
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


T h r e e - D i m e n s i o n a l  D e f o r m a t i o n  L a w s  for a S a n d - C l a y

L o i s  d e  D e f o r m a t i o n  T r i d i m e n s i o n n e l l e  p o u r  u n e  A r g i l e  S a b l e u s e

1/61

B.SHACKEL

K.MAKIUCHI

Senior Lecturer,
Research Fellow, School of Highway Engineering, Univ. of New South Wales, Australia

SYN OPSIS Th e p ap e r  b eg in s  b y b r i e f l y  su m m ar isin g  t h e  t h e o r e t i c a l  and  e x p e r i m e n t a l  c r i t e r i a  f o r  e v a l u a t i n g  co n s ­

ummate c o n s t i t u t i v e  r e l a t i o n s h i p s  f o r  s o i l s .  I t  i s  d em o n st r at ed  t h a t  su ch  r e l a t i o n s h i p s  n e c e s s a r i l y  i n c l u d e  p a r ­

am et er s  r e f l e c t i n g  t h e  i n f l u e n c e  o f  t h e  i n t e r m e d i a t e  p r i n c i p a l  s t r e s s e s  and  s t r a i n s .  A n ew ly  d eve lo p ed  t r u e  

t r i a x i a l  ap p a r a t u s  i s  t h e n  d e s c r i b e d .  Th e r a n a i n d e r  o f  t h e  p ap e r  i s  co n cer n ed  w i t h  an  e x p e r i m e n t a l  i n v e s t i g a t i o n  

o f  t h e  r e sp o n se o f  a  sa n d - c l a y  t o  r e p e a t e d  t r u e  t r i a x i a l  l o a d i n g  w i t h  p a r t i c u l a r  e n p h a s i s  on  t h e  r o l e  o f  t h e  i n t ­

e r m ed ia t e  p r i n c i p a l  s t r e s s  ex p r essed  i n  t e r m s o f  t h e  Lo d e p ar am e t e r .  Th e r esp o n se o f  t h e  s o i l  i s  e v a l u a t e d  i n  

t e r m s o f  e l a s t i c  m o d els w h ose c o n s t a n t s  o f  co m p l i an ce and  s t i f f n e s s  w er e  c a l c u l a t e d  u s in g  s t a t i s t i c a l l y  o r i e n t ­

a t e d  m et h o d s.  Th e e x p e r i m e n t a l  r e s u l t s  d en o n st r a t e d  t h a t  ch an g es i n  t h e  Lo d e p a r am et er  h ad  a  m ark ed  i n f l u e n c e  

on  t h e  c o n s t i t u t i v e  r e l a t i o n s h i p s .

INTRODUCTION

In  r e c e n t  y e a r s  m any s t u d i e s  h ave b een  m ade o f  t h e  

i n f l u e n c e  o f  t h e  i n t e r m e d i a t e  p r i n c i p a l  s t r e s s  on 

s o i l  p r o p e r t i e s .  T h ese i n c l u d e  i n v e s t i g a t i o n s  o f  

f a i l u r e  c r i t e r i a  (e . g .  l a d e  and  Du n can , 1 973 ; Lom iz e 

e t  a l ,  1 9 69 ; Su t h e r l a n d  and  M esd ar y , 1969; Yon g  and  

McKyes,  1 9 6 7 ) and  s t r e s s - s t r a i n  r e l a t i o n s h i p s  (e . g .  

Bi sh o p  e t  a l ,  1 973 ; Sh i b a t a  an d  Karu b e,  1 9 6 5 ).  T h ese 

s t u d i e s  h ave r e q u i r e d  t h e  d evelo p m en t  o f  eq u ipm en t  

e n a b l i n g  t h e  t h r e e  p r i n c i p a l  s t r e s s e s  t o  b e in d ep en d ­

e n t l y  v a r i e d .  Ex am p les o f  t h i s  t y p e  o f  eq u ip m en t  h ave 

b een  c r i t i c a l l y  e v a l u a t e d  e l se w h er e  (M a k iu ch i  and  

Sh a c k e l ,  1 9 7 6 ).  Mo st  o f  t h e  eq u ip m en t  h as b een  d es ­

i g n ed  f o r  s t a t i c  t e s t s  l e a d i n g  t o  f a i l u r e .  Ho w ever ,  

i n  h ig h w ay  an d  e ar t h q u a k e  e n g i n e e r i n g  an d  i n  t h e  d es ­

i g n  o f  m ach in e  b ases  s t a t i c  t e s t s  a r e  i n a p p r o p r i a t e  

an d  f a i l u r e  c r i t e r i a  a r e  o f  l e s s e r  im p o r t an ce t h an  

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

p ap er  r e p o r t s  a  s t u d y  o f  co n su n m at e s t r e s s - s t r a i n  

r e l a t i o n s h i p s  b ased  on  d a t a  o b t a i n e d  u s in g  a  t r u e  t r i ­

a x i a l  ap p a r a t u s  w h ich  was ca p a b le  o f  s i m u l a t i n g  a  v a r ­

i e t y  o f  d yn am ic s t r e s s  h i s t o r i e s .

CONSTITUTIVE RELATION SHIPS AND DEFORMATION LAWS

A c o n s t i t u t i v e  r e l a t i o n s h i p  i s  an  eq u at io n  o r  l aw  

w h ich  i n c l u d e s  a l l  o f  t h e  f a c t o r s  n e c e s s a r y  t o  p r e d i c t  

t h e  r esp o n se o f  a  m a t e r i a l  t o  some i n p u t  o r  f o r c i n g  

f u n c t i o n  (Ia z a n ,  1 9 6 8 ).  I d e a l l y ,  t h e  c o n s t i t u t i v e  

r e l a t i o n s h i p  sh o u ld  p r e d i c t  t h e  r esp o n se t h a t  w i l l  

r e s u l t  f ro m  an y  c o n c e i v a b l e  i n p u t .  Fo r  s o i l s ,  t h i s  

i m p l i e s  t h a t  t h e  r e l a t i o n s h i p  m ust  n e c e s s a r i l y  i n c l u d e  

m easu r es o f  e v e r y  f a c t o r  t h a t  may m o d i f y  t h e  s o i l  r e s ­

p o n se i n c l u d i n g  s t r e s s  m ag n i t u d e,  s t r e s s  h i s t o r y ,  t im e  

s t a t e  p ar am et er s  su ch  a s  d e n s i t y  an d  s a t u r a t i o n  and  

e n v i r o n m e n t a l  p ar am et er s  su ch  as  t e m p er at u r e .

A t  p r e s e n t  t h e  t e s t i n g  p r o ce d u r es  u sed  i n  g eo m ech an ics 

a r e  n o t  ad eq u at e  t o  d e l i n e a t e  t h e  f u n c t i o n a l  r e l a t i o n ­

s h ip s  b et w een  t h e  v a r i o u s  p ar am et er s  c o n t r i b u t i n g  t o  

c o n s t i t u t i v e  r e l a t i o n s h i p s  f o r  s o i l s .  Fo r  t h i s  r e a s ­

on  i t  i s  cu st o m ar y  t o  en p lo y  t h e  t e c h n i q u e s  o f  s i m u l ­

a t i o n  s e r v i c e  e v a l u a t i o n  ( l a z a n ,  1 9 6 8 ) t o  s i m p l i f y  

t h e  p r o b lem . H er e ,  s p e c i a l  ad - h o c l a b o r a t o r y  t e s t s  

a r e  em p loyed  t o  c h a r a c t e r i s e  t h e  s o i l  u n d er  c o n d i t ­

i o n s  w h i ch  s i m u l a t e  t h e  s t r e s s  h i s t o r i e s  and  e n v i r o n ­

m e n t a l  c o n d i t i o n s  ex p ec t ed  i n  t h e  p r o t o t y p e .  In  t h i s  

c a s e  sam p les a r e  p r ep a r e d  t o  t h o s e  s p e c i f i c  co m b in at ­

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

u n d er  c o n s i d e r a t i o n .  No p r i o r  assu m p t io n s  co n c er n in g  

t h e  n a t u r e  o f  t h e  s o i l  r e sp o n s e a r e  t h e n  n e c e s s a r y .  

Ra t h e r ,  i t  i s  assum ed  t h a t  t h e  b e h a v i o u r  o f  t h e  s o i l  

i n  s i m u l a t i o n  w i l l  b e s i m i l a r  t o  i t s  b e h a v i o u r  i n  s e r ­

v i c e  an d  i t  becom es p o s s i b l e  t o  d e f i n e  a  d e f o r m at io n  

law  r e l a t i n g  s t r e s s  an d  s t r a i n  w h i ch  may b e u sed  t o  

a n a l y s e  and  c h a r a c t e r i s e  t h e  p r o t o t y p e .  I t  i s  im p o r t ­

a n t  t o  n o t e ,  h o w ever , t h a t  su ch  a  d e f o r m at io n  law  r e p ­

r e s e n t s  j u s t  a  s p e c i a l  c a s e  o f  t h e  m ore g e n e r a l  co n s t ­

i t u t i v e  r e l a t i o n s h i p  f o r  t h e  s o i l  b ecau se i t  o n l y  ap p ­

l i e s  t o  t h o se  p a r t i c u l a r  co m b in at io n s  o f  f a c t o r s  sim ­

u l a t e d  i n  t h e  l a b o r a t o r y  t e s t s .  Th e p r o b lem  o f  d e f i n ­

i n g  d e f o r m at io n  law s  i s  now c o n s id e r e d  i n  m ore d e t a i l .  

I n  t h e  c a s e  o f  a  n o n - l i n e a r ,  r a t e  i n d ep en d en t ,  a n i s ­

o t r o p i c  m a t e r i a l  each  com ponent  o f  s t r a i n  i s  u s u a l l y  

ex p r essed  as  some co m p lex  f u n c t i o n a l  r e l a t i o n s h i p  o f  

e v e r y  com p onent  o f  s t r e s s  (e . g .  Sh a c k e l ,  1 9 7 4 ).  How­

e v e r ,  a t  p r e s e n t  t h e r e  i s  no  r e l i a b l e  i n f o r m a t i o n  on  

t h e  f o m  o f  t h e s e  f u n c t i o n a l s  f o r  s o i l s  an d  i t  i s  cu s ­

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

ad a p t i n g  t h e s e ,  w h er e n e c e s s a r y ,  t o  n o n - l i n e a r  p ro b ­

l em s b y  a p p l y in g  i n c r e m e n t a l  m et hod s o f  a n a l y s i s  (e . g .  

D eh len ,  1 9 6 9 ).  Fo r  an  a n i s o t r o p i c  m a t e r i a l ,  t h e  l i n ­

e a r  m o d el  t a k e s  t h e  f o rm

toij> (i)

w h er e e . - an d  a . . a r e  t h e  s t r a i n  an d  s t r e s s  t e n s o r s  
ij iJ

r e s p e c t i v e l y  and  C. . i s  a  m a t r i x  o f  co m p l ian c es.

Th e t e n s o r s ,  e .  . a r d  a .  . each  c o n t a i n  s i x  d i s c r e t e  

e lem e n t s  ( i . e .  3 n o rm al  s t r e s s e s  o r  s t r a i n s  p l u s  3 

s h e a r  s t r e s s e s  o r  s t r a i n s ) .  Co n seq u en t l y  

c o n t a i n s  36  c o e f f i c i e n t s  (c o m p l i a n c e s ).  G r e e n 's  app ­

r o ach  t o  e l a s t i c i t y  b ased  o n  t h e  c o n s e r v a t i o n  o f  

s t r a i n  en er g y  r e q u i r e s ,  h o w ever ,  t h a t  t h e  m a t r i x  C ^  

b e s y n m e t r i c a l  an d  o n l y  21 o f  t h e  c o e f f i c i e n t s  a r e  

in d ep en d en t .  A l l  o f  t h e s e  c o e f f i c i e n t s  r ru st  b e m eas­

u r ed  i f  an  a n i s o t r o p i c  s o i l  i s  t o  b e f u l l y  c h a r a c t e r ­

i s e d .  T h i s  i s  n o t  p o s s i b l e  b ecau se t o  d a t e  no  s y s t e n  

f o r  su p er im p o s in g  3 in d ep en d en t  sh e a r  s t r e s s e s  o n t o  3 
i n d ep en d en t  n o r m al  s t r e s s e s  h as b een  d eve lo p ed .  I t

295



1/61

t h e r e f o r e  f o l l o w s  t h a t  s o i l s  may o n l y  b e  c h a r a c t e r i s ­

ed  i n  t e r m s o f  s i m p l e r  m o d els t h an  t h a t  r e p r e s e n t e d  

b y e q u a t i o n  1 .

One w ay t o  s i m p l i f y  t h e  d e f o r m a t io n  m od el i s  t o  a s s ­

ume t h a t  ax e s  o f  sym m et ry e x i s t  i n  t h e  a n i s o t r o p y .  

Fo l l o w i n g  t h i s  ap p r o ach ,  c o n s i d e r a b l e  p r o g r e s s  h as 

b een  made i n  t h e  c h a r a c t e r i s a t i o n  o f  c r o s s - a n is o t r o p ­

i c  m a t e r i a l s  (e . g .  D e h len ,  1 969 ; Morg an  and  G e r r a r d ,  

1 9 7 3 ).  Ho w ever ,  m ost  i n v e s t i g a t i o n s  h ave b een  r e s t r ­

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

b eh av io u r .  Fo r  ex am p le Sc o t t  and  Ko  (1 9 6 9 ) h ave sh o ­

wn t h a t  a  d e f o r m a t io n  law  f o r  s o i l s  may b e p o s t u l a t e d  

i n  t h e  f o r m :

C-  6 . . +  C0 
1 lj 2

e . . +  C0 
i j  3

(2)
i j  I j

a r e  f u n c t i o n s  o f  t h e  i n v a r i a n t s

e .  an d  6 . .  i s  
ij ij

w h er e C^ , C an d  C.

1 ^ , I g  and  Ig  o f  t h e  s t r a i n  t e n s o r ,  

t h e  Kr o n eck er  d e l t a .

T h e a l t e r n a t i v e  t o  d e f o r m a t io n  la w s su ch  a s  t h a t  g i v ­

en  i n  Eq u a t i o n  2  i s  t o  ad o p t  a  h e u r i s t i c  ap p r o ach  t o  

d e f i n i n g  s t r e s s - s t r a i n  r e l a t i o n s h i p s .  T h u s Newmark 

(1 9 6 0 ) h as  su g g est ed  t h a t  i t  may b e p o s s i b l e  t o  ex p ­

r e s s  d e f o r m a t io n  la w s f o r  s o i l s  i n  t h e  f o r m s:

o c t  

Yo c t  

0 = U

( * )  ( 3 )

a r e  t h e  o c t a h e d r a l  no rm al  and s h e a r  s t r e s s e s  an d  eQ ct  

and  a r e  t h e  co r r e sp o n d in g  n o r m al  an d  s h e a r  s t r a ­

i n s .  T h e p ar am et er s ,  $ and 0 a r e  f u n c t i o n s  o f  t h e  

t h i r d  s t r e s s  an d  s t r a i n  i n v a r i a n t s  r e s p e c t i v e l y .

S i m i l a r l y ,  i t  h as  b een  p o s t u l a t e d  (Lo m iz e and  Kr yz h a-  

n o vsk y ,  1 9 6 7 ; Lo m iz e e t  a l ,  1 9 6 9 ) t h a t  d e f o r m a t io n  

law s f o r  s o i l s  m ay b e ex p r essed  i n  t e r m s o f  t h e  f i r s t  

and  seco n d  i n v a r i a n t s ,  1^

o r  and  a l l  t h r e e  i n v a r i a n t s ,  Jg  an d  o f  t h e  

s t r e s s  t e n s o r .  T h e l a w  can  t h e n  b e w r i t t s i  as

=  f .

=  f .
(4)

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

Eq n s.  2 ,  3  an d  4  i t  i s  n e c e s s a r y  t o  i n d e p e n d e n t l y  

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

o r ,  T h i s  can  b e acco m p l i sh ed  b y  i n d e p e n d e n t l y  

v a r y i n g  j u s t  t h e  t h r e e  p r i n c i p a l  s t r e s s e s ,

Oo Th u s t h e  h e u r i s t i c  s t r e s s - s t r a i n  r e l a t i o n s h i p s  

h ave t h e  im p o r t an t  ad van t ag e o v e r  t h e  d ef o r m a t io n  law  

r e p r e s e n t e d  b y  Eq n . l  t h a t  t h e y  d o  n o t  r e q u i r e  t h e  

a p p l i c a t i o n  o f  s h e a r  s t r e s s e s  o r  d e f o r m a t io n s  t o  t h e  

t e s t  sp ecim en .

Met h od s f o r  e v a l u a t i n g  t h e  f u n c t i o n s  f ^  t o  f ^  i n

Eq n s. 3  an d  4 h ave  b een  d e s c r i b e d  e l s e w h e r e  (Sh a c k e l ,  

1 9 7 3 a, 1 9 7 3 b ) and t h e  f o r m s t h a t  t h e s e  f u n c t i o n s  may 

assum e h ave b een  e x p e r i m e n t a l l y  ex am in ed  f o r  a  c y c l i ­

c a l l y  s t r e s s e d  s a n d - c l a y  (Sh a c k e l ,  1 9 7 2 a, 1 9 7 2 b ,1 9 7 3 a, 

1 9 7 3 c).  Ho w ever  t h e s e  s t u d i e s  em p loyed  a  c o n v e n t io n ­

a l  t r i a x i a l  s t r e s s  syst em  (a ^  >â  =  a^ ) an d  a l l  t h r e e

s t r e s s  i n v a r i a n t s  co u ld  n o t  b e in d e p e n d e n t l y  c o n t r o l ­

l e d .  T h i s  d e f i c i e n c y  w as r e c t i f i e d  i n  t h e  w o rk  r e p ­

o r t e d  h e r e  w h ich  en p lo yed  a  s p e c i a l l y  d eve lo p ed  t r u e

t r i a x i a l  a p p a r a t u s  t o  s t u d y  t h e  f o r m s t h a t  co n su n m at e 

d e f o r m a t io n s  law s  may assum e.

THE TRUE T RIA XIA L APPARATUS

Bet w een  1973 an d  1975 t h e  a u t h o r s  d eve lo p ed  a  u n iq u e 

t r i a x i a l  a p p a r a t u s  t o  s u b j e c t  c u b i c a l  s o i l  sp ec im en s 

t o  r e p e a t e d  lo a d i n g  w i t h  i n d ep en d en t  c o n t r o l  o f  a l l  

t h r e e  p r i n c i p a l  s t r e s s e s .  T h i s  d e v i c e  h as  b een  d es ­

c r i b e d  i n  d e t a i l  e l s e w h e r e  (M a k iu c h i  and  Sh a c k e l , 1 9 7 6 ) 

and o n l y  a  su n m ary o f  i t s  m ain  f e a t u r e s  w i l l  b e  g i v e n  

h e r e .  A s shown i n  F i g u r e  1 ,  t h e  sp ecim en  w as lo ad ed  

t h r o u g h  t h r e e  r i g i d  p l a t e n s  c o n s t r a i n e d  t o  m ove so  

t h a t  s h e a r  s t r a i n s  w er e  n o t  p e r m i t t e d .  Sm a l l  c l e a r ­

an ces w ere  p r o v i d e d  b et w een  t h e  lo a d i n g  p l a t e n s  a l o n g  

t h r e e  ed g es o f  t h e  sp ecim en  (a b ,  a c  and ad  i n  F i g . l )  

t o  acco m o d at e ch an g es i n  t h e  sp ecim en  d im en s io n s .

Lo ad  w as a p p l i e d  t o  t h e  p l a t e n s  b y  t h r e e  m u t u a l l y  p e r ­

p e n d i c u l a r  h y d r a u l i c  ram s r e a c t i n g  a g a i n s t  t h e  m ain  

f ram e o f  t h e  a p p a r a t u s .  T h e ram s w er e  co n n ec t ed  t o  a  

pump d r i v e n  h y d r a u l i c  sys t em  v i a  e l e c t r i c a l l y  a c t u a t e d  

d i r e c t i o n a l  v a l v e s .  Th e o p e r a t i o n  o f  t h e s e  v a l v e s  w as 

c o n t r o l l e d  b y  a  t i m e r  so  t h a t  l o ad  co u ld  b e  r e p e t i t i v ­

e l y  a p p l i e d  and  rem oved  i n  su ch  a  m an ner  t h a t  t h e  

r a t i o  ai  '• a2 ' °3  w as ma;’-n t a in e d  c o n s t a n t  d u r i n g  b o t h

l o a d i n g  an d  u n lo a d in g .  T h e l o a d s  a p p l i e d  t o  t h e  sp ec ­

im en w er e  m easu red  b y  lo ad  c e l l s  p la c e d  b et w een  t h e  

l o a d i n g  p l a t e n s  and  t h e  h y d r a u l i c  r am s. D ef o r m at io n s  

w er e  m easu red  b y  d i s p la ce m e n t  t r a n s d u c e r s  m oun ted  co ­

a x i a l l y  w i t h  t h e  l o a d  c e l l s  and  b e a r in g  a g a i n s t  r e f ­

e r e n c e  arm s f i x e d  t o  t h e  f ram e o f  t h e  ap p a r a t u s .  Th e 

s i g n a l s  f ro m  t h e  lo ad  c e l l s  an d  d i s p l a c a n e n t  t r a n s ­

d u c e r s  w er e  r e co r d e d  o n  a  UV r e c o r d e r .

F i g . l  T h e T r u e  T r i a x i a l  A p p ar at u s

THE EXPERIMENTAL WORK

a )  S o i l  and  Sp ecim en  C h a r a c t e r i s t i c s

An a r t i f i c i a l  s o i l  w as s e l e c t e d  f o r  s t u d y .  T h i s  

co m p r ised  a  m i x t u r e  o f  4C% san d ,  35% s i l t  an d  25% 

k a o l i n  b y  w e i g h t .  Th e p r o p e r t i e s  o f  t h e  com p on en t s
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and  o f  t h e  b len d ed  s o i l  a r e  su m m ar ised  i n  T a b l e  1 . 

C u b i c a l  sp ec im en s, each  100 mm x  100 mm x  100 rnn, 

w er e  p r e p ar e d  t o  d es ig n a t e d  v a l u e s  o f  d e n s i t y  an d  

s a t u r a t i o n  b y f l o a t i n g  m o u ld  co m p act io n ;  a  v a r i a n t  o f  

s t a t i c  co m p act io n  k n o w n .t o  g i v e  sp ecim en s o f  e x c e p t ­

i o n a l  u n i f o r m i t y  (Sh a c k e l ,  1 9 7 0 ).  Th e d r y  d e n s i t y  l a y  

on  t h e  l i n e  o f  op t im um s m idway b et w een  t h e  max imum d r y  

d e n s i t i e s  g i v e n  b y t h e  s t an d a r d  an d  m o d i f i e d  AASH0 

co m p act io n  t e s t s  an d  h ad  a  v a l u e  o f  2 .0 6  gm/ cm3 . Th e 

m o u ld in g  m o is t u r e  c o n t e n t  w as 9 .0 6 % c o r r e sp o n d in g  t o  

a  d eg r ee  o f  s a t u r a t i o n  o f  85%.

TABLE I

Pr o p e r t i e s  o f  t h e  Ex p e r i m e n t a l  So i l

( 1 )  CLAY (K a o l i n )

L i q u i d  l i m i t  w. = 7 1 .6 %

P l a s t i c i t y  i n d ex  

A c t i v i t y

I  =  3 5 .4  
P

A =  0 .4 3

Ig n i t i o n  l o s s  (W e ig h t  l o s s )  1 4 .5  

S p e c i f i c  g r a v i t y  G

(2)

(3 )

(4 )

SANDY SIL T  

G r a i n  sh ap e 

E f f e c t i v e  g r a i n  s i z e

U n i f o r m i t y  c o e f f i c i e n t

Sp e c i f i c  g r a v i t y

SAND (Bo t a n y  Ba y  san d ) 

G r a i n  sh ap e 

E f f e c t i v e  g r a i n  s i z e

U n i f o r m i t y  c o e f f i c i e n t

Sp e c i f i c  g r a v i t y

U =2.8 
c

G =  2 .6 6

su b - ro u n d  

D10  = 0 .2 0  rim

U = 1 .7
c

G = 2 .6 6

MIXED SO IL  ( s a n d : s i l t r e l a y  = 4 0 :3 5 :2 5 % b y  w e i g h t ) 

Pr e t r e a t m e n t  Oven  d r y  a t  1 1 0 °C, 24  h r .

L i q u i d  l i m i t  w^  = 2 1 .2 $

P l a s t i c i t y  i n d ex  I

L i n e a r  sh r i n k a g e  

S p e c i f i c  g r a v i t y

= 9 .7 %

=  0 .0 5 6  

=  2 .6 4

A f t e r  co m p act io n  t h e  sp ecim en s w er e  w r ap p ed  i n  0 .0 2  rrm 

p l a s t i c  f i l m  w h i ch  w as f o u n d  t o  i n h i b i t  m o is t u r e  l o s s ­

e s  o v e r  p e r i o d s  i n  e x ce ss  o f  7 0  d a y s .  T h i s  p l a s t i c  

w r ap p in g  was l e f t  o n  t h e  sp ecim en  d u r i n g  a l l  su b seq ­

u en t  c u r i n g  an d  t e s t i n g  p r o c e d u r e s .  Ea c h  sp ecim en  

was cu r e d  a t  2 0 °C  f o r  3  d ay s  b e f o r e  b e i n g  s u b j e c t e d  t o  

r e p e a t e d  t r u e  t r i a x i a l  l o a d i n g .

b )  D es i g n  an d  Ex e c u t i o n  o f  t h e  Ex p er im en t

Th e p r im e o b j e c t i v e  o f  t h e  e x p e r i m e n t a l  w o r k  w as 

t o  d e l i n e a t e  t h e  i n f l u e n c e  o f  t h e  i n t e r m e d i a t e  p r i n c ­

i p a l  s t r e s s  o n  t h e  T h e o l o g i c a l  c h a r a c t e r i s t i c s  o f  t h e  

s o i l .  I t  h a s  b een  cu s t o m ar y  i n  g ecm ech an ics t o  d i v i d e  

t h e  s t a t e  o f  s t r e s s  e x p e r i en ce d  b y a  s o i l  i n t o  a 

s p h e r i c a l  o r  h y d r o s t a t i c  com p onent  p l u s  a  d e v i a t o r i c  

o r  s h e a r i n g  com p on en t . T h ese com p on en t s a r e  u s u a l l y  

ex p r essed  i n  t e r m s o f  t h e  o c t a h e d r a l  n o r m al  an d  sh e a r  

s t r e s s e s ,  an d  TQ Ct , o r  r e l a t e d  p ar am et er s  su ch  as

p  an d  q . T h ese p ar am et er s  do n o t ,  h o w ever , i n c l u d e  

an y  i n d i c a t i o n  o f  t h e  m ag n it u d e o f  t h e  i n t e r m e d i a t e  

p r i n c i p a l  s t r e s s .  Fo r  t h i s  r e as o n ,  i n  t h e  w o r k  r e p o r ­

t e d  h e r e ,  i t  was d ec id e d  t o  su p p lem en t  t h e  u se o f  t h e  

o c t a h e d r a l  s t r e s s  p ar am et er s  b y an  i n t e r m e d i a t e  p r i n -

c i p a l  s t r e s s  p ar am e t e r ,  ç 

s t r e s s  p a r am et er  w h er e

C = (2 c„

t h e  s o - c a l l e d  N ad ai - Lo d e

(5 )

T h e p a r am et er  s can  assum e v a l u e s  b et w een  + 1 ( t r i a x i a l  

e x t e n s i o n  = o2 ) an d  - 1  ( t r i a x i a l  co m p ress io n  w h er e

°2  = °3 ^  an d ' 35  shown i n  F i S- 2 , can  b e v a r i e d  b y  a l t -
— - - - - -  -  and  cf „ w i t h o u t  ch an g es i n  t h e  o c t a h e d r a le r i n g  a1 

s t r e s s e s ,  a

2

’o c t

3

an d  i
o c t  ‘

F i g . 2  Th e St r e s s  St a t e s  Se l e c t e d  f o r  St u d y

In  o r d e r  t o  s t u d y  t h e  e f f e c t s  o f  t h e  i n t e r m e d i a t e  

p r i n c i p a l  s t r e s s  an  i m c a n p l e t e  f u l l y  r a n d a n is e d  f a c t ­

o r i a l  ex p er im en t  w i t h o u t  r e p l i c a t i o n  w as im p len en t ed .  

T h e f a c t o r s  s t u d i e d  w er e  and  l e v e l s  o f

v a r i e d

“ o c t ' o c t  

v a r i e d  f ro m  4 9  k Pa t o  196 k Pa w h i l s t  t
" o c t  ** ' ww o c t

f r o m  17 k Pa t o  137 k Pa and  s v a r i e d  f r o m  - 1 t o  + 1.

Fo r  each  co m b in a t i o n  o f  t h e s e  f a c t o r s  a  r e p e a t e d  lo a d ­

i n g  t r u e  t r i a x i a l  t e s t  w as p er f o r m ed . H er e  t h e  f r e q ­

u en cy  o f  l o a d  a p p l i c a t i o n  w as 0 .5  Hz an d  each  t e s t  

p r o ceed ed  u n t i l  e i t h e r  t h e  sam p le h ad  w i t h s t o o d  1 0 s 

s t r e s s  r e p e t i t i o n s  o r ,  a l t e r n a t i v e l y ,  a  p r i n c i p a l  

s t r a i n  o f  4 % h ad  accu m u lat ed .  T h e t e s t  t em p e r a t u r e  

w as m a in t a in e d  a t  2 0 °C.

ANALYSIS OF THE EXPERIMENTAL DATA

U n le s s  s t a t e d  t o  t h e  c o n t r a r y ,  o n l y  q u a s i - e l a s t i c  

s t r a i n s  a r e  co n s i d e r e d  h e r e  i . e .  t h o s e  s t r a i n s  w h ich  

w e r e  f u l l y  r e c o v e r a b l e  upon r a n o v a l  o f  l o a d .  T h ese 

e l a s t i c  d a t a  w er e  u sed  t o  e v a l u a t e  a  h i e r a r c h y  o f  

d e f o r m a t io n  m o d els u s in g  b o t h  t h e  a n i s o t r o p i c  ap p r o ach  

r e p r e s e n t e d  b y  Eq n . l  an d  t h e  q u a s i - i s o t r o p i c  ap p r o ach  

r e p r e s e n t e d  b y Eq n .3 .

a )  T h e A n i s o t r o p i c  Mod el

In  t h e  c a s e  o f  a  m a t e r i a l  e x p e r i e n c i n g  o n l y  p r i n ­

c i p a l  s t r e s s e s  and  s t r a i n s  Eq n . l  may b e s i m p l i f i e d  t o

r C.
11 12  13

(6)
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Si m i l a r l y  t h e  d e f o r m a t io n  law  m ay b e ex p r e sse d  i n  

t e r m s o f  s t i f f n e s s  v i z :

where is the compliance matrix.

1' S11 S12

M
2

, =
S21 S22 S23 E2

> (7 )

3 S31 S32 S33
,E3 .

w h er e S ^  i s  t h e  s t i f f n e s s  m a t r i x .

Th e v a l u e s  o f  t h e  c o e f f i c i e n t s  o f  t h e  co m p l i an ce an d  

s t i f f n e s s  m a t r i c e s  w e r e  e v a l u a t e d  o v e r  a l l  v a l u e s  o f  

t h e  i n t e r m e d i a t e  s t r e s s  p ar am e t e r ,  ç ,  b y  m u l t i p l e  

l i n e a r  r e g r e s s i o n  u s in g  p r o ce d u r es  d e s c r i b e d  e l s e ­

w h er e (Sh a c k e l ,1 9 7 3 a ,  1 9 7 3 b ).  T h e r e s u l t s  o f  t h e s e  

a n a l y s e s  a r e  shown a s  f u n c t i o n s  o f  t h e  num ber  o f  

s t r e s s  a p p l i c a t i o n s ,  N, i n  Fi g u r e s  3  an d  4 .  Fro m

t h e s e  f i g u r e s  i t  may b e seen  t h a t  C . . an d  S . . v a r i e d
ij ij

s l i g h t l y  w i t h  s t r e s s  r e p e t i t i o n .

; ■

F i g . 3  T h e E f f e c t s  o f  Lo ad  R e p e t i t i o n  o n  

t h e  Co m p l ian ces

10 I02 I03 I04 I05
NUMBER OF STRESS APPLICATIONS, N

F i g . 4  T h e E f f e c t s  o f  Lo ad  R e p e t i t i o n  on  

t h e  St i f f n e s s e s

Fo r  an  a n i s o t r o p i c  e l a s t i c  m a t e r i a l  t h e  co m p l ian c e 

and s t i f f n e s s  m a t r i c e s  g i v e n  i n  eq n s.  6  an d  7  sh o u ld

b e sy m m et r i c a l  ab o u t  t h e i r  m ain  d i a g o n a ls .  In s p e c t i o n  

o f  F i g u r e s  3 and 4 sh o w s t h a t  w h er eas t h e  s t i f f n e s s  

m a t r i x  w as a lm o st  sy m m e t r i c a l  t h e  co m p l i an ce m a t r i x  

e x h i b i t e d  a  l a c k  o f  sym m et ry.  Ho w ever ,  i t  w as n o t  

c l e a r  w h e t h e r  t h i s  m ig h t  b e a t t r i b u t e d  t o  e x p e r i m e n t a l  

e r r o r  o r  w h e t h e r  i t  r e p r e s e n t e d  t r u e  s t r e s s  in d u ced  

a n i s o t r o p y .

I n  o r d e r  t o  f u r t h e r  ex am in e w h e t h e r  t h e  s o i l  w as b e ­

h a v in g  i s o t r o p i c a l l y  i t  w as d ec i d ed  t o  s t u d y  t h e  r e l ­

a t i o n  b et w een  t h e  N ad ai - Lo d e s t r e s s  p ar am e t e r ,  ç ,  d e f ­

i n e d  e a r l i e r  and  t h e  co r r e sp o n d in g  s t r a i n  p ar am e t e r ,  

n , w h ere

n = ( 2 e2 -  e1 -  e3 ) / ( e1 -  e3 ) ( 8)

and e^ ,  Eg ,  and  eg w e r e  t h e  p r i n c i p a l  s t r a i n s .  In

t h i s  c a s e  b o t h  e l a s t i c  an d  p l a s t i c  co m p on en t s o f  

s t r a i n  w e r e  c o n s i d e r e d ,  r e p r e s e n t e d  b y ne  an d  nP 

r e s p e c t i v e l y .  V a lu e s  o f n  av e r a g e d  o v e r  a l l  v a l u e s  o f  

t h e  num b er  o f  s t r e s s  r ep e t i t i o n s *  N ,  a r e  p l o t t e d  a g a i n s t  

t h e  c o r r e sp o n d in g  v a l u e s  o f  t h e  s t r e s s  p ar am e t e r ,  ç ,  

i n  F i g . 5  f o r  a =  196 k Pa an d  t  . = 137 k Pa.
OCL OCX

Si m i l a r  r e l a t i o n s h i p s  t o  t h o s e  g i v e n  i n  F i g . 5  w er e  

o b s er ve d  a t  t h e  o t h e r  s t r e s s  l e v e l s  s t u d i e d .

/ <■! A
r

Â

-3

O

/ Î
V
/

9/1/

/
/

/ */

£ £

F i g .  5  Re l a t i o n s h i p  b et w een  t h e  In t e r m e d i a t e  

P r i n c i p a l  St r e s s  an d  S t r a i n  Pa r a m e t e r s .

Fr cm  F i g . 5  i t  may b e seen  t h a t  w i t h i n  t h e  c o n f id e n c e  

i n t e r v a l s  p l o t t e d  f o r  n (± l St d .  d e v . )  t h e  r e l a t i o n ­

s h i p  b et w een  n and  c, w as l i n e a r .  T h i s  i n d i c a t e d  t h a t  

t h e  s o i l  b e h a v i o u r ,  av er ag e d  o v e r  t h e  d u r a t i o n  o f  

each  t e s t ,  w as e s s e n t i a l l y  i s o t r o p i c .

b )  T h e I s o t r o p i c  M o d els

A s shown i n  t h e  p r e c e d i n g  s e c t i o n ,  t h e  s o i l  r e s p ­

ond ed  i n  a  q u a s i - i s o t r o p i c  m an n er  t o  r e p e t i t i v e  l o a d ­

i n g .  T h i s  m ean t  t h a t  t h e  h e u r i s t i c  m o d e ls r e p r e s e n t ­

ed ,  f o r  ex am p le,  b y  Eq n s .  3  and  4  co u ld  b e  u sed  t o  

c h a r a c t e r i s e  t h e  s o i l .  T h i s  r e q u i r e d  t h e  ex p er im en t ­

a l  d a t a  t o  b e  ex p r essed  i n  t er m s o f  i n v a r i a n t  p a r a ­

m e t e r s .  T h e o c t a h e d r a l  s t r e s s e s  an d  s t r a i n s  w er e  t h e  

p ar am et er s  s e l e c t e d  f o r  t h i s  p u r p o se.

Th e e l a s t i c  o c t a h e d r a l  v o l u m e t r i c  an d  s h e a r  s t r a i n s ,  

Eo c t  anc* Yo c t  ’ a ve r a Se<̂  o ve r  a l l  v a l u e s  o f  t h e  nurrfoer

o f  l o a d  r e p e t i t i o n s ,  N, a r e  shown i n  F i g . 6  a s  f u n c t ­

i o n s  o f  t h e  o c t a h e d r a l  s t r e s s e s .  As shown i n  t h i s  

f i g u r e ,  t h e  s t r e s s - s t r a i n  c u r v e s  t en d ed  t o  b e  non ­

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

p r i n c i p a l  s t r e s s  p ar am e t e r ,  5. T h e f o r m s o f  t h e s e  

r e l a t i o n s h i p s  r esem b led  t h o s e  o b s e r v e d  i n  c o n v e n t io n ­

a l  s t a t i c  t r i a x i a l  t e s t s  an d , i n  t h e  c a s e  o f  t h e  e  .

-  0 ^  r e l a t i o n s h i p s ,  w er e  s i m i l a r  t o  t h o s e  r e p o r t e d
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e a r l i e r  b y  Sh a c k e l  (1 9 7 3 c) f o r  a  r e p e t i t i v e l y  s t r e s s ­

ed  s a n d - c l a y .

{ >
o c t 21 22

{ >
o ct

and  w as s i m i l a r  t o  l i n e a r  m o d els s t u d i e d  e a r l i e r  u n d er  

c o n v e n t i o n a l  t r i a x i a l  s t r e s s  s t a t e s  (c=  - 1 ) b y  Sh a c k e l  

(1 9 7 2 b ,  1 9 7 3 c).

xIO 4 xl<54

Fi g .  6 Re l a t i o n s h i p  Bet w een  t h e  O c t a h e d r a l  

St r e s s e s  an d  St r a i n s

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

i n t e r m e d i a t e  p r i n c i p a l  s t r e s s ,  t h e  s t r e s s - s t r a i n  

r e l a t i o n s h i p s  w er e  ap p r o x im at ed  b y t h e  f o l l o w i n g  d e f ­

o r m at i o n  law s :

and
'o c t

ml

2̂
o c t

(9 )

(10)

w h er e b  an d  m w er e  e m p i r i c a l  c o n s t a n t s .  T h e m anner  

i n  w h ich  t h e s e  c o n s t a n t s  v a r i e d  w i t h  ch an g es i n  t h e  

in t e r m e d i a t e  p r i n c i p a l  s t r e s s ,  ex p r essed  i n  t e r m s  o f  

5, i s  shown i n  F i g . 7 .

T h e d a t a  p l o t t e d  i n  Fi g u r e s  6  an d  7  i n d i c a t e  t h a t  t h e  

s o i l  e x h i b i t e d  a  n o n - l i n e a r  s t r e s s - s t r a i n  r esp o n se.

I t  f o l l o w e d  t h a t  i t  co u ld  n o t  b e assum ed  t h a t  t h e r e  

w as no  c o u p l i n g  b et w een  t h e  s h e a r i n g  an d  v o l u m e t r i c  

com p on en t s o f  s t r e s s  an d  s t r a i n .  Co n se q u e n t l y  t h e  

s i m p l e  r e l a t i o n s h i p s  g i v e n  a s  Eq n s.  9  an d  10  co u ld  

n o t  a d e q u a t e l y  c h a r a c t e r i s e  t h e  d ef o r m a t io n  r esp o n se 

o f  t h e  s o i l .  I t  w as d ec id e d ,  t h e r e f o r e ,  t o  e v a l u a t e  

d e f o r m a t io n  la w s i n  w h ich  each  com ponent  o f  s t r a i n  

d ep en d ed  o n  b o t h  t h e  s p h e r i c a l  an d  t h e  d e v i a t o r i c  

co m p on en t s o f  s t r e s s .  Fo r  t h i s  p u r p o se,  a  s im p le  

l i n e a r  l a w  s i m i l a r  t o  t h a t  g i v e n  i n  Eq n .3  w as s e l e c t ­

ed  f o r  s t u d y .  T h i s  m o d el  t o o k  t h e  f o im :

F i g . 7 Th e H y p e r b o l i c  St r e s s - s t r a i n  

Re l a t i o n s h i p s

T h e c o e f f i c i e n t s  o f  t h e  m a t r i x  a . . w er e  d e t er m in ed  
ij

f o r  s p e c i f i c  v a l u e s  o f  t h e  num ber o f  s t r e s s  r e p e t i t ­

i o n s ,  N, u s in g  s t a t i s t i c a l l y  o r i e n t e d  r e g r e s s i o n  

t e c h n i q u e s  d e s c r i b e d  e a r l i e r  (Sh a c k e l ,  1 9 7 3 a, 1 9 7 3 b ). 

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

c o r r e l a t i o n  c o e f f i c i e n t ,  r 2 , r an g ed  b et w een  0 .9 1  and  

0 .9 9 .  T h i s  i n d i c a t e d  t h a t  t h e  m od el  r e p r e s e n t e d  b y 

E q n . l l  p r o v i d e d  an  e x c e l l e n t  d e s c r i p t i o n  o f  t h e  

e x p e r i m e n t a l  d a t a .  T y p i c a l  v a l u e s  o f  a ^ . a r e  p l o t t e d

i n  Fi g u r e  8 a s  f u n c t i o n s  o f  t h e  i n t e r m e d i a t e  s t r e s s  

p ar am e t e r ,  ?.

Fro m  Fi g u r e  8  i t  w i l l  b e seen  t h a t  t h e  ch an g es i n  t h e  

in t e r m e d i a t e  p r i n c i p a l  s t r e s s  p r o f o u n d ly  m o d i f i e d  t h e  

v a l u e s  o f  t h e  co m p l i an ces ,  a ^ . ,  n eed ed  t o  d e f i n e  t h e

d ef o r m a t io n  law . I n  g e n e r a l ,  t h e  co m p l i an ces  w er e  

e i t h e r  a  maximum o r  a  m inim um  a t  v a l u e s  o f  t h e  N ad ai -  

Lo d e p ar am e t e r ,  £ , c l o s e  t o  z e r o .  I n  t h i s  r e s p e c t  t h e  

v a r i a t i o n  o f  a ^  w i t h  t; was s i m i l a r  t o  t h e  m an ner  i n

w h ic h  t h e  f a i l u r e  p ar am e t e r ,  h as b een  r e p o r t e d  t o  

v a r y  w i t h  t h e  i n t e r m e d i a t e  p r i n c i p a l  s t r e s s  (Gr een  

an d  Bi s h o p ,  1969; Lo m iz e e t  a l ,  1 969 , M esd ar y and 

Su t h e r l a n d ,  1 9 7 0 ; Ram am urthy an d  Raw at .  1 9 7 3 ).
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Need ed  t o  D e f i n e  t h e  H e u r i s t i c  

D ef o r m at io n  Law.

SUMMARY AND CONCLUDING COMMENTS.

Th e i n v e s t i g a t i o n  d e s c r i b e d  i n  t h i s  p ap er  showed  t h a t  

i t  w as p r a c t i c a l  t o  d ev e lo p  a  t r u e  t r i a x i a l  ap p a r a t u s  

w h ic h  co u ld  b e u sed  t o  s i m u l a t e  d yn am ic an d  r e p e t i t i v e  

s t r e s s  h i s t o r i e s  s i m i l a r  t o  t h o s e  a s s o c i a t e d  w i t h  

h ig h w ay p avem en t s an d  m ach in e b ases .  U s i n g  t h i s  d ev ­

i c e  i t  w as p o s s i b l e  t o  d e r i v e  co n sm rm at e s t r e s s -  

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

i n t e r m e d i a t e  p r i n c i p a l  s t r e s s  an d  a r e p e t i t i v e  

s t r e s s  h i s t o r y  o n  t h e  co m p l ian c e an d  s t i f f n e s s  m at r ­

i c e s .  In  a d d i t i o n  i t  w as p o s s i b l e  t o  s t u d y  t h e  d eg ­

r e e  o f  a n i s o t r o p y  o f  t h e  s o i l .

Fo r  t h e  p a r t i c u l a r  s o i l  ex am in ed ,  a  co m p act ed  san d -  

c l a y ,  i t  was d et er m in ed  t h a t  t h e  r e sp o n se o f  t h e  m at ­

e r i a l  was e s s e n t i a l l y  q u a s i - i s o t r o p i c  a l t h o u g h  some 

ev i d e n c e  o f  s l i g h t  s t r e s s  in d u ced  a n is o t r o p y  was 

n o t ed .  A l i n e a r ,  i s o t r o p i c  d e f o r m a t io n  law  w as p o s ­

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

w o r k e r s  w h i ch  i n c o r p o r a t e d  c o u p l i n g  b et w een  t h e  sp h e­

r i c a l  an d  d e v i a t o r i c  com p on en t s o f  s t r e s s  an d  s t r a i n .  

T h i s  m o d el  w as f o u n d  t o  p r o v i d e  a good c h a r a c t e r i s a t ­

i o n  o f  t h e  s o i l .  F i n a l l y ,  t h e  e f f e c t s  o f  t h e  i n t e r ­

m e d i a t e  p r i n c i p a l  s t r e s s  up on t h e  m o d el  p ar am et er s  

w er e  s t u d i e d  an d  w er e  shown t o  b e s i m i l a r  t o  i t s  

e f f e c t s ,  r p e o r t e d  e a r l i e r ,  upon t h e  f a i l u r e  p ar am et ­

e r ,

BIBLIOGRAPHY

Bi s h o p ,A .W . ,  G r e e n ,G .E.  an d  Sk i n n e r , A . E. (1 9 7 3 ),  

"St r e n g t h  an d  D ef o r m at io n  M easu r en en t s  o n  S o i l s . "  

Pr o c .  8 t h  I n t .  Co n f .  SMFE. Moscow, V o l .  l . l , p p . 57- 64.

D e h l e n ,G .L .  (1 9 6 9 ), 'T h e  E f f e c t  o f  N o n - Lin ea r  M a t e r i a l  

Resp o n se on  t h e  Be h a v io u r  o f  Pavem en t s Su b j e c t e d  t o  

T r a f f i c  Lo ad s".  T h e s i s  (Ph . D ) U n iv .  o f  C a l f o r n i a .

G r e e n ,G .E.  and Bi s h o p ,A .W . (1 9 6 9 ), ' 'A  N o t e  o n  t h e  D r a i n ­

ed  St r e n g t h  o f  San d  u n d er  G e n e r a l i z e d  S t r a i n  C o n d i t ­

i o n s ' ' .  G e o t e c h n i q u e ,V o l .1 9 ,N o . 1 , p p l4 4 - 1 4 9 .

l a d e , P. V .  and  D u n c a n , J. J.  (1 9 7 3 ), MC u b i c a l  T r i a x i a l  

T e s t s  o n  C o h e s i o n l e s s  S o i l " .  Jo u r n a l  A SCE,N o .SM IO, 

p p .793 - 812.

T f l ?a n , R . ,T. (1 9 6 9 ),  "Dam p in g  o f  M a t e r i a l s  an d  Mo n b ers 

i n  St r u c t u r a l  M e c h a n ic s" .  Perg am on  Pr e s s .

Lo m iz e,G.M . and  K r y s h a n o v s k y ,A .L .  (1 9 6 7 ),  "On  t h e  

St r e n g t h  o f  San d " .  Pr o c .  G e o t e c h n i c a l  Co n f .  O s l o ,

V o l . 1 ,  p p .215- 219.

Lo m iz e.G.M . e t  a l  (1 9 6 9 ),  "St u d y  o n  D ef o r m a t io n  and 

St r e n g t h  o f  S o i l s  u n d er  T h r ee - D im e n s io n al  S t a t e  o f  

St r e s s " .  Pr o c .  7 t h  I n t .  Co n f .  SMFE, M e x i c o , V o l . 1 , 

p p .257- 165.

M a k iu c h i ,K  an d  Sh a c k e l ,  B.  (1 9 7 6 ),  " S o i l  C h a r a c t e r i z ­

a t i o n  U s i n g  a Rep eat ed  Lo ad in g  C u b i c a l  T r i a x i a l  

A p p a r a t u s " .  Pr o c . 8 t h  C o n f . A u s t .Ro a d  Re s.  Bo a r d .

M es d a r y ,M .S.  an d  Su t h e r l a n d , H .B.  (1 9 7 0 ),  "Co r r esp o n d ­

en ce o n  A N o t e  o n  t h e  D r a in e d  St r e n g t h  o f  San d  u n d er  

G e n e r a l i z e d  S t r a i n  C o n d i t i o n s " .  G e o t e c h n i q u e ,V o l . 20 ,

N o .2 , p p .  210 - 212 .

M o r g a n ,J.R.  an d  G e r r a r d ,C .M .  (1 9 7 3 ), " A n i s o t r o p y  and  

N o n - l i n e a r i t y  i n  San d  Pr o p e r t i e s ” . Pr o c . 8 t h  I n t .  Co n f .  

SMFE. M o s co w ,Vo l .1 .2 ,  p p .  287 - 292.

Newm ark ,N.M. (1 9 6 0 ), " F a i l u r e  H y p o t h eses Fo r  S o i l s " .  

Pr o c .  ASCE Re s.  Co n f .  o n  Sh e a r  St r e n g t h  o f  C o h e s i ve  

S o i l s .  U n i v .  o f  Co lo r a d o ,  p p .  1 7 - 3 2 .

Ram am u r t h y,T and  Pa w a t ,P.C .  (1 9 7 3 ),  "Sh e a r  St r e n g t h  

o f  San d  Un d er  G e n e r a l  St r e s s  Sys t e m ".  Pr o c .  8 t h  I n t .  

Co n f .  SM FE,V o l .  1 .2 ,  p p .  339- 342.

Sc o t t ,  R . F .  an d  K o , H . Y . (1 9 6 9 ), "St r e s s - D e f o r m a t i o n  an d  

St r e n g t h  C h a r a c t e r i s t i c s " .  Pr o c .  7 t h  In t . C o n f .  SMFE. 

M e x i c o ,V o l . 3 , p p .1 - 4 7 .

Sh a c k e l , B . ( 1 9 7 0 ), "T h e  Co m p act io n  o f  Un i f o r m  R e p l i c a t e  

S o i l  Sp e c i m e n s " .A u s t .Rd ,Re s .V o l . 4 , N o .5 , p p .  1 2 - 3 1 .

Sh a c k e l ,B. (1 9 7 2 a ), " T h e  D ef o r m at io n  Resp o n se o f  a  San d -  

C l a y  Su b j e c t e d  t o  Rep eat ed  T r i a x i a l  Co m p r ess ive  St r e s s '  

Pr o c .Sy m p .o n  St r e n g t h  and  D ef o r m a t io n  Be h a v io u r  o f  

S o i l s .  Ba n g a l o r e ,  V o l . l ,  p p . 145^ 149.

Sh a c k e l , B . (1 9 7 2 b ) , " L i n e a r  an d  N o n - Li n ea r  M o d els o f  t h e  

St r e s s - St r a i n  Resp o n se o f  a  C y c l i c a l l y  St r e s s e d  S o i l " .  

Pr o c . 3 r d  SEACSE, Hong Ko n g ,p p .  34 9 - 3 5 5 .

Sh a c k e l , B . (  1 9 7 3 a ), "T h e  D e r i v a t i o n  o f  Com p lex  St r e s s -  

S t r a i n  R e l a t i o n s h i p s " . Pr o c .  8 t h  I n t . C o n f . SM F E. V o l . l . 2 .

Sh a c k e l ,B. (1 9 7 3 b ), "A n  En g i n e e r i n g  A p p r o ach  t o  D e f i n i n g  

T h r e e  D im en s io n al  St r e s s - St r a i n  Re l a t i o n s h i p s " . Pr o c .  

C o n f .o n  St r e s s  an d  St r a i n  i n  En g i n e e r i n g , In s t . o f  En g .  

( A u s t . ) , Br i s b a n e ,  p p .  26- 31 .

Sh a c k e l ,B. (1 9 7 3 c ) , " T h e  T h r e e  D i m e n s io n al  S t r e s s , St r a i n  

an d  Dam p ing  Resp o n se o f  a  C y c l i c a l l y  St r e s s e d  San d -  

C l a y " . Pr o c . 5 t h  Wo r ld  C o n f .  o n  Ear t h q u ak e  En g .  Ro n e.

Sh a c k e l , B . (1 9 7 4 ), "Scxne E f f e c t s  o f  Rep eat ed  T r i a x i a l  

St r e s s e s  o n  Road  Pave n en t  M a t e r i a l s " .  T h e s i s (Ph . D . ) ,  

U n iv .  o f  New So u t h  Wa les .

Sh i b a t a , T .  an d  K a r u b e , D . (1 9 6 5 ), " In f l u e n c e  o f  t h e  V a r ­

i a t i o n  o f  t h e  In t e r m e d i a t e  P r i n c i p a l  St r e s s  o n  t h e  

M e c h an ic a l  Pr o p e r t i e s  o f  N o r m a l l y  C o n s o l id a t e d  C l a y s " ,  

Pr o c . 6 t h  I n t .  C o n f . SM FE. M o n t r e a l , V o l . l , p p  359 - 363 .

Su t h e r l a n d , H .B.  an d  M e s d a r y ,M .S. (1 9 6 9 ), "T h e  In f l u e n c e  

o f  t h e  In t e r m e d i a t e  P r i n c i p a l  St r e s s  o n  t h e  St r e n g t h  

o f  Sa n d '.  Pr o c . 7 t h  In t .C o n f .SM FE,M e x i c o ,V o l . 1 , 

pp . 391- 399.

300


