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THE  EFFECT OF SHEARING  STRAIN-RATE ON THE 
ULTIMATE  SHEARING  RESISTANCE OF CLAY 

BY 

Rober t  Y . K .  Chengl 

ABSTRACT 

T h i s   r e p o r t   d e s c r i b e s  a new a p p r o a c h   t o   i n v e s t i g a t e   t h e  
s h e a r i n g  resistance o f   c o h e s i v e   s o i l s   s u b j e c t e d   t o  a h i g h  rate 
o f   s h e a r i n g  s t r a i n .  A f a s t  s t e p - l o a d i n g   t o r q u e   a p p a r a t u s  was 
u s e d   t o   i n d u c e  a s t a t e  o f   p u r e   s h e a r  i n  a h o l l o w   c y l i n d r i c a l  
s o i l   s p e c i m e n .  The r e l a t i o n s h i p   b e t w e e n   s h e a r i n g  res is tance 
and ra te  of shear de fo rma t ion  was e s t a b l i s h e d  for v a r i o u s   s o i l  
d e n s i t i e s   e x p r e s s e d  i n  terms of i n i t i a l  v o i d   r a t i o  or water 
c o n t e n t .  

For r a t e  o f   s h e a r i n g   d e f o r m a t i o n   s t u d i e s   t o   d a t e ,   t h e  
s h e a r i n g  resistance i n c r e a s e s   i n i t i a l l y   w i t h   s h e a r i n g   v e l o c i t y ,  
b u t   s u b s e q u e n t l y   r e a c h e s  a terminal v a l u e  as t h e   s h e a r i n g  
v e l o c i t y   i n c r e a s e s .  The t e r m i n a l   s h e a r i n g  resistance is a l s o  
found t o  increase as t h e   d e n s i t y   o f   t h e  soil increases .  

The r e s u l t s  of t h i s   i n v e s t i g a t i o n  are u s e f u l   i n   t h e   r h e o -  
l o g i c a l   s t u d y   o f   c l a y .  I t  is p a r t i c u l a r l y   i m p o r t a n t  for 
m o b i l i t y   p r o b l e m s   o f   s o i l   r u n w a y s ,  since the s o i l  resistance 
is f o u n d   t o   b e   s e n s i t i v e   t o   t h e  ra te  of s h e a r i n g .  

P r o f e s s o r  of Engineer ing ,   Old   Dominion   Univers i ty ,  
N o r f o l k ,   V i r g i n i a  23508. 



INTRODUTLQN 

The o b j e c t i v e   o f  t h i s  s t u d y  is t o   p r e s e n t  a method for  s t u d y i n g  
t h e  effect  o f   s h e a r i n g   s t r a i n - r a t e   o n   t h e   s h e a r i n g   r e s i s t a n c e   o f  
c o h e s i v e   s o i l s .  An exper imenta l   method w a s  d e v e l o p e d   f o r   m e a s u r i n g  
dynamic s o i l   p r o p e r t i e s   t h a t   c a n   b e   a p p l i e d   t o   a n   a n a l y t i c   m e t h o d  
f o r   s o l v i n g  t h e  problem of a i r c ra f t  l a n d i n g s   o n   s o i l   r u n w a y s .  
C u r r e n t l y  t h e  in te res t  i n  o p e r a t i n g  an  a i r c ra f t  on  unpaved  landing 
sites has i n c r e a s e d .   A l s o   i n  t h e  case of o v e r s h o o t i n g  a paved 
runway i n  a n  emergency, t h e  a i r c r a f t  w i l l  b e   s u b j e c t e d   t o  stresses 
similar t o   o p e r a t i o n   o n  a s u b s t a n d a r d   l a n d i n g  si te.  A s  t h e  weight  
o f   t h e  a i r c r a f t  and l a n d i n g  speed  increases,  t h e  a i r c r a f t ,  and i n  
p a r t i c u l a r  t h e  l a n d i n g   g e a r ,   m u s t  be a d e q u - a t e l y   d e s i g n e d   i n   o r d e r  
t o   p e r m i t  sa fe  a i rc raf t  ope ra t ions   on   unpaved  sites. 

C o n s i d e r a b l e   s t u d i e s   h a v e  been p e r f o r m e d   ( r e f s .  1, 2 ,  and 3 ,  

f o r   e x a m p l e )   t o   m e a s u r e   t h e   s o i l - t i r e   i n t e r a c t i o n s  a t  ground speeds 

a s s o c i a t e d  w i t h  small a i r c ra f t  o p e r a t i o n s .  The v a r i a b l e s   o f  these 
s t u d i e s   h a v e   i n c l u d e d   f o r w a r d   s p e e d ,  t i r e  i n f l a t i o n   p r e s s u r e ,   s u r -  
face roughness ,  a n d  s o i l   s t r e n g t h .  No r a t i o n a l   e x p l a n a t i o n  has 

y e t   b e e n   f o u n d   t o   p r e d i c t   t h e   s o i l - t i r e   i n t e r a c t i o n .  A recent  
a n a l y t i c  work ( r e f .  4 )  h a s  shown q u a l i t a t i v e l y  t h e  c o r r e l a t i o n  
b e t w e e n   t h e   d r a g   c o e f f i c i e n t   a n d   v e l o c i t y   u s i n g   s o i l   p r o p e r t i e s  
o b t a i n e d  s t a t i c a l l y .  I n e v i t a b l y ,  a l l  r a t i o n a l   s t u d i e s   o f  t h e  

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

interface-s t ress  d i s t r i b u t i o n  between t h e  t i re  a n d   s o i l .  The r u t s  
c r e a t e d  by t h e  tires of a i r c r a f t  o p e r a t i n g   o n   c e r t a i n   s o i l s  se rve  
as e v i d e n c e   t o   t h e  large movement o f   s o i l  masses. 

LIST OF SYMBOLS 

r 

s u r f a c e   o f   i n t e g r a t i o n ,  c m 2  

s t r a in - r a t e ,  l / sec  
s t r a i n - r a t e   t e n s o r ,  l / sec  
h e i g h t   o f   s a m p l e ,  c m  
c y l i n d r i c a l   c o o r d i n a t e  
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s h e a r i n g   s t r a i n ,  rad 
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normal stress, N / m 2  
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maximum shear stress, N / m 2  

d e v i a t o r i c  stress t e n s o r ,  N / m 2  
a n g u l a r   r o t a t i o n  of t o p  of s a m p l e ,   r a d i a n s  o r  d e g r e e s  

S u b s c r i p t s  

i i n s t a n t a n e o u s   p o s i t i o n  
m mean v a l u e  

r ,  0 ,  z d i r e c t i o n s   i n   c y l i n d r i c a l   c o o r d i n a t e s  
d i a g o n a l   e l e m e n t s  of stress t e n s o r  
i n s i d e   a n d   o u t s i d e   r a d i u s   o f  sample 1 3 2  

S u p e r s c r i p t s  

s p h e r i c a l  stress t e n s o r  
d e v i a t o r i c  stress t e n s o r  
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PRESENT  STATE OF KNOWLEDGE 

The s t r e s s - s t r a i n   b e h a v i o r   o f   s o i l s  i s  i n f l u e n c e d  by t h e  

d e n s i t y ,  drainage c o n d i t i o n ,  stress h i s t o r y ,   l o a d i n g   p a t h ,   a n d  
r a t e  o f   l o a d i n g .  I t  is e v i d e n t  t h a t  t o   e s t a b l i s h  a s i n g l e  
c o n s t i t u t i v e   e q u a t i o n   f o r  the  s t r e s s - s t r a i n   r e l a t i o n s h i p   o f  
soils is an  enormous task .  The s t a b i l i t y   a n a l y s i s   f o r   p r o b l e m s  
i n   g e o t e c h n i c a l   e n g i n e e r i n g  is  concerned  w i t h  t h e  f a i l u r e   c o n c e p t  
i n   w h i c h  t h e  s o i l  is t reated as a r i g i d  p l a s t i c  s o l i d .   D e f i n i n g  
t h e  f a i l u r e  s t a t e  of t h e  s o i l  as a s t a t e  of stress a t  which  a small 
i n c r e m e n t  of stress w i l l  i n d u c e  a r e l a t i v e l y  large i n c r e m e n t  of 
s t r a i n ,   t h e   s t r e n g t h   p a r a m e t e r s   m e a s u r e d   u n d e r   g r a d u a l l y   a p p l i e d  
or s t a t i c  l o a d s  are t h e   c o h e s i o n  and  t h e   a n g l e   o f   i n t e r n a l  
f r i c t i o n .  With t h e  d e n s i t y  and a l l  p h y s i c a l   c o n s t i t u e n t s   o f  

t h e   s o i l  r e m a i n i n g  c o n s t a n t ,   t h e  s t r e n g t h  p a r a m e t e r s   o f  a s o i l  c a n  
v a r y   c o n s i d e r a b l y  w i t h  t h e  d r a i n a g e   c o n d i t i o n  which  i n d u c e s   p o r e  
water p r e s s u r e  i n  t h e   s o i l .  T h i s  phenomenon  has  brought  about t h e  

common e x p r e s s i o n  t h a t  t h e  s t r e n g t h   p a r a m e t e r s  me m e r e l y  c o e f f i -  
c i e n t s   o f   t h e   d r a i n a g e   c o n d i t i o n   o f   t h e   s o i l   u n d e r  t h e  g i v e n  s t a t e  
of load ing .   A l though  t h e  de fo rma t ion  charac te r i s t ics  a n d  t h e  
i n f l u e n c e   o f   p o r e   p r e s s u r e   o n  t h e  e f f e c t i v e   s t r e n g t h   o f   s o i l s   h a v e  
b e e n   e x t e n s i v e l y   s t u d i e d  ( r e f .  5 ) ,  t h e  g e n e r a l   s o l u t i o n  is st i l l  

l a c k i n g   f o r   s o l v i n g   t h e   f o r c e s  a n d  d i s p l a c e m e n t s  i n  a s o i l s   e n g i n -  
ee r ing   p rob lem.   However ,   t he   cu r ren t   knowledge  i n  s t r e n g t h   s t u d i e s  
p e r m i t s   e n g i n e e r s   t o   d e s i g n  a n d  s u c c e s s f u l l y   b u i l d  a wide v a r i e t y  
of complex   foundat ions  and  e a r t h   s t r u c t u r e s .  

I n  recent  y e a r s   e x t e n s i v e   i n v e s t i g a t i o n s   o n  dynamic s o i l  
p r o p e r t i e s   h a v e  been c o n d u c t e d   f o r   p r o b l e m s  re la ted  t o   f o u n d a t i o n  
v ib ra t ions ,   ea r thquake - induced   g round   mot ions ,   and  b l a s t  e f f e c t s  
( re f .  6 ) .  These  s t u d i e s  were o n l y   c o n c e r n e d   w i t h  e i ther  small 
ampl i tude   v ibra tory   phenomena  or stress l e v e l s   u p   t o   f a i l u r e .  
The p a r a m e t e r s   a d o p t e d   f o r   t h e   s t u d i e s  are independent   o f  r a t e  
e f f e c t s .   S i n c e  large movements  of s o i l  mass a t  h i g h   s p e e d   o c c u r  
d u r i n g  a i r c ra f t  l a n d i n g ,   t h e   s o i l   p r o p e r t i e s   r e q u i r e d   f o r  drag 

and  s inkage   s tud ie s   mus t   depend   upon  t h e  r a t e  o f   l o a d i n g  or ra te  
o f   de fo rma t ion .  

4 



The s h e a r i n g   r e s i s t a n c e   a n d  i n e r t i a  o f   t h e   s o i l   c o n t r i b u t e  t o  
t h e   f o r c e s   e n c o u n t e r e d  i n  large s o i l   d i s p l a c e m e n t s .  The e f f e c t  of 
ra te  o f   s h e a r i n g   d e f o r m a t i o n   o n   t h e   r e s i s t a n c e   o f   s o i l s   h a s   b e e n  
i n v e s t i g a t e d  for t h e   e a r t h   p e n e t r a t i o n   p r o b l e m   ( r e f .  7 ) ,  a n d   f o r  
t h e   e a r t h  movement a n d   t i l l a g e   p r o b l e m   ( r e f .  8 ) .  For a n   e x p e r i -  
m e n t a l  p r o c e d u r e   t h a t   w o u l d   s u b j e c t   t h e   s o i l   s p e c i m e n   t o  large 
s t r a i n s ,   t h e  s ta te  of skress deve loped   i n   t he   spec imen   wou ld  
become r a t h e r   c o m p l e x ,   a n d   t h e  t es t  r e s u l t s   w o u l d   b e   d i f f i c u l t  
t o   i n t e r p r e t .  By u s i n g  a ho l low  cy l ind r i ca l ly - shaped   spec imen  
( r e f s .  9 and lo), a s t a t e  o f   p u r e   s h e a r  ex i s t s  w i t h i n   t h e   s p e c i m e n  
even a t  p r o g r e s s i v e l y   l a r g e   d e f o r m a t i o n s .   S i n c e   t h e   g e o m e t r i c   f o r m  
of t h e  specimen c a n  b e   p r e s e r v e d   t h r o u g h o u t   t h e  tes t  d u r a t i o n ,   t h e  
s t a t e  of stress o f   t h e   s o i l  may b e   c o r r e l a t e d   w i t h  t h e  s t r a i n  i n  
o r d e r   t o   e s t a b l i s h  a s h e a r i n g - s t r e s s  s t r a in - r a t e  r e l a t i o n s h i p .  
Guided  by t h e   a b o v e   c o n s i d e r a t i o n s ,  a t o r s i o n  tes t  p r o c e d u r e   f o r  
a h o l l o w   c y l i n d r i c a l   s p e c i m e n  was d e v e l o p e d   i n   t h i s   s t u d y .  

GENERAL THEORY 

The t o t a l  s t a t e  o f   s t r e s s ,   s t r a i n ,  or s t r a in - r a t e  i n  t h e   s o i l s  
may b e   d e c o m p o s e d   i n t o   t h e   h y d r o s t a t i c  (or s p h e r i c a l )  s t a t e  of 

stress a n d   t h e   d e v i a t o r i c  s t a t e  of stress, so  t h a t  

The h y d r o s t a t i c  stress t e n s o r  is d e s c r i b e d   b y   t h e  mean o f   t h e  
normal stress components as 
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The   Hydros t a t i c  stress tensor  relates t o  t h e   h y d r o s t a t i c  s t r a i n  
tensor  w h i c h   d e s c r i b e s   t h e   d e f o r m a t i o n   d u e  t o  volume  change, 
w h e r e a s   t h e   d e v i a t o r i c  stress t e n s o r  re la tes  t o   t h e   d e v i a t o r i c  
s t r a i n   t e n s o r   w h i c h   d e s c r i b e s   t h e   d e f o r m a t i o n   d u e   t o   s h e a r i n g  
stresses. 

R e s t r i c t i n g   t h i s   s t u d y   t o   s a t u r a t e d   c o h e s i v e   s o i l s ,   w h i c h  
w i l l  be t r e a t e d  as i s o t r o p i c  and i n c o m p r e s s i b l e ,   t h e   e q u a t i o n  
of s t a t e  f o r  t h e  e l a s t i c  s t r e s s - s t r a i n   r e l a t i o n   d u e   t o   s h e a r i n g  
stress is 

For s o i l s ,  t h e  m o d u l u s   o f   r i g i d i t y  is n o t  a c o n s t a n t ,   b u t  is a 
f u n c t i o n   o f  t h e  mean normal stress, am. The equa t ion   o f  s t a t e  
f o r   t h e   p l a s t i c   s t r e s s - s t r a i n   r e l a t i o n   d u e   t o   s h e a r i n g  stresses 
may be expres sed  as 

known a s  t h e  r h e o l o g i c a l   e q u a t i o n   o f  s t a t e  f o r  c l a y .  For s o i l s ,  
t h e  f low  pa rame te r  n is not  a c o n s t a n t ,   b u t  is a f u n c t i o n   o f  
many v a r i a b l e s   i n c l u d i n g   t h e  mean normal stress and  s h e a r i n g  
s t ra in- ra te .  When t h e   d e f o r m a t i o n s   a r e   l a r g e ,   t h e  work  expended 
i n  e l a s t i c  deformat ion  is r e l a t i v e l y   i n s i g n i f i c a n t  i n  comparison 
w i t h  t h e  work s p e n t  i n  p l a s t i c   d e f o r m a t i o n  f o r  a hol low c y l i n d e r  
i n  t o r s i o n .  The  e las t ic  resistance o f   t h e   s o i l  w i l l  be n e g l e c t e d  
so t h a t  a l l  de fo rma t ions  are due t o   p l a s t i c   w o r k .  

The s t a t e  of stress of a h o l l o w   c y l i n d e r   i n   t o r s i o n   a b o u t   t h e  
z a x i s  (see f i g .  1) under  a c o n f i n i n g   p r e s s u r e ,  CI is m ’  

where + aZ> 
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T h e   c o n f i n i n g   p r e s s u r e  is expressed b y   t h e   h y d r o s t a t i c  stress 
t e n s o r .   T h e  deaiator ic  t e n s o r  for t h i s  case is 

0 0 0 

0 0 T 

0 T 0 

a n d   t h e   s h e a r i n g   s t r a i n - r a t e   t e n s o r  is 

0 0 0 

0 0 i. 
0 i 0 

where T = T~~ 

where y = yeZ 

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

e = e  = e  - 
r 0 Z - y r 0  

- - ;zr = 0 

I n  t h e  t o r s i o n  test  o f  a h o l l o w   c y l i n d r i c a l   s p e c i m e n ,   t h e  s t a t e  
of stress w i t h i n   t h e   s p e c i m e n   c a n  be decomposed i n t o  a p u r e l y   d e v i a -  
t o r i c  s ta te  and a p u r e l y   h y d r o s t a t i c  s t a t e .  The i n f l u e n c e  of con- 
f i n i n g   p r e s s u r e   ( e x p r e s s e d   b y   t h e  mean normal stress) on t h e  s h e a r i n g  
r e s i s t a n c e   ( e x p r e s s e d   b y   t h e  deviator ic  s t a t e  of stress) o f  soils 
may be conduc ted   by   va ry ing  t h e  c o n f i n i n g   p r e s s u r e s .  More i m p o r t a n t l y ,  
b y   v a r y i n g   t h e   s h e a r i n g   s t r a i n - r a t e ,   t h e   r h e o l o g i c a l   e q u a t i o n   o f  
s t a t e  f o r   c l a y  may be d e t e r m i n e d   e x p e r i m e n t a l l y   w i t h   e q u a t i o n  ( 2 ) .  

An e x p e r i m e n t a l   p r o c e d u r e  is described i n   t h e   f o l l o w i n g   s e c t i o n  for 
m e a s u r i n g   t h e   s h e a r i n g  stress a n d   s h e a r i n g   s t r a i n - r a t e  of a c l a y  
sample.  
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TORSION  TEST  METHOD 

The   ma in   ob jec t ive  of t h i s  s t u d y  was t o  d e v i s e  a n  e x p e r i m e n t a l  
method  by which s o i l  f l o w   p r o p e r t i e s   c o u l d  be measu red   by   sub jec t ing  
t h e  s o i l   s p e c i m e n   t o  a un i fo rm  and   pu re  s t a t e  of  stress i n t r o d u c e d  
t o r s i o n a l l y .  The r e q u i r e m e n t s   f o r  t h e  test  method are:  

1. 

2. 

3. 

4. 

Develop a r o t a t i n g   t e s t i n g   d e v i c e  capable o f   a p p l y i n g  
a n   i n s t a n t a n e o u s   s t e p - l o a d i n g   o n  t h e  sample. 

Acqui re   equipment   to   measure  t h e  magnitude and  speed of 
t h e  app l i ed  t o r q u e ,   a n d  t h e  a n g u l a r   v e l o c i t y   o f  t h e  

sample. 

P r o v i s i o n   f o r   v a r y i n g  t h e  c o n f i n i n g   p r e s s u r e   o n  t h e  

sample by modi fy ing  and  a d a p t i n g  a n  e x i s t i n g   t r i a x i a l  
c e l l .  

Sample p r e p a r a t i o n   t e c h n i q u e   f o r  making t h i n - w a l l  hol low 
c y l i n d e r  s o i l  samples. 

S i n c e  i t  is d i f f i c u l t   t o   m e a s u r e  d i r e c t l y  t h e  shear stress and  s t r a i n  
w i t h i n  t h e  s a m p l e ,   i n  t h i s  exper iment  t h e  appl ied t o r q u e  was measured 
b y  a t o r q u e   t r a n s d u c e r  and  s h e a r i n g  s t ra in- ra te  was de termined  from 
t h e  a n g u l a r   v e l o c i t y .  

Tor s ion   Appara tus  

F i g u r e  2 shows a schematic a n d   F i g u r e  3 shows  photographs  of  
t h e  t o r s i o n   a p p a r a t u s   a n d  i t s  measur ing   sys tems.  I n  t h i s  a p p a r a t u s ,  
t h e  f l y w h e e l  was r o t a t e d  a t  a ce r t a in  speed  and t h e  t o r q u e   a p p l i e d  
i n s t a n t a n e o u s l y   t o  t h e  sample by a c l u t c h   s y s t e m .  A t r a n s d u c e r ,  
i d e n t i f i e d   o n  t h e  f i g u r e ,   m e a s u r e d  t h e  t o r q u e .  

The f l y w h e e l ,   w e i g h i n g  356 newtons,  was s u p p o r t e d  b y  a hardenec! 
s t a in l e s s  s t ee l  s h a f t  which c o u l d   r o t a t e   a n d  move f r e e l y  v e r t i c a l l y  
by a combina t ion   of  l i nea r  b a l l  b e a r i n g s  and  p r e c i s i o n   b a l l  bear ings .  
The f l y w h e e l  was d r i v e n  by a n  a i r  j e t  on t h e  t u r b i n e  and t h e  speed  
o f   r o t a t i o n   m e a s u r e d   b y  a m a g n e t i c   c o u n t e r .  A t  t h e  lower  e n d  of 
t h e  f l y w h e e l  s h a f t ,  a s p r i n g - l o a d e d   t e m p e r e d - s t e e l  jaw was released 
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by a m e c h a n i c a l   c l u t c h ,   w h i c h  when engaged t o   t h e   t o r s i o n a l   s h a f t ,  
a p p l i e d   a n   i n s t a n t a n e o u s   t o r s i o n a l  moment on the   spec imen  i n  t h e  
t r i a x i a l  chamber a t  t h e  same rate  of a n g u l a r   r o t a t i o n  asythe f l y -  
whee l .   The   angu la r   ro t a t ion   o f   t he   spec imen  is a l s o   m e a s u r e d   w i t h  
a m a g n e t i c   c o u n t e r .  The c l u t c h   s e r v e d  t w o  i m p o r t a n t   f u n c t i o n s :  
w h i l e  it r a p i d l y   e n g a g e d   t h e   f l y w h e e l   t o   t h e   t o r s i o n a l  s h a f t ,  i t  
a l s o   r a p i d l y   d i s e n g a g e d   t h e   t o r s i o n a l   s h a f t   f r o m   t h e   f l y w h e e l   a f t e r  
t h e   s p e c i m e n   h a d   b e e n   r o t a t e d  90°. The  disengagement   prevented 
any  damage t o   t h e   t o r q u e - s e n s i n g   s y s t e m   i n s i d e   t h e   t r i a x i a l   c h a m b e r .  

A s t a n d a r d   t r i a x i a l   c h a m b e r  was m o d i f i e d   t o   c o n t a i n   t h e   c y l i n -  
d r i ca l  sample.   The  sample was h e l d   f i r m l y  a t  t h e  base, a n d   t h e   t o p  
o f   t h e   s p e c i m e n   c o n n e c t e d   t o   t h e   t o r s i o n a l   s h a f t ,   w h i c h   h a d   t o  be 

f i t t e d   p r e c i s e l y   t o   t h e   c h a m b e r   h o u s i n g   o f   t h e   t r i a x i a l  c e l l .  T h i s  
t i g h t   f i t  which is r e q u i r e d   t o   c o n t a i n   t h e   h y d r o s t a t i c   p r e s s u r e   i n  
t h e  chamber, d e v e l o p e d   s u b s t a n t i a l   f r i c t i o n  between t h e  chamber 
hous ing  and  t h e   s h a f t .  To e l imina te  t h e   e f f e c t   o f   t h e   f r i c t i o n ,  
a s p e c i a l l y - c o n s t r u c t e d   t o r s i o n   t r a n s d u c e r  was mounted  between 
t h e   s h a f t   a n d   t h e   t o p   o f  t h e  sample  cap.  The e lec t r ica l  leads of  
t h e  t r a n s d u c e r  were p a c k e d   i n s i d e   t h e   s h a f t ,   w h i c h   a l s o   s e r v e d  as 
a n  e l ec t r i ca l  c o n n e c t o r   f o r   t h e   t r a n s d u c e r .  The leads l e f t   t h e  
s h a f t   o u t s i d e   t h e   t r i a x i a l   c h d m b e r .  

Sample   P repa ra t ion  U n i t  and   Procedure  

The s i ze  of t h e  sample  used i n  t h i s   s t u d y  was 7 .62  c m  h i g h   w i t h  
a 1 .27   cm- th ick  wa l l ,  h a v i n g   i n s i d e  and  o u t s i d e  diameters, r e s p e c -  
t i v e l y ,   o f   7 . 6 2  c m  and   10 .16  c m .  The r a p i d   a p p l i c a t i o n  of a t o r -  
s i o n a l  moment o n   t h e   h o l l o w   c l a y   s p e c i m e n   c r e a t e d  a bonding  problem 
between t h e   t o p   a n d   b o t t o m   l o a d i n g   c a p s   a n d   t h e   s a m p l e .   T h e   p r o b l e m  
w a s  s o l v e d   b y   c o n s o l i d a t i n g   t h e   h o , l l o w   c l a y   s a m p l e   w i t h   t h e   t o p   a n d  
b o t t o m   l o a d i n g   c a p s   i n   p l a c e .  

The d r y  c lay   powder  was m i x e d   w i t h   t h e   p r o p e r  amount of d i s t i l l e d  
water a n d   t h e   m i x t u r e  w a s  a l l o w e d   t o   s o a k  f o r  24   hour s .   The   s lu r ry ,  
a t  water c o n t e n t s   v a r y i n g   b e t w e e n  70% and  80%, was thoroughly   mixed  
a n d   p l a c e d   i n   t h e   c o n s o l i d a t i o n   m o l d   t h r o u g h  a funne l .   The   conso l i -  
da t ion   mo ld  (see f i g .  4 )   c o n s i s t e d   o f  a s p l i t   c y l i n d e r   w i t h   1 0 . 1 6  c m  
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i n t e r n a l   d i a m e t e r   f o r m i n g   t h e   o u t s i d e   m o l d ,   a n d  a s o l i d  core 
c y l i n d e r   o f   7 . 6 2  c m  d i a m e t e r   f o r m i n g   t h e   i n s i d e   m o l d .  A bo t tom 
cap ,   wh ich   s e rved  as t h e   b o t t o m   l o a d i n g   c a p   o f   t h e   s a m p l e ,   a n d  a 
t o p   c a p ,   w h i c h   s e r v e d  as  t h e   t o p   l o a d i n g   c a p  of t h e   s a m p l e ,  com- 
p l e t e d   t h e   m o l d .   T h e   i n s i d e  face of t h e   s p l i t   c y l i n d e r   a n d   t h e  
s u r f a c e   o f   t h e   s o l i d   c o r e   c y l i n d e r  were l i n e d   w i t h   p a p e r   c l o t h  
which   se rved  as a n   e f f e c t i v e   f i l t e r   d u r i n g   t h e   c o n s o l i d a t i o n  
p r o c e s s   f o r   d r a i n a g e   u n d e r   r a d i a l   f l o w .  The v e r t i c a l   c o m p r e s s i o n  
of t h e  sample was ach ieved   by   app ly ing  a v e r t i c a l   f o r c e  on  t h e  top 
cap   t h rough  a r i g i d   p i s t o n   d r i v e n   b y  a p n e u m a t i c   j a c k .  By g r a d u a l l y  
v a r y i n g   t h e   v e r t i c a l   c o n s o l i d a t i o n   p r e s s u r e   f o r   a p p r o x i m a t e l y  48 

h o u r s ,  a h o l l o w   c y l i n d r i c a l   s a m p l e ,   w i t h   t h e   t o p   a n d   b o t t o m   l o a d i n g  
c a p s   i n   p l a c e ,  was r e a d y   f o r   t e s t i n g .   F i g u r e  5a shows a sample  
m o u n t e d   o n   t h e   b a s e   o f   t h e   t r i a x i a l   c h a m b e r   w i t h   t h e   t o r s i o n   t r a n s -  
d u c e r   p l a c e d   o n   t h e   t o p   l o a d i n g   c a p .   T h e   h o r i z o n t a l   w r i n k l e  l i n e s  
on   t he   s ample  were formed  by   the  ve r t i ca l  movement o f   t h e   p a p e r  
c l o t h ,   b u t   t h e s e   l i n e s   d i d   n o t   i n f l u e n c e   t h e   s h e a r i n g  resistance 
o f   t h e   s a m p l e .   F i g u r e s  5 and 6 show va r ious   de fo rmed   shapes  of 
t h e   s a m p l e   a f t e r   t h e  tests were comple ted .  

Miss i s s ipp i   Bucksho t   C lay  was u s e d   f o r  a l l  t h e  tests. T h i s  
was t h e  same t y p e  of c l a y   u s e d   i n   t h e  test b e d s  a t  NASA ( r e f s .  2 
and 3 )  f o r   t h e   m e a s u r e m e n t   o f   d r a g   l o a d s   o n   a n   a i r c r a f t  t i r e  d u r i n g  
h i g h - s p e e d   o p e r a t i o n s   i n  c lay  s o i l .   F i g u r e s  7 and 8 show t h e  
g r a d a t i o n   c u r v e   a n d   t h e   c o m p a c t i o n   c h a r a c t e r i s t i c s   g i v e n  i n  
r e f e r e n c e   2 .  The c o n s i s t e n c y  limits of t h e   c l a y  (CH)  g i v e n   i n  
r e f e r e n c e  2 are:  

L i q u i d  L i m i t  61% 

P l a s t i c  L i m i t  28% 

P l a s t i c   I n d e x  33% 

The d r y   c l a y   p o w d e r   u s e d   i n   t h e   s a m p l e   p r e p a r a t i o n   p a s s e d   t h r o u g h  
a U . S .  S t a n d a r d  N o .  1 2  sieve w i t h  1 .651 mm open ings .  

The water c o n t e n t  of t h e   s a m p l e s  for t h e   t o r s i o n  t es t s  v a r i e d  
from 30.1 t o  34 .5%,   wi th  a d r y   u n i t   w e i g h t   c o r r e s p o n d i n g   t o   1 4 . 6  
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and 13.7 kN/m3. The a v e r a g e  water c o n t e n t  of a sample w a s  d e t e r -  
mined a t  t h e   e n d   o f   t h e  test from a t o t a l  of n i n e  water c o n t e n t  
m e a s u r e m e n t s ,   w i t h   t h r e e   e a c h   b e i n g   t a k e n  from t h e   t o p ,   m i d d l e ,  
and  bot tom  of   the  sample.  Some t y p i c a l   r e s u l t s  are g i v e n  i n  
Tab le  1. The v a r i a t i o n   o f  water c o n t e n t   i n   t h e   s a m p l e  shown 
is +- 1.2%. 

T e s t i n g   P r o c e d u r e  

A t  t h e   e n d  of t h e   c o n s o l i d a t i o n   p e r i o d ,   t h e   i n n e r   s o l i d   c o r e  
was removed  by a h y d r a u l i c   j a c k .   W i t h   t h e   s p l i t   c y l i n d e r   o p e n e d ,  
t h e   l a y e r s   o f   p a p e r   c l o t h  on t h e   i n n e r   a n d   o u t e r   s u r f a c e  of t h e  
c y l i n d e r  were removed.  The  sample was seated on t h e   t r i a x i a l  c e l l  
base and  t h e   t o r s i o n   t r a n s d u c e r   u n i t  w a s  mounted   on   the   top   cap .  
With t h e  t r i a x i a l  chamber  completely assembled a n d  p l a c e d  i n  t h e  
t o r s i o n   a p p a r a t u s ,   t h e   t o r s i o n a l   s h a f t  w a s  c o n n e c t e d   t o  t h e  t o r q u e  
t r a n s d u c e r   s h a f t  by t h e   c o u p l e r .  The r o t a t i o n   o f  t h e  sample w a s  
measured  from t h e  coup le r   by  a magne t i c   p i ckup  (see f i g s .  2 and  3) 

By r e g u l a t i n g  t h e  a i r  p r e s s u r e ,   t h e  a i r  n o z z l e   t u r n e d   t h e  
f l y w h e e l  u n i t   u n t i l  i t  reached a s t e a d y   r o t a t i o n  i n d i c a t e d  b y   t h e  
magne t i c   p i ckup .   The   c lu t ch  was r a p i d l y   e n g a g e d   b y   l o w e r i n g   t h e  
c l u t c h  h a n d l e  and  t h e  tes t  was c o m p l e t e d   i n  a v e r y   s h o r t  time. 
The specimen w a s  s u b j e c t e d   t o  a n  a l m o s t   i n s t a n t a n e o u s  increase 
o f   a n g u l a r   r o t a t i o n  of t h e  same magnitude as t h a t  of t h e   f l y w h e e l ,  
s i n c e   t h e  mass r a t i o   b e t w e e n   t h e   f l y w h e e l  a s sembly  and   the   spec imen 
a s s e m b l y   ( i n c l u d i n g   t h e   t o r s i o n   t r a n s d u c e r )  was 30 t o  1. 

The e l ec t r i ca l  o u t p u t   f r o m   t h e   t o r s i o n   t r a n s d u c e r  w a s  ampli-  
f i e d  and  recorded   on  a d i r e c t - w r i t e   o s c i l l o g r a p h .  The o u t p u t s   o f  
t h e   m a g n e t i c   p i c k u p  were f e d   d i r e c t l y  t o  t h e   o s c i l l o g r a p h .  A l l  
tests i n   t h i s   s t u d y  were c o n d u c t e d   w i t h   z e r o   c o n f i n i n g   p r e s s u r e .  

T y p i c a l  test r e s u l t s  are shown i n  F i g u r e  9.  The t o p  trace 
i n d i c a t e s   t h e   a n g u l a r   r o t a t i o n  of the   f l ywhee l .   Wi th  80 peaks  
p e r   r e v o l u t i o n ,   t h e   a n g u l a r   v e l o c i t y  is d e t e r m i n e d   f r o m   t h e  time 
p u l s e s ,   w h i c h  were set  a t  0 .1 - second   i n t e rva l s .   The   nex t   l ower  
trace i n d i c a t e d   t h e   a n g u l a r   r o t a t i o n   o f   t h e   s p e c i m e n .   T h e   l o w e s t  
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trace r e c o r d e d  t h e  s i g n a l  from t h e  t o r s i o n   t r a n s d u c e r .   J u s t  before 
and af ter  t h e  t es t ,  a c a l i b r a t i o n   s i g n a l   f r o m  t h e  b a l a n c i n g   u n i t  
was e l e c t r o n i c a l l y   i n d u c e d .  The c a l i b r a t i o n   s i g n a l  represented a 
t o r q u e  of 4.86 N*m . The same magnitude  of  t h e  c a l i b r a t i o n   s i g n a l  
b e f o r e   a n d  a f te r  t h e  test i n d i c a t e d  t h e  s t a b i l i t y   o f  t h e  e l e c t r o n i c  
sys t em.  

ANALYSIS O F  DATA 

F i g u r e s   5 b ,  5c and 6 show  some t y p i c a l  f i n a l  shapes of t h e  

s o i l  sample a t  t h e  e n d  of  a t e s t .  I t  was g r a t i f y i n g  t o   n o t e  t h a t  

none  of t h e  tests showed  any  bond f a i l u r e   b e t w e e n  t h e  s o i l  sample , 

and t h e  l o a d i n g  p la tes .  A s  e x p e c t e d ,  samples w i t h  low d e n s i t y  
( h i g h  water conten t )   would   deform w i t h  t h e  charac te r i s t ic  t o r s i o n a l  
twist ( f i g s .  5c or  6 a ) ,  whereas samples w i t h  h ighe r  d e n s i t y   ( l o w  
water conten t )   would   deform w i t h  a d i a g o n a l  b r i t t l e  f r a c t u r e  ( f i g s .  

5b o r  6 b ) .  

The t es t  r e s u l t s   f o r  t h e  t o r s i o n a l  resistance (see f i g .  9 )  

re f lec t  t h e  combined   shear ing  resistance of t h e  s o i l  and  t h e  i n e r t i a  
effect  o f   t h e   t r a n s d u c e r  and  t o p  cap l o a d i n g   p l a t e ,  I n  t h e  absence  
o f   a n   a n a l y t i c   s o l u t i o n   t o   s e p a r a t e  these e f f e c t s ,  i t  was n e c e s s a r y  
to   conduc t   dynamic  tests t o   i s o l a t e  t h e  resistance due t o  t h e  

i n e r t i a   o f  t h e  measur ing  s y s t e m .  A series o f   i n e r t i a  tests were 
conduc ted   by   suppor t ing  t h e  t o r s i o n   t r a n s d u c e r   i n  t h e  t r i a x i a l  
chamber w i t h  b a l l  b e a r i n g s .  A dummy b l o c k   s e c u r e d  a t  t h e  b a s e  of 
t h e  t r i a x i a l  chamber ra ised t h e  t r a n s d u c e r   t o   a p p r o x i m a t e l y   t h e  
same he igh t  a s  d u r i n g  t h e  shear t es t s .  The  dynamic  response  due 
t o   i n e r t i a  e f f ec t s  i n d i c a t e d  a l i n e a r  r e l a t i o n s h i p   b e t w e e n  t h e  

s h e a r i n g  resistance ( f r o m   i n e r t i a )  and  t h e  a n g u l a r   v e l o c i t y   ( s e e  
f i g .  IO). 

The s h e a r i n g  res is tance of  t h e  h o l l o w   s o i l  specimen w a s  t h e n  
de te rmined  from t h e  d i f f e r e n c e   o f  t h e  shear t es t  r e s u l t s  and  t h e  

i n e r t i a  t es t  r e s u l t s  a t  t h e  c o r r e s p o n d i n g   a n g u l a r   v e l o c i t y   o f  the  

t o p   l o a d i n g  p l a t e .  

12 



The s h e a r i n g  stress d i s t r i b u t i o n  of a h o l l o w   c y l i n d e r   d u e   t o  
a n   a p p l i e d   t o r q u e  is w e l l  e s t a b l i s h e d   ( r e f .  11) f o r   t h e  case where 
t h e  e l a s t i c  l i m i t  of t h e  material is no t   exceeded .   The   shea r ing  
stress d i s t r i b u t i o n   a f t e r   t h e  e l a s t i c  l i m i t  is exceeded is n o n l i n e a r .  
S i n c e  a l l  tests were conducted  i n  t h i s   s t u d y  w i t h  z e r o   c o n f i n i n g  
p r e s s u r e ,   t h e   s h e a r i n g  e las t ic  l i m i t  i n   c l a y  i s  v e r y  much smaller 
t h a n   t h e   u l t i m a t e   s h e a r i n g  stress. Fur the rmore ,  for a t h i n - w a l l  
h o l l o w   c y l i n d e r ,   t h e  stress d i s t r i b u t i o n  is v e r y   n e a r l y   t h e  same 
i n  t h e   p l a s t i c   r a n g e .  To e s t a b l i s h   t h e   s h e a r i n g   r e s i s t a n c e - s t r a i n  
ra te  (T - i )  d i a g r a m s   i n  t h i s  s t u d y ,   t h e   c l a y  is t r e a t e d  as an  
i d e a l l y   p l a s t i c   s o l i d .  

The r e l a t i o n s h i p   b e t w e e n   t h e   m e a s u r e d   t o r q u e   a n d   t h e  maximum 
s h e a r i n g  stress i n   t h e   h o l l o w  c y l i n d e r  sample is ( f rom  the   Appendix)  

The r e l a t i o n s h i p  be tween t h e   s h e a r i n g   s t r a i n - r a t e  a t  t h e  
sample and  t h e   a n g u l a r   v e l o c i t y  a t  t h e  t o p  of t h e   s a m p l e   ( t h e  
bottom  of  sample is f i x e d ) ,   f o r   l a r g e   d e f o r m a t i o n  is (see Appendix) 

For a t h i n - w a l l  h o l l o w   c y l i n d e r ,   t h e   s t r a i n - r a t e  is assumed t o  be 

t h e  same a c r o s s   t h e   s a m p l e  s o  t h a t   t h e  mean r a d i u s  is u s e d  i n  
e q u a t i o n  ( 4 ) .  

A l l  t h e  tes t  r e s u l t s  (see f i g .  9 )  i n d i c a t e d   t h a t   t h e  maximum t o r q u e  
w a s  r e c o r d e d  a t  a n  a n g u l a r   d i s p l a c e m e n t  a t  t h e   t o p  of t h e   s a m p l e  of 
4 = 0.07 r ad ians  ( 4 . 5 O ) .  The  second term i n   t h e   d e n o m i n a t o r  of 
e q u a t i o n  ( 4 )  is n e g l e c t e d   a n d   e q u a t i o n  ( 4 )  is r e d u c e d   t o  - 13 
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S i n c e   t h e   s a m p l e  was 
t h e   a n g u l a r   v e l o c i t y  
t h e   a n g u l a r   v e l o c i t y  

t o r q u e d   v e r y   r a p i d l y   t h r o u g h  a l a r g e   f l y w h e e l ,  
of t h e   t o p   o f   s a m p l e  w a s  almost t h e  same as 
o f   t h e   f l y w h e e l   d u r i n g   t h e   i n i t i a l   p e r i o d  when 

t h e  maximum t o r q u e  was developed .  The s t r a i n - r a t e   o f  t h e  specimen 
w a s  d e t e r m i n e d   f r o m   t h e   a n g u l a r   v e l o c i t y  of t h e   f l y w h e e l   u s i n g  
e q u a t i o n  (5 ) .  

The tests were c o n d u c t e d   f o r  a r a n g e  of water c o n t e n t  i n  a 
s a t u r a t e d ,   u n d r a i n e d  s t a t e .  S i n c e   t h e   v a r i a t i o n   o f  water c o n t e n t  
i n  each specimen was k 1 . 2 % ,   t h e  tes t  r e s u l t s  were a n a l y z e d   f o r  
water c o n t e n t   i n   t h e   f o l l o w i n g   f o u r   g r o u p s :  

30% < w < 31% mean water c o n t e n t  = 30.5% 

31% < w < 32% mean water c o n t e n t  = 31.5% 

32% < w < 33% mean water c o n t e n t  = 32.5% 

33% < w < 34% mean water c o n t e n t  = 33.5% 

F i g u r e s   9 a ,   9 b  a n d  9c  are p h o t o g r a p h s   o f   t y p i c a l  t e s t  r e s u l t s .  
The a p p l i e d  s t ra in-rates  are 4.8 ,  1 3 . 3 ,  and  2 . 3   r a d / s e c ,   r e s p e c t i v e l y .  
Rega rd le s s   o f  t h e  m a g n i t u d e   o f   s t r a i n - r a t e ,  a l l  r e s u l t s  i n d i c a t e d  
t h a t  t h e  maximum s h e a r i n g  stress o c c u r r e d  a t  small a n g u l a r   d i s p l a c e -  
m e n t s  and t h e  s h e a r i n g  stress l e v e l  is re la ted  t o  t h e  d r y  d e n s i t y  

of t h e  c lay e x p r e s s e d   i n  terms of water c o n t e n t .  

F o r   a n   a p p l i e d   s h e a r i n g  r a t e  of less t h a n  15 r a d / s e c ,  t h e  

s h e a r i n g   s t r a i n - r a t e   r e l a t i o n s h i p  may be e x p r e s s e d  by a n  exponen- 
t i a l  func t ion   wh ich   approaches  a cer ta in  c o n s t a n t  stress w i t h  

s t ra in- ra te  as (see f i g .  11): 

'I = a(l - e 4 )  

The va lue   o f  t h e  c o e f f i c i e n t  a, which is e q u a l   t o  t h e  maximum 
u l t i m a t e   s h e a r i n g  resistance o f   t h e   s o i l ,  c a n  be found   f rom  the  
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a s y m p t o t i c   s h e a r  stress as p r e s e n t e d   i n   F i g u r e  11. T h e s e   v a l u e s  
are summarized as a f u n c t i o n   o f  mean water c o n t e n t  i n  F i g u r e  12 ,  

which   shows  tha t  a i n c r e a s e s   w i t h   d e c r e a s i n g  water c o n t e n t   a n d  
a p p e a r s   t o   b e   l i n e a r   i n   t h e   r a n g e   b e t w e e n  30 and 33%. Due t o   l a c k  
o f   e x p e r i m e n t a l   r e s u l t s ,  it cannot  be e x p l a i n e d  why t h e   v a l u e   o f  
c o e f f i c i e n t  a becomes   cons tan t  a t  h i g h e r  water c o n t e n t s .  

The v a l u e  of c o e f f i c i e n t  6 i n   e q u a t i o n  ( 6 )  can be found  by 
p l o t t i n g   s t r a i n - r a t e  as a f u n c t i o n  of l o g  (a - T )  s i n c e   t h e   l o g a -  
r i t h m  of t h a t   e q u a t i o n   y i e l d s  

y = *Fog 2 3  a - l o g  (a - )I 
T h i s   r e l a t i o n s h i p  i s  p r e s e n t e d   i n   F i g u r e  13. The  magnitude  of f3 

is  t h e   s l o p e   o f   t h e   r e s u l t i n g   c u r v e   a n d   e q u a l s  0.35 regardless o f  
t h e  water c o n t e n t  range. The a and (3 f o r   v a r i o u s   d r y   d e n s i t y  
and water c o n t e n t  are summarized i n  Table 2 .  

The e x p e r i m e n t a l   r e s u l t s   d e m o n s t r a t e d   t h e   n o n - v i s c o e l a s t i c  
r e s p o n s e  of t h e   c l a y   u n d e r   d y n a m i c   l o a d i n g .   T h e   r e l a t i o n s h i p  
be tween stress and s t r a i n - r a t e   c a n n o t   b e   d e s c r i b e d   b y  a s i m p l e  
c o n s t a n t .  such  as a N e w t o n i a n   v i s c o s i t y .   S i n c e   t h e   s h e a r  stress 
approaches  a maximum v a l u e  as t h e   s t r a i n - r a t e  increases ( w i t h i n  
t h e  tes t  r a n g e   c o v e r e d  i n  t h i s   i n v e s t i g a t i o n )   t h e   c l a y   b e h a v e d  as  
a p s e u d o p l a s t i c  or s h e a r - t h i n n i n g   b o d y .  T h i s  non-Newtonian  flow 
b e h a v i o r  i s  o f t e n  described b y  a n  a p p a r e n t   v i s c o s i t y  ( r e f .  1 2 )  
where 

F i g u r e  14 g i v e s  a t y p i c a l   p l o t   o f   a p p a r e n t   v i s c o s i t y  as a f u n c t i o n  
of s t r a i n - r a t e .  

The  a p p a r e n t   v i s c o s i t y  is a d o p t e d   i n  many e n g i n e e r i n g   a p p l i -  
c a t i o n s .  T h e   a p p a r e n t   v i s c o s i t y   i n c r e a s e s   l i n e a r l y   w i t h   i n c r e a s i n g  
d r y   d e n s i t y .   F o r   e a c h   d r y   d e n s i t y ,   t h e   a p p a r e n t   v i s c o s i t y  decreases 
as t h e   s t r a i n - r a t e   i n c r e a s e s ,  as shown i n   t h e   f i g u r e .  T h i s  d e c r e a s e  
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r e s u l t s   i n   r e d u c e d   e n e r g y   r e q u i r e m e n t s   i n  many e n g i n e e r i n g   a p p l i c a -  
t i o n s .  For i n s t a n c e ,   i n  t h e  p r o b l e m   c o n c e r n i n g   a i r c r a f t   o p e r a t i o n  
on s o i l  r u n w a y s ,   t h e   r e d u c e d   e n e r g y   r e q u i r e m e n t   i m p l i e s  a lower  
drag o n   t h e   l a n d i n g   g e a r .   I n   t h e   p r o b l e m   c o n c e r n i n g   e a r t h   m o v i n g  
and t i l l age  i n d u s t r i e s ,   t h e   e n e r g y   r e q u i r e m e n t   r e d u c t i o n  is impor- 
t a n t   t o   t h e   d e s i g n   a n d   o p e r a t i o n   o f   t h e   e q u i p m e n t .  

SUMMARY AND CONCLUSIONS 

1. A new e x p e r i m e n t a l   m e t h o d   f o r   s t u d y i n g  t h e  e f fec t  of  r a t e  
o f   shea r ing   on  t h e  s h e a r i n g  resistance o f   c o h e s i v e   s o i l s  h a s  been 
p r e s e n t e d   i n  t h i s  i n v e s t i g a t i o n .  

2 .  The e q u a t i o n   o f  s t a t e  r e l a t i n g  t h e   u l t i m a t e   s h e a r i n g  
resistance t o   t h e  s t r a in - r a t e  can be described. The p s e u d o p l a s t i c  
b e h a v i o r   c a n n o t  be described w i t h  l i n e a r   r h e o l o g i c a l   m o d e l s .  

3 .  The r h e o l o g i c a l   c o e f f i c i e n t  a v a r i e s  l i n e a r l y  w i t h  t h e  

d r y  d e n s i t y   o f  t h e  c l a y   t o  a c e r t a i n   l o w e r  limit and  r e m a i n s  c o n s t a n t  
as t h e   d r y   d e n s i t y  decreases. 

4 .  The r h e o l o g i c a l   c o e f f i c i e n t  f3 is c o n s t a n t   f o r  t h e  c l a y .  

5. For a g i v e n   d r y   d e n s i t y ,  t h e  a p p a r e n t   v i s c o s i t y  decreases 
w i t h   i n c r e a s i n g   s t r a i n - r a t e .  

6 .  The i n f l u e n c e   o f  t h e  mean no rma l   p re s su re   on  t h e  r h e o l o g i c a l  
p r o p e r t i e s   o f   c l a y  is n o t   i n c l u d e d  i n  t h i s  s t u d y .  
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APPENDIX 

( A )  R e l a t i o n s h i p   b e t w e e n  shear stress a n d   a p p l i e d   t o r q u e   i n   t h e  
p l a s t i c   r a n g e .  

T 

d r  r = R ,  i n s i d e   r a d i u s  

r = R, o u t s i d e   r a d i u s  

I n  t h e  p l a s t i c  s t a t e ,  t h e  shear stress a c r o s s  t h e  c y l i n d e r  wall  i s  
c o n s i d e r e d  t o  be c o n s t a n t .   C o n s i d e r i n g  t h e  e q u i l i b r i u m   c o n d i t i o n  
t h a t  t h e  appl ied  t o r q u e  is e q u a l   t o  t h e  t o t a l   i n t e r n a l   t w i s t i n g  
moment, y i e l d s  

T =/. max r dA 

o r  

T - 3 T 
max 2~ (R; - R ? )  
” 
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( B )  R e l a t i o n s h i p   b e t w e e n   s t r a i n - r a t e   a n d   a n g u l a r   v e l o c i t y  from 
f i g u r e  1, 

For $J - < 7 O  and small v a l u e s  for R ,  t h e  second term i n  t h e  
denominator  of t h e   r i g h t   h a n d  side may be neg lec t ed   and  1. may 
be   expres sed  by 

R d$ y = "  
h d t  

19 
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T a b l e  1 

Water C o n t e n t  a t  Various L o c a t i o n s  on a T y p i c a l  Sample 

L o c a t i o n   o n  
Sample 

Water C o n t e n t ,  % 

A C B 

Middle 30.5  31.0  30.2 

Bottom 29.5  29.0 

I Average 29.9 k 1 . 2  I 

Mean Water 
C o n t e n t  

T a b l e  2 

Values o f   C o e f f i c i e n t s  a a n d  6 

Mean Dry 
Ratio U n i t   W e i g h t  Void a B 

kN/m3 N/m2 x lo4 s e c o n d  

14.49 

14.25 

.35 12 .84  

.35   6 .7   .92  13.88 

.35 6.7  .89 14.10 

.35  9.5 .87 

20 



(a) cylinder in pure  torsion 

z 

). 

I 
1'". -" I k 

i I / '. I '  0 
""" 

(b) stresses  on  volume element 

Figure 1. Reference  axes  and  stress  system. 
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1 

A .  Turb ine  
B .  Flywheel  
C .  Clutch  assembly 
D .  T o r s i o n   s h a f t  
E .  Coupler  
F.  T r i a x i a l  ce l l  

G .  T o r q u e   t r a n s d u c e r  
H.  T e s t  sample 
I .  L o a d i n g   p l a t e  
J .  C l u t c h   h a n d l e  
K.  Magne t i c   coun te r  
L .  L i n e a r  b a l l   b e a r i n g s  

F i g u r e  2 .  T o r s i o n   a p p a r a t u s .  
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Figure 4.-  Photograph of sample prepara t ion  unit. 
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( a )  Sample before   t es t ing  (b) LOW water-content 
sample after t e s t i n g  

( c )  High water-content 
sqnple after tes t ing .  

Figure 5.- Photograph of t es t  samples. 
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( a )  High water-content  sample (b)  Low water-content  sample 

Figure 6.- Photograph of t e s t  sample i n  triaxial c e l l .  
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F i g u r e  7 .  Gra in  s ize  d i s t r i b u t i o n  of c l a y  (ref. 2 ) .  
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A T 9 9   R e u s e d   S o i l  

0 T99 N e w  S o i l  

0 K n e a d i n g   C o m p a c t o r  
(1034 kN/,2 f o o t   p r e s s u r e )  

A K n e a d i n g   C o m p a c t o r  
( 6 8 9  kN/, foot p r e s s u r e )  2 

0 K n e a d i n g   C o m p a c t o r  
( 3 4 5  kN/,’ f o o t   p r e s s u r e )  
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Vol.  Water 
Vol.   Voids 

\ 

= 100”/. for  Zero  Air Voids ‘A 

1 1 I I 1 I 
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Moisture  content - percent 

Figure 8. Compaction  property of clay (ref. 2). 



( a )  Water content = 70% ; shearjqg s t ra in- ra te  = 4.8 rad/s,ec. 

Figure 9.- Photographs of typical  recorded tb le  h i s to r i e s .  
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(h) Water content = 31.3 % ; shear ing   s t ra in- ra te  = 13.3 rad/sec.  

Ftgure 9.- Continued. 
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LC) Water content = 32.7 % ; shear ing  s t ra in-rate  = 2.3 rad/sec. 

'Figure 9.- Concluded. 
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F i g u r e  10. Dynamic r e s p o n s e   d u e   t o  i n e r t i a  of t h e   t o r q u e   s e n s i n g  system. 
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( a )  mean water c o n t e n t  = 30.5% 
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F i g u r e  11. 
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S h e a r i n g   s t r a i n - r a t e ,  y ,  r a d / s e c  

( b )  mean water c o n t e n t  = 31.5% 

P l o t  of s h e a r i n g  stress v s .  s t r a i n - r a t e .  
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( d )  mean water c o n t e n t  = 33.5% 

F i g u r e  11. Concluded. 
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F i g u r e  1 2 .  Re la t ionsh ip   be tween  
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a - T  

F i g u r e  13. P l o t  of s t r a i n - r a t e  v s .  l o g l o  (a - T) 
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S t r a i n - r a t e ,  

(a )   Newtonian   and   non-Newtonian   v i scos i ty  

0 
II) 

0 mean d r y   u n i t   w e i g h t  = 14.49  kN/m3 

A mean d r y   u n i t   w e i g h t  = 1 4 . 2 5  kN/m3 

0 mean d r y   u n i t   w e i g h t  = 14.10 kN/m3 

0 mean d r y   u n i t   w e i g h t  = 14.49  kN/m3 

A mean d r y   u n i t   w e i g h t  = 1 4 . 2 5  kN/m3 

0 mean d r y   u n i t   w e i g h t  = 14.10 kN/m3 

I I I 
0 5 10 15 

. 
S t r a i n - r a t e ,  y ,  r a d / s e c  

(b )  A p p a r e n t   v i s c o s i t y  v s .  s t r a i n - r a t e  

F i g u r e  1 4 .  Newtonian   and   non-Newtonian   v i scos i ty ,  
a n d   p l o t  of a p p a r e n t   v i s c o s i t y   v e r s u s  
s t r a i n - r a t e .  

36 NASA-Langley, 1976 CR-2634 


