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SYNOPSIS

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

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

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

f o l l o w i n g  c o n c l u s i o n s :  1 )  I n  t h e  u n d i s t u r b e d  a n d  d i s t u r b e d  s a n d s  d e p o s i t e d  u n d e r  t h e  a c t i o n  

o f  g r a v i t a t i o n a l  f o r c e ,  t h e i r  f a b r i c  i s  g e n e r a l l y  c h a r a c t e r i z e d  b y  t h e  a n i s o t r o p i c  a l i g n m e n t  

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

t h e  a c t i o n  o f  w a t e r  f l o w  a t  t h e  t i m e  o f  t h e i r  s e d i m e n t a t i o n .  2 )  T h e  s h e a r  s t r e n g t h  a n i s o t r o p y  

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

t h e  d e c r e a s e  o f  i t s  v o i d  r a t i o  a n d  a p p l i e d  c o n f i n i n g  p r e s s u r e  0 3 .  3 )  T h e  f a b r i c  a n i s o t r o p y  

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

g r a d e  r e a c t i o n .

IN T R O D U C T IO N

A c c o r d i n g  t o  t h e  s t u d i e s  b y  O d a  ( 1 9 7  2 )  

a n d  A r t h u r  a n d  M e n z i e s  ( 1 9 7 2 ) ,  s a n d s  

d e p o s i t e d  i n  a i r  o r  i n  w a t e r  s h o w  a n i s o t r o p i c  

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

t e s t s  w h i c h  i s  a t t r i b u t e d  t o  t h e  p r e f e r r e d  

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

t o  a  b e d d i n g  p l a n e .  T h e  a u t h o r s  n o w  d i s c u s s  

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

l e l  a l i g n m e n t  o f  p a r t i c l e s  o b s e r v e d  i n  

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

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

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

e n g i n e e r i n g  p r o p e r t i e s  s u c h  a s  s h e a r  

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

m o d u l u s  o f  s u b g r a d e  r e a c t i o n .

F A B R I C  A N IS O T R O P Y . O B S E R V E D  I N  U N D IS T U R B E D  

S A N D S

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

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

w a l l  s a m p l e r  ( 7 . 5  c m  i n  i n t e r n a l  d i a m e t e r  

a n d  2 0  c m  i n  h e i g h t )  i n t o  t y p i c a l  s a n d  

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

e n t  s e d i m e n t a r y  c o n d i t i o n s  ( T o n e  r i v e r  s a n d ,  

K u g e n u m a  b e a c h  s a n d  a n d  S e n g e n y a m a  s a n d ) . 

T h e i r  p a r t i c l e  a r r a n g e m e n t s  w e r e  s t a b i l i z e d  

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

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

d r y i n g  u p .  A s  s h o w n  i n  F i g .  1 ,  t w o  t h i n  

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

v e r t i c a l  p l a n e  ( V - s e c t i o n )  a n d  a  h o r i z o n t a l  

p l a n e  ( H - s e c t i o n )  w e r e  p r e p a r e d  f r o m  e a c h  o f  

s t a b i l i z e d  s a n d s .  ( D e t a i l e d  p r o c e d u r e s  h a v e  

b e e n  d e s c r i b e d  b y  O d a  ( 1 9 7 2 ) ) .  T h e  a x i s  X

F i g .  1  P r e p a r a t i o n  o f  

t w o  t h i n  s e c t i o n s

X  o r  Y

F i g .  2  O r i e n t a t i o n  o f  

a p p a r e n t  l o n g  a x e s  

o n  t h i n  s e c t i o n
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i n  F i g .  1  w a s  s e l e c t e d  a s  t h e  v e r t i c a l  d i r e c ­

t i o n ,  a n d  t h e  a x i s  Z a s  t h e  h o r i z o n t a l  d i r e c ­

t i o n  c o r r e s p o n d i n g  t o  t h e  f l o w  d i r e c t i o n  o f  

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

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

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

b y  m e a s u r i n g  t h e  a n g l e s  b e t w e e n  a p p a r e n t  l o n g  

a x e s  o f  a b o u t  2 5 0  p a r t i c l e s  a n d  t h e  r e f e r e n c e  

a x i s  Z  o n  e a c h  t h i n  s e c t i o n  b y  m e a n s  o f  t h e  

m i c r o s c o p e  a n d  t h i n  s e c t i o n  ( F i g .  2  a n d  O d a

( 1 9 7 2 ) ) .  F i g s .  3 ( a )  a n d  ( b )  s h o w  f r e q u e n c y  

h i s t o g r a m s  f o r  t h e  V - a n d  H - s e c t i o n s  o f  t h e  

T o n e  r i v e r  s a n d .  T h e  s a n d  i s  a n  a l l u v i a l  

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

1 0 % .  I n  t h e  V - s e c t i o n  o f  T o n e  r i v e r  s a n d  

( F i g .  3 ( a ) ) ,  t h e r e  c a n  b e  f o u n d  a  u n i m o d a l  

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

8 i = - 3  0 ° .  T h e  t e n d e n c y  t h a t  t h e  p r e f e r r e d  

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

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

a t  t h e  t i m e  o f  s e d i m e n t a t i o n  ( J o h a n s s o n  

( 1 9 6 5 ) ) .

T h e  K u g e n u m a  b e a c h  s a n d  i s  a l s o  a n  

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

a b o u t  6 0 %  m u c h  l a r g e r  t h a n  t h a t  o f  t h e  T o n e  

r i v e r  s a n d .  T h e  f r e q u e n c y  h i s t o g r a m s  o f  t h e  

s a n d  a r e  s h o w n  i n  F i g s .  4 ( a )  a n d  ( b ) .  W h i l e  

i t s  f r e q u e n c y  c u r v e  o f  t h e  V - s e c t i o n  ( F i g .  

4 ( a ) )  i s  n e a r l y  s i m i l a r  t o  t h a t  o f  t h e  T o n e  

r i v e r  s a n d  ( F i g .  3 ( a ) ) ,  t h e  b o t h  H - s e c t i o n s  

a r e  d i f f e r e n t  w i t h  e a c h  o t h e r .  T h a t  i s ,  t h e  

t h e r e  c a n  b e  a l s o  f o u n d  a  c l e a r  p e a k  a t

9  i  =  ± 9 0 °  i n  t h e  H - s e c t i o n  o f  t h e  K u g e n u m a  

b e a c h  s a n d .  F r o m  F i g s .  ( 3 )  a n d  ( 4 ) ,  w e  c a n  

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

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

d u e  t o  p r o n o u n c e d  p r e f e r r e d  o r i e n t a t i o n .

T h e y  h a v e ,  h o w e v e r ,  d i f f e r e n t  d e g r e e  o f  

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

a t  t h e  t i m e  o f  s e d i m e n t a t i o n .

T h e  S e n g e n y a m a  s a n d  i s  a  d i l u v i a l  

d e p o s i t  w h o s e  r e l a t i v e  d e n s i t y  i s  l a r g e r  

t h a n  9 0 % .  J u d g i n g  f r o m  i t s  r e l a t i v e  d e n s i t y ,  

i t  s e e m s  t o  b e  a n  o v e r - c o n s o l i d a t e d  s a n d .

T h e  f r e q u e n c y  h i s t o g r a m s  f o r  t h e  S e n g e n y a m a  

s a n d ,  a s  s h o w n  i n  F i g .  5 ,  a r e  a l m o s t  t h e  

s a m e  t o  t h o s e  f o r  t h e  T o n e  r i v e r  s a n d  ( F i g .  

3 ) .  C o n s e q u e n t l y ,  i t  c a n  b e  s a i d  t h a t  t h e  

o v e r - c o n s o l i d a t e d  s a n d  a l s o  s h o w s  t h e  a n i s o ­

t r o p i c  f a b r i c  c h a r a c t e r i z e d  b y  t h e  p a r a l l e l  

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

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

h o r i z o n t a l .

FABRIC ANISOTROPY OBSERVFD IN DISTURBED 
SANDS

F i f t e e n  d i s t u r b e d  s a n d s w e r e  c o l l e c t e d  

f r o m  v a r i o u s  l o c a l i t i e s .  A x i a l  r a t i o s  o f  

t h e s e  s a n d s  r a n g e  f r o m  0 . 5  t o  0 . 7 .  A x i a l  

r a t i o  i s  a n  i n d e x  f o r  c h a r a c t e r i z i n g  t h e i r  

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

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

i n c r e a s e  o f  a x i a l  r a t i o  u p  t o  1  ( O d a ,  1 9 7 5 ) .  

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

i n t o  v a c a n t  m o l d s  ( 5  c m  i n  d i a m e t e r  a n d  1 0  c m  

i n  h e i g h t )  a n d  w e r e  c o m p a c t e d  b y  r e p e a t e d  

v i b r a t i o n s  u p  a n d  d o w n  b y  h a n d s  f o r  t h e  s a k e  

o f  g e t t i n g  r e l a t i v e  d e n s i t i e s  r a n g i n g  f r o m  

6 0 %  t o  8 0 % .  T h e s e  c o m p a c t e d  s a n d s  w e r e  

s t a b i l i z e d  b y  r e s i n  a n d  t h e i r  V - s e c t i o n s

Lb,
- 9 0  - 60  - 30  0  3 0  6 0  » 0  

®i
(a) V-  sect i on

9 0  - «o  - 30

( in d eg r ee)
(b) H -

F i g .  3  F r e q u e n c y  d i s t r i b u t i o n  o f  

f o r  t h e  T o n e  r i v e r  s a n d

F i g .  4  F r e q u e n c y  d i s t r i b u t i o n  o f  

f o r  t h e  K u g e n u m a  b e a c h  s a n d

t f l m .
- 9 0 - 6 0 - 3 0  0  3 0  6 0  9 0

0j ( in d eg r ee )
(a) V - s e c t i o n  ( b ) H - s e c t i o n

F i g .  5  F r e q u e n c y  d i s t r i b u t i o n  o f  0 i  

f o r  t h e  S e n g e n y a m a  s a n d

w e r e  m a d e .  A  v e c t o r  m a g n i t u d e  I v „ f o r  e a c h  

t h i n  s e c t i o n  w a s  d e t e r m i n e d  a s  a n  i n d e x  f o r  

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

t r o p y  b y  t h e  f o l l o w i n g  e q u a t i o n  ( C u r r a y

( 1 9 5 6 )  a n d  O d a  ( 1 9 7 2 ) ) ;

v = ^ / ( s s i n 2e if + ( s c o s 2e i)2 (% )

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

T h e  v e c t o r  m a g n i t u d e  s h o w s  t h e  i n t e n s i t y  o f  

p a r a l l e l  a l i g n m e n t  o f  a p p a r e n t  l o n g  a x e s  o n  

t h i n  s e c t i o n s  a n d  v a r i e s  f r o m  0 % w h i c h  m e a n s  

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

a x e s  t o  1 0 0 % w h i c h  m e a n s  t h e i r  c o m p l e t e  

p a r a l l e l  a l i g n m e n t .

A s  c l e a r l y  d e m o n s t r a t e d  i n  F i g .  6 ,  t h e  

v a l u e  o f  I v  o n  t h e  V - s e c t i o n  i n c r e a s e s  w i t h  

t h e  d e c r e a s e  o f  a x i a l  r a t i o .  I t  i s  a l s o  

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

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

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

0 . 6 5 .  A t  t h e  s a m e  t i m e . ,  t h e  a u t h o r s  a l s o  

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

c l o s e r  t o  t h e  h o r i z o n t a l  w h e n  i t s  p a r t i c l e s  

b e c o m e  m o r e  s l e n d e r  o r  m o r e  p l a t e y ,  a n d  n o
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Axial ratio

F ig . 6 Relation between Iv  and 
ax ia l ra tio

preferred d irection  can be observed on a l l  
H-sections irrespective of th e ir  shape 
ch ara c te ris tic .

Solid and broken lines  in  Fig. 7 show 
frequency d is tribu tions of e i on the V- 
sections of the Toyoura sand deposited in 
water and in  a i r  respectively. (Axial ra tio  
of the sand is  0.605). Judging from the 
s im ila rity  of both frequency curves, whether 
partic les  are deposited in a ir  or in  water 
has no essential e ffe c t on th e ir  p a ra lle l  
alignment.

ANISOTROPIC RESPONSE IN SHEAR STRENGTH OF 
SAND

According to  the studies by Oda (1972) 
and Arthur and Menzies (197 2 ), the maximum 
shear strength is  mobilized in a drained 
t r ia x ia l  compression te s t when the maximum 
principal stress aj is  applied perpendicular 
to i t s  bedding plane and, on the other hand, 
the minimum shear strength is  mobilized when 
oj is  applied p a ra lle l to the plane. These 
features were considered to be due to the 
preferred alignment of p artic les  p a ra lle l to  
the bedding plane.

Here, the authors propose a strength 
ra tio  Rs as an index to evaluate the in tensi­
ty  o f the anisotropic response in  the drained 
t r ia x ia l  compression te s t, as follows;

= 1
(°1

Qa) H

where (oi -  o3)V is  the maximum deviator 
stress mobilized when ct  ̂ is  perpendicular 
to the bedding plane and (oj -  o3)H is  the 
maximum deviator stress mobilized in  the same 
sand when oj is  p a ra lle l to the plane. In 
order to examine the re la tion  between Rs and 
a shape factor of p artic les , tests were per­
formed on seven sands whose a x ila l ra tio  
were d iffe re n t with each other. (Experi­
mental conditions are as follows; re la tiv e  
density = , , 4 0 - 1 0 0 % ,  confining pressure = 0 . 5 -

3 . 0  kg/cm', and stra in  ra te  = 0 . 1 2 5  -  0 . 2 % /  

m in.)

d e p o  s i t e d  

♦ in  w a t e r

-9 0  -60 - 3 0  0 30 60  90

©i ( in d e  g r e  e )

Fig. 7 Frequency d is tribu tions of 0 
in  the Toyoura sand deposited in  
a ir  or in  water

0.6
Axial ratio

Fig . 8 Relation between Rs and ax ia l 
ra t io  of sands deposited in water

Fig. 8 shows a s ta t is t ic a lly  s ign ificant 
re la tio n  between Rs and the ax ia l ra t io  for 
the seven sands deposited in water. A w e ll- 
defined zone can be found with the marked 
tendency that the strength ra tio  decreases 
when p a rtic le  shape of sand becomes closer to 
spherical one. This well accords with the 
fact that the in tens ity  of p a ra lle l alignment 
of p artic les  on a V-section increases with 
the decrease of ax ia l ra t io  (Fig. 6 ). 
Scattered te s t resu lts  must be due to the 
following two facts; (1) the strength aniso­
tropy becomes more remarkable in a sand 
having a larger re la t iv e  density (Arthur and 
Menzies, 1975) and (2) the strength aniso­
tropy decreases with increasing applied 
confining pressure o3 (Fig. 9 ).

From these experimental resu lts , we can 
conclude that the anisotropic shear strength 
of sand must be most remarkable when the 
following three conditions are satis fied :
1) the sand is  composed of slender or platey  
p artic les , 2) the sand is  densely compacted 
under the action of g rav ity , and 3) the sand
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F ig . 9 E ffect of confining pressure on 
strength ra tio  of the Toyoura sand

is  fa ile d  a t low confining pressure as in 
the case of fa ilu re  of a shallow foundation.

Fig

o >*
*> .t: 2 -Û o

E

' • V-bearl ng capaci t y test 
V.  » H-

° ' o \

0 . 6 5 0 . 7 0  0 . 7 5

Vo i d r at i o

11 Anisotropic response on ultim ate  
bearing capacity of the Toyoura sand

ANISOTROPIC RESPONSE OBSERVED IN ULTIMATE 
BEARING CAPACITY OF SAND

In order to examine an anisotropic 
response of sand in a bearing capacity tes t, 
the Toyoura sand was poured into  a vacont 
steal sided box whose length, width and 
depth were 3 0 cm, 7 cm and 20 cm respective­
ly .  By s tiffen in g  the so il box, i t s  la te ra l 
deflection  was res tric ted  less than 0.01 mm 
over the range of s tr ip  footing penetration 
up to fa ilu re  and plane s tra in  condition of 
test was nearly s a tis fied . A smooth footing  
lubricated by two membranes and s ilicon  
grease whose size was 3.5 cm in  width and 
6.7 cm in  length was penetrated perpendicular 
(V-bearing capacity tes t) to or p a ra lle l (H- 
bearing capacity tes t) to the bedding plane, 
as shown in  F ig . 10. The comparison of 
these two types of tes t make i t  possible to 
evaluate q u a lita tiv e ly  the e ffe c t of sedi­
mentary structure on the u ltim ate bearing 
capacity and modulus of subgrade reaction.

Experimental results  are given in  Figs. 
11 and 12. The u ltim ate bearing capacity 
and modulus of subgrade reaction are both 
larger in  the V-bearing capacity te s t than 
those in  the H-bearing capacity te s t, espe­
c ia l ly  when the tested sand was well com­
pacted. This anisotropic response is  due 
to the preferred alignment of p artic les  
p a ra lle l to the bedding plane.

Vo i d  r a t i o

Fig. 12 Anisotropic response on modulus 
of subgrade reaction of the Toyoura sand
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