u c t e d  o n  s i mu l a t e d  

s o i l - r o c k  mi x t u r e s  r e p r e s e n t e d  b y  k a o l i n i t e  c l a y  

p l u s  g l a s s  b e a d s  . Th e  g l a s s  b e a d s  h a d  d i a me t e r s  

of  12. 7 a n d  5 mm.

To  p r e p a r e  t h e  s a mp l e s  f o r  t h e  c o n s o l i d a t i o n  

t es t s ,  f i r s t  d r i e d  k a o l i n i t e  c l a y  wa s  mi x e d  wi t h  

d i s t i l l e d  wa t e r  t o  f o r m a  p a s t e  wi t h  a  wa t e r  

c o n t e n t  o f  a b o u t  50%.  Th i s  p a s t e  wa s  t h e n  

p l a c e d  i n t o  a  c o n s o l i d c me t e r  30 c m i n  d i a me t e r  

a n d  7 . 6  c m i n  h e i g h t .  Th i s  sanf >l e wa s  t h e n  

c o n s o l i d a t e d  u n d e r  a  n o r ma l  p r e s s u r e  of  47 . 9  k Pa  

f o r  t wo  day s .  Th e  p u r p o s e  of  t h i s  p r e -  

c o mp r e s s i o n  wa s  t o  r e mo v e  e n t r a p p e d  a i r  b u b b l e s  

wh i c h  f o r me d  d u r i n g  t h e  p r o c e s s  of  p l a c i n g  t h e
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p a s t e  i n t o  t h e  c o n s o l i d o me t e r .  At  t h e  e n d  o f  t h e  

t wo  d a y s  of  c o n s o l i d a t i o n ,  t h e  wa t e r  c o n t e n t  of  

t h e  c l a y  p a s t e  wa s  e q u a l  t o  40%.  Th i s  p a s t e  f r o m 

t h e  30 c m c o n s o l i d o me t e r  wa s  t h e n  u s e d  t o  r u n  

s t a n d a r d  c o n s o l i d a t i o n  t e s t s  ( s amp l es  wi t h  

d i a me t e r  =  6 . 3 5  c m a n d  h e i g h t  = 2 . 5 4  cm)  

o n  mi x t u r e s  of  c l a y  p l u s  g l a s s  b e a d s  a s  we l l  as  

o n  c l a y  a l one .  Th e  g l a s s  b e a d s  we r e  p l a c e d  i n  

l a y e r s  i n  t h e  c l a y  t h a t  f i l l e d  t h e  c o n s o l i d a t i o n  

r i n g  ( Fi g.  1) .  Th e  a mo u n t  o f  g l a s s  b e a d s  i n  t h e  

s a mp l e s  wa s  me a s u r e d  u s i n g  t h e i r  v o l u me  

c o n c e n t r a t i o n  r a t i o  B ( r a t i o  o f  v o l u me  of  g l a s s  

b e a d s  a n d  v o l u me  of  g l a s s  b e a d s  p l u s  c l a y ) .

Af t e r  t h e  c l a y  o r  t h e  c l a y - g l a s s  b e a d s  

mi x t u r e s  we r e  p l a c e d  i n  t h e  c o n s o l i d a t i o n  r i ng,  

t h e y  we r e  s u b j e c t e d  u n d e r  s a t u r a t i o n  c o n d i t i o n s ,  

t o  24 h o u r  d u r a t i o n  i n c r e me n t a l  l o a d s  e q u a l  t o  

399,  798,  1596,  3192,  6384,  a n d  1 2 7 6 8  k N.  Fr o m 

t h e s e  t es t s ,  r e l a t i o n s h i p s  b e t we e e n  t h e  v o i d  

r a t i o ,  e,  a n d  t h e  l og.  of  e f f e c t i v e  p r e s s u r e ,  

p ' , we r e  o b t a i n e d .  F r o m t h e  e  v e r s u s  l og.  p'  

r e l a t i o n s h i p s ,  t h e  v a l u e  of  t h e  Co mp r e s s i o n  

I ndex ,  Cc  , wa s  d e t e r mi n e d .  Th e  v a l u e  o f  t h e  

c o mp r e s s i o n  i n d e x  i s  g i v e n  b y  t h e  s l o p e  of  t h e  

e v e r s u s  l og. p '  l i nes .  Fi g.  1 s h o ws  

a  p l o t  of  t h e  v a l u e s  of  Cc  f o r  f o u r  c o n s o l i d a ­

t i o n  t e s t s  r u n  o n  c l a y  o n l y  a n d  o n  mi x t u r e s  of  

c l a y  a n d  t h e  12. 7  mm g l a s s  b e a d s  p l a c e d  i n  o n e  

l a y e r  i n  t h e  r i ng .  An  a n a l y s i s  o f  Fi g .  1 

i n d i c a t e s  t h a t  t h e  Cc  f o r  t h e  s a mp l e s  ma d e  of  

c l a y  o n l y  c h a n g e d  v e r y  l i t t l e  a n d  h a d  a  Cc  v a l u e

of  a b o u t  0 . 2 5  . Fo r  t h e  c l a y - g l a s s  b e a d s  

mi x t u r e ,  t h e  v a l u e  of  Cc  d e c r e a s e d  as  t h e  

p e r c e n t a g e  of  g l a s s  b e a d s  i n  t h e  mi x t u r e  ( g i v en 

b y  v o l u me  c o n c e n t r a t i o n  r a t i o  B)  i n c r e a s e d .  

Re s u l t s  s i mi l a r  as  t h o s e  s h o wn  i n  Fi g .  1 we r e  

o b t a i n e d  f o r  t h e  s a mp l e s  c o n t a i n i n g  t h e  5 mm 

g l a s s  beads .

Ne x t , t h e  Cc  v a l u e s  f o r  a l l  t h e  c l a y - g l a s s

b e a d s  mi x t u r e s  we r e  n o r ma l i z e d  wi t h  r e s p e c t  t o  

t h e  Cc  v a l u e  o f  t h e  t e s t s  i n  c l a y  on l y .  Pl o t s  of  

t h e  r a t i o  of  t h e s e  t wo  c o mp r e s s i o n  i n d e x e s  

( c a l l e d  t h e  n o r ma l i z e d  c o mp r e s s i o n  i ndex )  v e r s u s  

t h e  v o l u me  c o n c e n t r a t i o n  r a t i o , B , o f  t h e  g l a s s  

b e a d s  i n  t h e  mi x t u r e s  a r e  s h o wn  i n  Fi g .  2.

Vol ume Concent r at i on Rat i o,  B . ( %)

Fi g .  1 Co mp r e s s i o n  I n d e x  o f  mi x t u r e s .

Na mi n g  t h e  c o mp r e s s i o n  i n d e x  f o r  t h e  c l ay -  

g l a s s  b e a d s  mi x t u r e s ,  Cc  , a n d  t h e  c o mp r e s s i o n

i n d e x  f o r  t h e  c l a y  on l y ,  Cc c  , t h e  b e s t  

r e l a t i o n s h i p  t h a t  d e s c r i b e s  a  r a t i o  o f  t h e s e  t wo  

c o mp r e s s i o n  i n d e x e s  h a s  b e e n  o b t a i n e d  b y  Zh o u

( 1989)  a n d  i s  g i v e n  b y  t h e  f o l l o wi n g  e q u a t i o n :

Cc _/  (1-B) \ 
Ccc 1(1 +eB)i

wh e r e  e  i s  t h e  v o i d  r a t i o  o f  t h e  c l a y  wh e r e  

t h e  g l a s s  b e a d s  a r e  e mb e d d e d .  Us i n g  t h e  

me a s u r e d  c o n s t a n t  v o i d  r a t i o  e  f o r  t h e  c l a y  

ma t r i x  ( e =  1 . 207 ) ,  a  p l o t  o f  o f  t h e  n o r ma l i z e d  

c o mp r e s s i o n  i n d e x  ( Eq.  1)  a s  a  f u n c t i o n  of  

d i f f e r e n t  v a l u e s  o f  t h e  g l a s s  b e a d s  v o l u me  

c o n c e n t r a t i o n  r a t i o ,  B , i s  s h o wn  i n  F i g . 2.  A  

g o o d  ma t c h  wa s  o b t a i n e d  b e t we e n  t h e  l a b o r a t o r y  

r e s u l t s  a n d  t h e  v a l u e s  o b t a i n e d  f r o m Eq.  1.

Fr o m a n  a n a l y s i s  of  Fi g s . l  a n d  2 a n d  Eq. l ,  i t  

c a n  b e  c o n c l u d e d  t h a t  t h e  c o mp r e s s i o n  i n d e x  of  

t h e  s i mu l a t e d  r o c k - s o i l  mi x t u r e s  g i v e n  b y  Cc

c a n  b e  o b t a i n e d  f r o m t h e  v a l u e s  o f  t h e  c o mp r e s ­

s i o n  i n d e x  o f  t h e  s o i l  ma t r i x  Cc c  , i t s  v o i d

r a t i o  e  , a n d  t h e  v o l u me  c o n c e n t r a t i o n  r a t i o  B 

of  t h e  g r a n u l a r  phas e .

Vol ume Concent r at i on Rat i o,  B , ( %)

Fi q .  2 No r ma l i z e d  Co mp r e s s i o n  i n d e x  

o f  mi x t u r e s

PERMEABI L I TY CHARACTERI STI CS

Fo r  t h e  p e r me a b i l i t y  s t u d i e s  o f  s i mu l a t e d  s o i l -  

r o c k  mi x t u r e s ,  s a mp l e s  o f  c l a y  p l u s  g l a s  b e a d s  

as  we l l  a s  c l a y  a l o n e  we r e  p r e p a r e d  u s i n g  a  

Ha r v a r d  mi n i a t u r e  c o mp a c t i o n  mo l d .  Th e  c l a y  f o r  

t h e  s a mp l e s  wa s  o b t a i n e d  f r o m t h e  c l a y  p a s t e  

p r e p a r e d  i n  t h e  l a r g e  c o n s o l i d o me t e r  30 c m i n  

d i a me t e r .  Th e  g l a s s  b e a d s  u s e d  i n  t h e  mi x t u r e  

h a d  d i a me t e r s  e q u a l  t o  12. 7 a n d  5i ran i n  d i a me t e r .  

Th e  g l a s s  b e a d s  we r e  p l a c e d  i n  l a y e r s  i n  t h e  

c l a y  f i l l i n g  t h e  Ha r v a r d  mi n i a t u r e  mo l d  a n d  we r e  

c o mp a c t e d  u s i n g  a  k n e a d i n g  p r o c e s s .  Af t e r  t h e  

s a mp l e s  we r e  p r e p a r e d  i n  t h e  Ha r v a r d  mi n i a t u r e  

mo l d ,  t h e y  we r e  r e mo v e d  a n d  p l a c e d  i n  a  

c y l i n d r i c a l  c e l l .  I n  t h i s  c e l l  t h a t  f o r ms  p a r t  

o f  a  c o n s t a n t  h e a d  p e r me a b i l i t y  t e s t i n g
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a p p a r a t u s ,  t h e  s a n p l e s  we r e  s u b j e c t e d  t o  t wo  

c o n f i n i n g  p r e s s u r e s  e q u a l  t o  379 a n d  

483  k P a . Af t e r  t h e  c o n f i n e me n t  p r e s s u r e s  we r e  i n  

e f f e c t  wa t e r  wa 6  a l l o we d  t o  p e r me a t e  t h r o u g h  t h e  

s a mp l e s  u n d e r  a  c o n s t a n t  h e a d  p r e s s u r e  of  

172 k Pa .  Us i n g  t h e  a mo u n t  o f  wa t e r  d i s c h a r g e d  

f r o m t h e  c l a y  o r  c l a y - g l a s s  b e a d s  mi x t u r e s  as  

we l l  a s  t h e  d i me n s i o n s  of  t h e  s a mp l e s  t es t ed ,  

t h e  c o e f f i c i e n t  of  p e r me a b i l i t y  of  t h e  c l ay -  

g l a s s  b e a d s  mi x t u r e s ,  k  , a n d  o f  t h e  s a mp l e s  

ma d e  of  c l a y  a l on e ,  k c  , we r e  d e t e r mi n e d .  Fi g .  3 

s h o ws  a  p l o t  o f  t h e  me a s u r e d  c o e f f i c i e n t s  of  

p e r me a b i l i t y  v e r s u s  t h e  g l a s s  b e a d s  v o l u me  

c o n c e n t r a t i o n  r a t i o ,  B.  An  a n a l y s i s  o f  Fi g.  3 

i n d i c a t e s  t h a t  as  t h e  a mo u n t  o f  g l a s s  b e a d s  

i n c r e a s e d  i n  t h e  s amp l e s ,  t h e  c o e f f i c i e n t  of  

p e r me a b i l i t y  d e c r e a s e d .

o
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Fi g .  3 Co e f f i c i e n t  o f  p e r me a b i l i t y  o f  

mi x t u r e s .

Ne x t  t h e  k  v a l u e s  f o r  a l l  t h e  c l a y - g l a s s  b e a d s  

mi x t u r e s  we r e  n o r ma l i z e d  wi t h  r e s p e c t  t o  t h e  k c  

v a l u e  o b t a i n e d  o n  t h e  s a mp l e s  of  c l a y  a l o n e .  

Pl o t s  o f  t h e  r a t i o  of  t h e s e  t wo  c o e f f i c i e n t s  of  

p e r me a b i l i t y  ( c a l l e d  t h e  n o r ma l i z e d  c o e f f i c i e n t  

of  p e r me a b i l i t y )  v e r s u s  t h e  v o l u me  c o n c e n t r a t i o n  

r a t i o ,  B,  o f  t h e  g l a s s  b e a d s  i n  t h e  mi x t u r e s  i s  
s h o wn  i n  F i g . 4 .

Zh o u  ( 1989)  h a s  s h o wn  t h a t  a  r e l a t i o n s h i p  t h a t  

b e s t  d e s c r i b e s  t h e  r a t i o  of  k  a n d  k c c a n  b e  

o b t a i n e d  f r o m t h e  f o l l o wi n g  e q u a t i o n :

k _ (1 -B )3

K 0 - e B ) 2 (2)

wh e r e  e i s  t h e  v o i d  r a t i o  o f  t h e  c l a y  wh e r e  

t h e  g l a s s  b e a d s  a r e  e mb e d d e d .  Us i n g  t h e  me a s u r e d  

v a l u e  of  e  f o r  t h e  c l a y  e q u a l  t o  1 . 207  , a  p l o t  

of  t h e  n o r ma l i z e d  c o e f f i c i e n t  o f  p e r me a b i l i t y  

( Eq.  2)  a s  a  f u n c t i o n  of  d i f f e r e n t  v a l u e s  o f  t h e  

g l a s s  b e a d s  c o n c e n t r a t i o n  r a t i o ,  B , i s  s h o wn  i n

Volume Concentration Ratio,B, (%)

Fi g .  4 No r ma l i z e d  c o e f f i c i e n t  o f  p e r me a  

b i l i t y  f o r  t h e  mi x t u r e s .

F i g . 4.  A  g o o d  ma t c h  wa s  o b t a i n e d  b e t we e n  t h e  

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

Eq.  2.

Fr o m a n  a n a l y s i s  of  Fi g .  4 i t  c a n  b e  

c o n c l u d e d  t h a t  t h e  c o e f f i c i e n t  o f  p e r me a b i l i t y  

o f  t h e  s i mu l a t e d  s o i l - r o c k  mi x t u r e s ,  k  , c a n  b e  

o b t a i n e d  i f  o n e  k n o ws  t h e  c o e f f i c i e n t  of  

p e r me a b i l i t y  o f  t h e  s o i l  ma t r i x ,  kc , i t s  v o i d  

. r at i o,  e , a n d  t h e  v o l u me  c o n c e n t r a t i o n  r a t i o  

B of  t h e  g r a n u l a r  phas e .

SHEAR STRENGTH

Fo r  t h e  s h e a r  s t r e n g t h  e x p e r i me n t s  o n  s i mu l a t e d  

s o i l - r o c k  mi x t u r e s ,  k a o l i n i t e  c l a y  a n d  Ot t a wa  

s a n d  we r e  u s ed .  Th e  c l a y  a n d  t h e  s a n d  we r e  

mi x e d  a n d  p l a c e d  i n  a  s t a n d a r d  d i r e c t  s h e a r  b o x  

me a s u r i n g  6 0 x 6 0  mm.  Th e  wa t e r  c o n t e n t  of  t h e  
s a mp l e s  wa s  ma i n t a i n e d  a t  31 . 7  %.  Th r e e  n o r ma l  

p r e s s u r e s  we r e  u s e d  i n  t h e  s h e a r i n g  e x p e r i me n t s .  

Th e s e  we r e  e q u a l  t o  54 . 26 ,  102 . 17 ,  a n d  150 k Pa.  

Th e  s a mp l e s  t e s t e d  h a d  s a n d  v o l u me  c o n c e n t r a t i o n  

r a t i os ,  B, e q u a l  t o  0,  15,  26 . 1,  61 . 4,  a n d  100%.

Th e  a v e r a g e  d i a me t e r  o f  t h e  Ot t a wa  s a n d  wa s  

e q u a l  t o  0 . 8  mm.  Ac c o r d i n g  t o  L e wi s  ( 1956) ,  t h e  

ma x i mu m d i a me t e r  of  g r a n u l a r  p a r t i c l e s  t h a t  c an  

b e  uBed i n  a  s t a n d a r d  d i r e c t  s h e a r  b o x  i s  e q u a l  

t o  1 mm.  I f  p a r t i c l e s  l a r g e r  t h a n  1 n m a r e  

u se d , t h e  s h e a r  s t r e n g t h  d e t e r mi n e d  f r o m t h e  

t e s t s  wi l l  b e  e r r o n e o u s .  Fo r  t h i s  r e as on ,  Ot t a wa  

s a n d  t h a t  me a s u r e d  0 . 8  mm i n  d i a me t e r  wa s  u se d  
i n s t e a d  of  t h e  12. 7  a n d  5 mm g l a s s  bea d s .

F r o m t h e  d i r e c t  s h e a r  t e s t s  o n  s a mp l e s  of  

c l ay ,  s and,  a n d  c l a y - s a n d  mi x t u r e s  p l o t s  s u c h  as  

t h e  o n e  s h o wn  i n  Fi g .  5 we r e  o b t a i n e d .  Th i s  

f i g u r e  s h o ws  a  c u r v e  A  a n d  a  l i n e  B.  Cu r v e  A  

c o n n e c t s  p o i n t s  r e p r e s e n t i n g  t h e  ma x i mu m s h e a r  

s t r e n g t h  me a s u r e d  i n  c l a y - s a n d  mi x t u r e s  as  

d e t e r mi n e d  i n  t h e  d i r e c t  s h e a r  a p p a r a t u s .  L i n e  

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

s h e a r  s t r e n g t h  me a s u r e d  i n  t h e  c l a y - s a n d  

mi x t u r e s .  Th i s  l i n e  B wa s  o b t a i n e d  b y  

c o n n e c t i n g  t h e  v a l u e s  of  s h e a r  s t r e n g t h  of  s a n d  

wh e n  i t s  c o n c e n t r a t i o n  b y  v o l u me  i n  t h e  s a mp l e s  

wa s  100*  a n d  0%.  Th e  s h e a r  s t r e n g t h  o f  t h e  s a n d  

c l ay -  mi x t u r e s  ( Cu r v e  A)  wa s  d e t e r mi n e d  u n d e r  a  

n o r ma l  p r e s s u r e  e q u a l  t o  150 k Pa.
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% of  Cl ay by Vol ume

1 0 0  80  6 0  4 0  2 0  0

% of  Sand by Vol ume

F i q .  5 R e s u l t s  f r o m  d i r e c t  s h e a r  

t e s t s  o n  m i x t u r e s  u n d e r  a  

a = 1 5 0  k P a .
n

An  a n a l y s i s  of  Fi g.  5 i n d i c a t e s  t ha t  f o r  s a n d  

c o n c e n t r a t i o n s  b e t we e n  100 a n d  80% i n  t h e  c l ay -  

s a n d  mi x t u r e ,  i t s  s h e a r  s t r e n g t h  i s  p r o v i d e d  

a l mo s t  e n t i r e l y  b y  t h e  s a n d  i n  t h e  mi x t u r e s .

Wh e n  t h e  s a n d  c o n c e n t r a t i o n  b y  v o l u me  i n  t h e  

mi x t u r e s  v a r i e d  b e t we e n  80 a n d  a b o u t  50%,  t h e  

s h e a r  s t r e n g t h  of  t h e  mi x t u r e s  wa s  p r o v i d e d  i n 

p a r t  b y  t h e  s h e a r  s t r e n g t h  of  t h e  c l a y  a n d  i n 

pa r t  b y  t h e  f r i c t i o n a l  s t r e n g t h  b e t we e n  t h e  s a n d  

g r a i n s .  Ac c o r d i n g  t o  Ha r r  ( 1962) ,  t h e  l o o s e s t  

p o s s i b l e  p a c k i n g  of  u n i f o r m s p h e r e s  o c c u r s  wh e n  

t h e i r  v o l u me  c o n c e n t r a t i o n  i s  e q u a l  t o  52 . 4%.  At  

t h i s  v o l u me  c o n c e n t r a t i o n  t h e  s p h e r e s  wi l l  b e  

b a r e l y  i n  c o n t a c t  a n d  f r i c t i o n  wi l l  s t a r t  t o  

dev e l o p .  Thus ,  a l o we r  l i mi t  of  50% at  wh i c h  t h e  

s an d  c o n t r i b u t e s  t o  t h e  s t r e n g t h  of  t h e  s a n d  

c l a y  mi x t u r e s  s e e ms  a r e a s o n a b l y  one.  Wh e n  s a n d  

c o n c e n t r a t i o n  v o l u me s  r a n g e  b e t we e n  50% a n d  0%,  

t h e  s h e a r  s t r e n g t h  of  t h e  mi x t u r e s  i s  d i c t a t e d  

e n t i r e l y  b y  t h e  c l a y  ma t r i x .

v a l u e s  o f  t h e  c o mp r e s s i o n  i ndex ,  c o e f f i c i e n t  of  

p e r me a b i l i t y  a n d  t h e  s h e a r  s t r e n g t h  me a s u r e d  on  

t h e  mi x t u r e s .  I t  wa s  f o u n d  t h a t  t h e  c onqs r es s i on  

i n d e x  a n d  t h e  c o e f f i c i e n t  of  p e r me a b i l i t y  b o t h  

d e c r e a s e d  i n  v a l u e  a s  t h e  v o l u me  c o n c e n t r a t i o n  

o f  g r a n u l a r  ma t e r i a l  ( g l as s  beads )  i n c r e a s e d  i n  

t h e  mi x t u r e s .

( 2)  F r o m t h e  t e s t i n g  p r o g r a m i t  wa s  f o u n d  t h a t  

t h e  v a l u e s  of  t h e  c o mp r e s s i o n  i n d e x  a n d  t h e  

c o e f f i c i e n t  of  p e r me a b i l i t y  of  t h e  c l a y - g l a s s  

b e a d s  mi x t u r e s  we r e  p r o p o r t i o n a l  t o  t h e  v a l u e s  

of  t h e s e  p a r a me t e r s  f o r  t h e  c l a y  a l one ,  i t s  v o i d  

r a t i o ,  a n d  t h e  p e r c e n t a g e  b y  v o l u me  of  t h e  g l a s s  

b e a d s  i n  t h e  mi x t u r e s .  Si n c e  c l a y s  c a n  b e  e a s i l y  

t e s t e d  i n  c o n v e n t i o n a l  l a b o r a t o r y  e q u i p me n t ,  

t h i s  f i n d i n g  i s  of  g r e a t  p a r a c t i c a l  i mp o r t a n c e  

f o r  t h e  e s t i ma t i o n  o f  t h e s e  p a r a me t e r s  f o r  t h e  

c a s e  of  c l a y - r o c k  mi x t u r e s .

( 3)  F r o m d i r e c t  s h e a r  t e s t s  on  mi x t u r e s  of  

c l a y  a n d  Ot t a wa  s a n d  i t  wa s  f o u n d  t h a t  t h e  

p e r c e n t a g e  of  s a n d  i n  t h e  mi x t u r e s  h a d  a  ma r k e d  

i n f l u e n c e  on  t h e  s h e a r  s t r e n g t h  o f  t h e  mi x t u r e .  

I t  wa s  f o u n d  t h a t  wh e n  t h e  v o l u me  c o n c e n t r a t i o n  

o f  t h e  s a n d  v a r i e d  b e t we e n  1 0 0 % a n d  80%,  t h e  

s h e a r  s t r e n g t h  o f  t h e  mi x t u r e s  wa s  g o v e r n e d  

ma i n l y  b y  f r i c t i o n a l  r e s i s t a n c e  b e t we e n  t h e  

s and.  Wh e n  t h e  c o n c e n t r a t i o n  of  s a n d  v a r i e d  

b e t we e n  80% a n d  50%,  t h e  s h e a r  s t r e n g t h  of  t h e  

mi x t u r e  wa s  p r o v i d e d  i n  p a r t  b y  t h e  s h e a r  

s t r e n g t h  o f  t h e  k a o l i n i t e  c l a y  a n d  i n  p a r t  b y  

t h e  f r i c t i o n a l  r e s i s t a n c e  b e t we e n  t h e  s a n d  

g r a i n s .  Wh e n  t h e  s a n d  c o n c e n t r a t i o n  wa s  l es s  

t h a n  50%,  t h e  s h e a r  s t r e n g t h  of  t h e  mi x t u r e  wa s  

e n t i r e l y  d i c t a t e d  b y  t h e  s t r e n g t h  o f  t h e  c l ay .
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CONCL USI ONS

Fr o m c o n s o l i d a t i o n ,  p e r me a b i l i t y ,  a n d  s h e a r  

s t r e n g t h  t e s t s  o n  mi x t u r e s  of  c l a y  a n d  g l a s s  

b e a d s  a n d  c l a y  a n d  s and,  t h e  f o l l o wi n g  we r e  

e s t a b l i s h e d :

( l )  Th e  a mo u n t  of  g l a s s  b e a d s  o r  s a n d  i n  t h e  

mi x t u r e s  h a d  a  t r e me n d o u s  i n f l u e n c e  o n  t h e
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