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L a r g e  m a c h in e s  and r e p e a t e d  t r a f f i c  o f  modern f a r m i n g  

a r e  c o m p a c t i n g  o u r  a g r i c u l t u r a l  s o i l s *  The l a c k  o f  i n f o r ­

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

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

f o r  t h e  s o l u t i o n ,  an e m p i r i c a l  s t u d y  was c o n d u c t e d  in  w h ic h  

b u l k  d e n s i t y  o f  s o i l  w as  m ea su red  a t  v a r i o u s  m e a n - s t r e s s  

l o a d i n g s *  A c c o r d i n g  t o  a c o - w o r k e r ,  b u l k  d e n s i t y  i s  r e l a t e d  

t o  t h e  m e a n - s t r e s s  i n  s o i l .  P h y s i c a l l y ,  t h e  m e a n - s t r e s s  i s  

fo u n d  by  t a k i n g  t h e  a l g e b r a i c  mean o f  s o i l  s t r e s s  i n  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  d i r e c t i o n s  a t  a p o i n t .

I n  e x p e r i m e n t s  p e r fo r m e d  h e r e ,  d i f f e r e n t  m e a n - s t r e s s  

v a l u e s  w ere  a p p l i e d  by means o f  h y d r o s t a t i c  p r e s s u r e .  B u lk  

d e n s i t y  was m easured  i n  two d i f f e r e n t  w a y s .  F i r s t ,  s o i l  was  

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

c o l l a p s i b l e  p l a s t i c  t u b i n g .  B u lk  d e n s i t y  c h a n g e s  i n  s o i l  

w ere  t h e n  a c c o m p a n ie d  by a i r  d i s p l a c e m e n t  i n  t h e  p l a s t i c  

t u b i n g *  The d i s p l a c e m e n t  was m ea su r ed  by  movement o f  a mer­

c u r y  b u b b le  i n  a c a l i b r a t e d  c a p i l l a r y  t u b e .  S e c o n d ,  a s t r a i n -  

g a g e  t r a n s d u c e r  was u sed  w h ic h  was d e s i g n e d  and c o n s t r u c t e d  

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

t u b i n g .  I t s  a b i l i t y  t o  r e c o r d  s m a l l  c o n t i n u o u s  vo lum e c h a n g e s  

was an  i m p o r t a n t  c o n t r i b u t i o n  t o  work p r e s e n t e d  i n  t h i s  t h e s i s .

On t h e  b a s i s  o f  t e s t s  p e r fo r m ed  w i t h  t h r e e  s o i l  t y p e s  a t  

v a r i o u s  m o i s t u r e  c o n t e n t s ,  a g e n e r a l  m a t h e m a t i c a l  e q u a t i o n
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r e l a t i n g  m e a n - s t r e s s  w i t h  b u l k  d e n s i t y , was d e v e l o p e d .  The 

e m p i r i c a l  e q u a t i o n ,  w h ic h  i s  b a s e d  on l a b o r a t o r y  t e s t s ,  

d e p e n d s  on i n i t i a l  c o n d i t i o n s  and two c o n s t a n t s .  The i n i t i a l  

c o n d i t i o n s  a r e :  1 ) The i n i t i a l  s o i l  b u l k  d e n s i t y ,  2)  The

i n i t i a l  m e a n - s t r e s s  s t a t e  i n  t h e  s o i l .  The tw o  c o n s t a n t s  

d ep en d  on s o i l  p a r a m e t e r s .

The e m p i r i c a l l y  d e v e l o p e d  r e l a t i o n s h i p  c o n n e c t i n g  mean 

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

may a i d  i n  t h e  d e s i g n ,  s e l e c t i o n  and u s e  o f  fa rm  m a c h i n e r y  

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

m e a n - s t r e s s  v e r s u s  b u l k - d e n s i t y  e q u a t i o n s  a r e :  l )  To d e t e r ­

m ine  c h a n g e  i n  b u l k  d e n s i t y A X  o c c u r r i n g  in  a s o i l  due t o  a 

m e a n - s t r e s s  a p p l i c a t i o n  fro m  G o t o  CTmaX} t h e n  r e l i e v e d  b a c k  

t o  CT0 2 ) To d e t e r m i n e  t h e  maximum m e a n - s t r e s s  ^max l o a d  

t h a t  may be a p p l i e d  t o  a g i v e n  s o i l  i f  AT/ Toe > t h e  c r i t i c a l  

p e r c e n t  c h a n g e  i n  b u l k  d e n s i t y  i s  g i v e n .
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I .  INTRODUCTION

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

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

I n  many o f  t h e  c a s e s ,  f o r  e x a m p l e ,  The Roman E m p ir e ,  B q y p t ,  

M e s o p o t a m ia ,  and o t h e r s ,  t h e  p r o b le m s  a r o s e  a s  a c o n s e q u e n c e  

o f  i n t e n s i v e  i r r i g a t i o n  w i t h o u t  p r o p e r  s o i l  management  

p r a c t i c e s *  More r e c e n t l y ,  C a l i f o r n i a  h a s  s u f f e r e d  t h e  l o s s  

o f  2 , 0 0 0 , 0 0 0  a c r e s  o f  C l a s s  I  l a n d  b e c a u s e  o f  e x c e s s i v e  

c o m p a c t i o n ,  w i t h  a n o t h e r  2 , 0 0 0 , 0 0 0  a c r e s  d e s t i n e d  t o  t h e  

same f a t e  w i t h i n  a s h o r t  p e r i o d  o f  t i m e  ( 5 ) * .  An in fo r m e d  

p e r s o n  can  r e a d i l y  d e t e c t  symptoms o f  e x c e s s i v e  c o m p a c t i o n  

i n  o u r  own s t a t e  o f  M i c h i g a n .

The c a u s e s  o f  e x c e s s i v e  c o m p a c t i o n  a r e  somewhat d i f f e r e n t  

t o d a y  fro m  t h o s e  w h ic h  p l a g u e d  h i s t o r i c a l  n a t i o n s .  Of c o u r s e ,  

some o f  t h e  same c a u s e s  may s t i l l  be f a c t o r s ,  but  b e c a u s e  o f  

more s c i e n t i f i c  k n o w led g e  a b o u t  i r r i g a t i o n  and d r a i n a g e ,  

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

p r a c t i c e s  a r e  no l o n g e r  t h e  b a s i c  c a u s e s .  The b a s i c  c a u s e s  

o f  m o d e r n -d a y  c o m p a c t i o n  may be r e l a t e d  t o  i n c r e a s e d  m echa­

n i z a t i o n .  W h i le  b i g g e r  t r a c t o r s  and im p le m e n t s  a p p e a r  t o  

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

s o i l  c o m p a c t i o n  may be most  d i s a s t r o u s .  In  M ic h ig a n  f o r  

e x a m p l e ,  t h e  t r e n d  toward more t r a f f i c  and b i g g e r  m a c h in e s  

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

T h e s e  p r o b le m s  a r e  d e m o n s t r a t e d  by i n a d e q u a t e  s o i l  a i r  move-

*Numbers in  p a r e n t h e s e s  r e f e r  t o  t h e  "BIBLIOGRAPHY*1 
on p a g e s  76 t o  7 7 .
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m e n t , r e d u c e d  we t e r  i n f i l t r a t i o n ,  l o w e r e d  c a t i o n  e x c h a n g e  

c a p a c i t y  and u l t i m a t e l y  by r e d u c e d  c r o p  y i e l d s .

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

t h a t  w e i g h  o v e r  1 6 , 0 0 0  p o u n d s .  In  t h e  thumb a r e a  o f  M i c h i g a n ,  

bean  c o m b in e s  h a v e  b e e n  c o n s t r u c t e d  by m o u n t in g  o l d  t h r e s h i n g  

m a c h in e s  on a i r p l a n e  w h e e l s .  T h e se  c o m b in e s  a r e  p u l l e d  by  

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

l o a d s  on t h e  s o i l .  A r e d u c t i o n  o f  d a i r y  f a r m i n g  i n  t h i s  

a r e a  h a s  c a u s e d  t h e  r e m o v a l  o f  a l f a l f a ,  p a s t u r e  and o t h e r  

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

t h e  p r o b le m .  In  a n o t h e r  a r e a  o f  M i c h i g a n ,  a d e f i c i e n c y  o f  

n i t r o g e n  h a s  b e e n  d e t e c t e d  a t  l o c a t i o n s  w here  t r a c t o r  w h e e l s  

hav e  r e p e a t e d l y  t r a v e l e d  on muck s o i l s .  ^ e t w e e n  t h e  t r a c t o r  

t r a c k s ,  no d e f i c i e n c y  was o b s e r v e d .  T h i s  i n d i c a t e s  t h a t  

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

Many a t t e m p t s  have  been  made t o  a l l e v i a t e  com pacted  

c o n d i t i o n s .  Some p e o p l e  have  t r i e d  t o  t h r o u g h l y  m ix  and  

p u l v e r i z e  s o i l ,  w h i l e  o t h e r s  have r e s o r t e d  t o  d e e p  t i l l a g e ,  

c h i s e l i n g  and r e l a t e d  p r a c t i c e s .  A g a in  o t h e r s  have  p r o p o s e d  

l i m i t e d  o r  "minimum" t i l l a g e .  They have  a l l  f a i l e d  i n  t h e i r  

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

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

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

and e r r o r "  t y p e .  I t  s h o u l d  be p o i n t e d  o u t  h e r e  h o w e v e r ,  t h a t  

some a s p e c t s  o f  t h e  a b o v e  p r a c t i c e s  may u l t i m a t e l y  become  

a c c e p t e d  on t h e  b a s i s  o f  s c i e n t i f i c  i n f o r m a t i o n .  But f i r s t
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t h i s  i n f o r m a t i o n  must be s o u g h t  and d i s c l o s e d .

The l a c k  o f  a d e q u a t e  a g r i c u l t u r a l  s o i l  m e c h a n i c s  i n f o r ­

m a t i o n  h a s  f o r  some t im e  h a n d ic a p p e d  w o r k e r s  who h a v e  a t t e m p t e d  

t o  f i n d  t h e  s o l u t i o n  ( 6 ) .  C i v i l  e n g i n e e r s  have  used  c e r t a i n  

t h e o r e t i c a l  r e s u l t s ,  w i t h  some m o d i f i c a t i o n s ,  t o  p r e d i c t  and  

e x p l a i n  c e r t a i n  s o i l  phenomena. U s u a l l y ,  t h e s e  t h e o r e t i c a l  

r e s u l t s  were  d e r i v e d  under t h e  a s s u m p t i o n  t h a t  s o i l  i s  an  

i d e a l i z e d  c o n t i n u o u s  m e d ia ,  h o m og e n e o u s ,  i s o t r o p i c  and e l a s t i c .  

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

c o a r s e  t e x t u r e d ,  r e l a t i v e l y  hom ogeneous  and e l a s t i c  s o i l s ,  

t h u s  a p p r o a c h i n g  t h e  above  i d e a l i z e d  c o n d i t i o n s ,  u s e  o f  t h e s e  

t h e o r e t i c a l  r e s u l t s  has  b een  s u c c e s s f u l  t o  some d e g r e e .  S i n c e  

a g r i c u l t u r a l  s o i l s  a r e  low i n  a p p a r e n t  d e n s i t y ,  v a r i e d  i n  

t e x t u r e ,  n o n -h o m o g e n e o u s  and i n e l a s t i c ,  t h e  same s o l u t i o n s  

u sed  i n  c i v i l  e n g i n e e r i n g  work a r e  l i k e l y  t o  l e a d  t o  f a u l t y  

r e a s o n i n g  and f a i l u r e  ( 1 2 ) .

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

r e s e a r c h  w ork .  F o r  e x a m p l e ,  a f o r c e  a p p l i e d  t o  s o i l s  w i l l  

s e t  up a s t r e s s  s t a t e  a t  e v e r y  p o i n t  i n  t h e  medium. The  

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

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

b e e n  d e f i n e d  c o m p l e t e l y .  F u r t h e r ,  i f  a c e r t a i n  s t r e s s  s t a t e  

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

r e s u l t i n g  s t r a i n ,  w h ic h  i s  a m ea sure  o f  s o i l  c o m p a c t i o n .

To s e e  how f o r c e s  a r e  a p p l i e d  t o  s o i l  by fa rm  e q u i p m e n t ,  

L ask  ( 1 2 ) h a s  i n s t r u m e n t e d  a common t r a c t o r  t i r e .  ,Afi t h  d a t a
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t o  be c o l l e c t e d  from  t h i s  t i r e ,  i t  i s  hop ed  t h a t  i n f o r m a t i o n  

can  be o b t a i n e d  w h ic h  may be used  t o  p r e d i c t  what f o r c e s  a 

t i r e  a p p l i e s  t o  s o i l .  W ith  t h i s  k i n d  o f  b a s i c  i n f o r m a t i o n ,  

one may l a t e r  be a b l e  t o  p r e d i c t  what s t r e s s  s t a t e s  can  be 

e x p e c t e d  i n  s o i l s  due t o  t r a c t o r - t r a f f i c .  F u r t h e r  i n s t r u ­

m e n t a t i o n  o f  o t h e r  im p le m e n ts  may r e n d e r  an a c c u r a t e  p r e d i c t i o n  

o f  s o i l  s t r e s s  s t a t e s  t h a t  can  be e x p e c t e d  w i t h  e s s e n t i a l l y  

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

V an denB erg  (2 0 ) ,  u s i n g  t h e  m odel  o f  a c o n t i n u o u s  medium 

f o r  s o i l s ,  was a b l e  t o  d e f i n e  s o i l  s t r e s s .  He p o i n t e d  o u t  

t h a t  t h e  s t r e s s  o f  s o i l  r e q u i r e s  a s e t  o f  q u a n t i t i e s  in  t h e  

fo rm  o f  a s t r e s s  t e n s o r  r a t h e r  t h a n  a s i n g l e  v a l u e .  mhe 

s t r e s s  t e n s o r  can  be s e p a r a t e d  i n t o  two c o m p o n e n t s ,  n a m e ly ,  

t h e  mean n o rm a l  s t r e s s  t e n s o r  and t h e  d e v i a t o r i c  s t r e s s  t e n s o r .  

The f o r m e r  i s  s i m i l a r  t o  h y d r o s t a t i c  p r e s s u r e  and can  be 

e a s i l y  m easured  i n  s o i l  by t a k i n g  t h e  a l g e b r a i c  mean o f  s t r e s s  

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

e x p r e s s i o n  i s  an i n v a r i a n t  b e i n g  i n d e p e n d e n t  o f  c o o r d i n a t e -  

a x i s  s e l e c t i o n  a t  t h e  p o i n t .  M a t h e m a t i c a l l y  i t  i s  c a l l e d  t h e  

" t r a c e ” o f  t h e  s t r e s s  t e n s o r .  VandenBerg  ( 2 0 ) was a b l e  t o  

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

o f  t h e  s t r e s s  t e n s o r .

In  v i e w  o f  t h e  i m p o r t a n c e  o f  t h i s  r e l a t i o n s h i p ,  i t  was 

d e c i d e d  t o  e x a m in e  t h e  b u lk  d e n s i t y  v e r s u s  m e a n - s t r e s s  

f u n c t i o n  c a r e f u l l y .  S i n c e  t h i s  r e l a t i o n s h i p  can be e x p e c t e d  

t o  be a c o m p l i c a t e d  f u n c t i o n  d e p e n d in g  on s o i l  t y p e ,  s o i l
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m o i s t u r e  c o n t e n t ,  o r g a n i c  m a t t e r  p r e s e n t  i n  s o i l ,  r a p i d i t y  

a t  w h ic h  a g i v e n  mean s t r e s s  i s  a p p l i e d ,  and o t h e r  f a c t o r s ,  

many i n s t r u m e n t a t i o n  p r o b le m s  w ere  i n v o l v e d .  I t  was p o s s i b l e  

t o  a p p l y  v a r i o u s  m e a n - s t r e s s  s t a t e s  t o  a s m a l l  sa m o le  o f  s o i l  

i n  a h y d r o s t a t i c  medium by means o f  a w a t e r - p r e s s u r e  chamber  

d e s c r i b e d  i n  s e c t i o n  TV.  ^he n e x t  r e q u i r e m e n t  was t o  f i n d  

an a c c u r a t e  means f o r  c o n t i n u o u s  m easurem ent  o f  b u l k  d e n s i t y  

i n  s o i l .  O r i g i n a l l y  t h i s  was c o n s i d e r e d  o n l y  a s  a minor  

p r o b le m ,  h o w e v e r ,  t h i s  phase, grew i n t o  a major p o r t i o n  o f  

t h e  work p r e s e n t e d  in  t h i s  d i s s e r t a t i o n .

S o i l  i s  a c o m p le x  medium w h ic h  i s  d i f f i c u l t  t o  d e f i n e .

I t s  many p h y s i c a l  p r o p e r t i e s  a r e  n o t  w e l l  u n d e r s t o o d .  I t  i s  

g e n e r a l l y  r e c o g n i z e d  t h a t  i t  w i l l  be v e r y  d i f f i c u l t  o r  e v e n  

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

b u l k  d e n s i t y  w i t h  mean s t r e s s .  U n d o u b t e d ly  t h e  d e s c r i p t i o n  

o f  b u l k  d e n s i t y  v e r s u s  mean s t r e s s  i n  t e r m s  o f  a m odel  w i l l  

be j u s t  a s  d i f f i c u l t .

The f i r s t  s t u d y  was t h e r e f o r e  an e m p i r i c a l  a p p r o a c h .

The b u l k  d e n s i t y  was r e c o r d e d  f o r  v a r i o u s  m e a n - s t r e s s  s t a t e  

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

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

b u l k  d e n s i t y  was t r i e d  i n  v a r i o u s  e q u a t i o n s  u n t i l  a g e n e r a l  

e x p r e s s i o n  was f o u n d  w h ic h  would be s a t i s i f i e d  by a l l  t h e  

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

^he w r i t e r  h o p e s  t h a t  t h e  v a r i o u s  a s p e c t s  o f  work i n  

s o i l  c o m p a c t i o n  may so o n  be c o o r d i n a t e d .  ^he c o o r d i n a t i o n
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o f  t h e s e  r e s u l t s  w i l l  be e x t r e m e l y  i m p o r t a n t  in  an o v e r a l l  

s o l u t i o n  t o  t h i s  p r e s s i n g  p r o b le m .  The e f f e c t s  o f  s o i l  

p a r a m e t e r s  on c o m p a c t i o n  can  be more c l e a r l y  u n d e r s t o o d  and  

d e a l t  w i t h  when b a s i c  i n f o r m a t i o n  i s  p r e s e n t e d .  T h e se  r e s u l t s  

may s e r v e  n o t  o n l y  a s  a g u i d e  t o  t r a c t o r - t i r e  and f a r m - e q u i p -  

ment d e s i g n ,  but  a l s o  may f u r n i s h  a b a s i s  f o r  r e n o v a t i o n  o f  

a l r e a d y  c o m p a c te d  s o i l s .

D e f i n i t  i o n s  o f  Terms and Sym bols  Used

AGRICULTURAL SOIL

SOIL TYPE:

BULK DENSITY ( T  )

MEAN STRESS ( O')

PARAMETRIC CONSTANTS

INITIAL CONDITIONS:

N a t u r a l  medium f o r  p l a n t  g r o w th  w h ic h  
c o n s i s t s  p r i m a r i l y  o f  t h e  f o l l o w i n g  
f r a c t  i o n s :

1 .  Sand (lmm-O.lmm d i a .  p a r t i c l e s )
2 .  S i l t  ( 0 . 05mm- 0 .  005mm d i a .  " )
3 .  C l a y  (0 .002m m -0.00005m m  d i a .  ")

T e x t u r a l  C l a s s i f i c a t i o n  b a s e d  on r a t i o  
o f  above  s o i l  f r a c t i o n s .

A p p a ren t  d e n s i t y  o f  s o i l  w h ic h  i n c l u d e s  
a i r  s p a c e  i n  i t ’ s  c a l c u l a t i o n .  B u lk  
d e n s i t y  i s  computed on a d ry  w e i g h t  
b a s i s .  The t e r m  i s  used i n  t h i s  work  
a s  an i n d i c a t i o n  o f  " v o l u m e t r i c  s t r a i n . "

May be c a l l e d  t h e  mean norm al  s t r e s s  
o r  t h e  " t r a c e "  o f  t h e  s t r e s s  t e n s o r .
I t  i s  d e t e r m i n e d  e x p e r i m e n t a l l y  by  
a v e r a g i n g  m easured  s o i l  s t r e s s  a t  a 
p o i n t  i n  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  
d i r e c t i o n .  T h i s  v a l u e  i s  an i n v a r i a n t  
b e i n g  i n d e p e n d e n t  o f  c o o r d i n a t e - a x i s  
s e l e c t i o n .

C e r t a i n  m e a s u r a b le  c o n s t a n t s  w h ic h  a r e  
c h a r a c t e r i z e d  by s p e c i f i c  s o i l  p a r ­
a m e t e r s .  A p a r a m e t r i c  c o n s t a n t  a s  
u s e d  i n  t h i s  work may be a f u n c t i o n  o f  
one o r  s e v e r a l  s o i l  p a r a m e t e r s .

M e r e ly  r e f e r s  t o  v a l u e s  o f  mean s t r e s s  
( 6*0 )" a nd b u l k  d e n s i t y  ( Y o ) a t  i n s t a n t  

when o b s e r v a t i o n  i s  b e g u n .
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TRANSDUCER:

SOIL COMPACTION:

SOIL MOISTURE CONTENT:

An i n s t r u m e n t  t h a t  i s  c a p a b l e  o f  
c o n v e r t i n g  a p h y s i c a l  phenomenon i n t o  
m e a s u r a b l e  e l e c t r i c a l  r e s i s t a n c e  o r  
o u t p u t *

A w id e ly  a c c e p t e d  and somewhat i n a d e q u a t e  
word used  t o  d e s c r i b e  t h e  many p h a s e s  
o f  " a g r i c u l t u r a l  s o i l  m e c h a n i c s . "  The  
word must be t r a n s l a t e d  i n  c o n t e x t  s i n c e  
i t  may have  v a r i e d  m e a n i n g s .

P e r c e n t  w a t e r  i n  s o i l  c a l c u l a t e d  on 
a d ry  w e i g h t  b a s i s .  C o i l  m o i s t u r e  w as  
d e t e r m i n e d  by  o ven  d r y i n g  and w e i g h i n g  
f o r  m o i s t u r e  l o s s  .

1 .  Lower P l a s t i c  L i m i t : A w i d e l y
r e c o g n i z e d  m o i s t u r e  c o n t e n t  
d e s i g n a t i o n  f o r  s o i l .  The l o w e r  
p l a s t i c  l i m i t  i s  t h e  m o i s t u r e  
c o n t e n t  a t  w h ic h  s o i l  b e g i n s  t o  
l o s e  i t s  cru m b ly  f e e l  and shows  
a t e n d e n c y  t o  become p l a s t i c .

2 .  A i r  D r i e d : E q u i l i b r u m  m o i s t u r e
l e v e l  o f  s o i l  w i t h  a i r .  The 
c o n d i t i o n  o f  t h e  a i r  i s  t a k e n  a s  
a v e r a g e  room c o n d i t i o n s  and t h e  
s o i l  i s  s p r e a d  i n  s u c h  a manner  
t o  a l l o w  norm al  a i r  movement  
t h r o u g h o u t  t h e  s o i l  medium.

3* T y p i c a l  E i e l d  C o n d i t i o n s : A
t y p i c a l  m o i s t u r e  c o n t e n t  a t  w h ic h  
t i l l a g e  o p e r a t i o n s  may be p e r f o r m e d .



I I .  REVIEW OF LITERATURE

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

c o m p a c t i o n  h a s  been  r e c o g n i z e d  by many p e o p l e .  The r o l e  o f

some o f  t h e s e  p a r a m e t e r s  i s  d e s c r i b e d  by Soehn e  in  t h e

f o l l o w i n g  manner:

"An a r e a  o f  c o m p r e s s i v e  s t r e s s  i n  t h e  s o i l  w h ic h  h a s  
a r i s e n  fro m  t h e  r o l l i n g  o f  t r a c t o r  o f  f i e l d - w a g o n  
w h e e l s  o v e r  i t  d e p e n d s  upon t h e  s i z e  o f  t h e  l o a d ,  t h e  
s i z e  o f  t h e  c o n t a c t  s u r f a c e s  b e t w e e n  t i r e s  and s o i l ,  
and t h e  d i s t r i b u t i o n  o f  t h e  s u r f a c e  p r e s s u r e  i n  t h e s e  
c o n t a c t  s u r f a c e s ,  a s  w e l l  a s  on t h e  k in d  o f  s o i l ,  t h e  
m o i s t u r e ,  and t h e  d e n s i t y  o f  t h e  s o i l  l a y e r s . "  117)

A c c o r d i n g  t o  S o e h n e ,  c o m p r e s s i v e  s o i l  s t r e s s e s ,  r e s u l t i n g

fr o m  an a p p l i e d  l o a d ,  c o n c e n t r a t e  tow ard  t h e  l o a d  a x i s  more

w i t h  s a n d y  s o i l s  t h a n  w i t h  t h e  more p l i a b l e  and c o h e s i v e  s o i l s .

C o h e s i v e  and a d h e s i v e  p r o p e r t i e s  o f  s o i l  a r e  d e p e n d e n t

on m o i s t u r e  c o n t e n t .  S e v e r a l  i n v e s t i g a t o r s  made e x t e n s i v e

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

m o i s t u r e  ( 1 0 , 1 3 ,  1 4 ) .  O ther  w r i t e r s  (2 ) have  p o i n t e d  o u t

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

t o  b e i n g  a f u n c t i o n  o f  p a r t i c l e  s i z e  and s h a p e .  I t  was shown

t h a t  s o i l s  g e n e r a l l y  become more p l a s t i c  w i t h  i n c r e a s i n g

m o i s t u r e ,  e x c e p t  f o r  sand w h ic h  p o s s e s s e s  f ew  p l a s t i c  p r o p e r t i e s

t o  b e g i n  w i t h .

A t t e r b e r g ( l )  s u g g e s t e d  t h r e e  v a l u e s  be used  t o  d e s c r i b e  

s o i l  p l a s t i c i t y .  T h e s e  a r e :  a )  The upper  p l a s t i c  l i m i t ,  t h e  

m o i s t u r e  c o n t e n t  a t  w h ic h  s o i l  w i l l  b a r e l y  f l o w  under  an  

a p p l i e d  l o a d ;  b) The l o w e r  p l a s t i c  l i m i t ,  t h e  m o i s t u r e  c o n ­

t e n t  a t  w h ic h  t h e  s o i l  w i l l  b a r e l y  r o l l  out  i n t o  a w i r e ;
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c )  The p l a s t i c i t y  n u m b er , t h e  d i f f e r e n c e  b e t w e e n  t h e  upper  

and l o w e r  p l a s t i c  l i m i t s  and i t  i s  u sed  a s  a n  i n d e x  o f  p l a s ­

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

a r e  known a s  t h e  " A t t e r b e r g  L i m i t s . "  I t  i s  shown t h a t  t h e  

" p l a s t i c i t y  number" a s  d e f i n e d  by A t t e r b e r g  i s  i t s e l f  d e p e n ­

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

R u s s e l l  ( 1 6 )  r e p o r t e d  t h a t  a l i n e a r  r e l a t i o n s h i p  e x i s t s  

b e t w e e n  p l a s t i c i t y  number and c l a y  c o n t e n t  (5 u p a r t i c l e s ) .  

O t h e r  f a c t o r s  t h a t  h a v e  b e e n  g i v e n  a r e :  a )  N a t u r e  o f  s o i l  

m i n e r a l s ,  b) C h e m ic a l  c o m p o s i t i o n  o f  t h e  c o l l o i d ,  c )  N a t u r e  

o f  e x c h a n g e a b l e  c a t i o n s  and d) O r g a n ic  m a t t e r .  To t h e  

c o n t r a r y ,  B a v e r  (3 )  showed t h a t  t h e  p l a s t i c i t y  number d e c r e a s e d  

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

Of more d i r e c t  i n t e r e s t  t o  work  p r e s e n t e d  h e r e i n ,

T e r z a g h i  ( 1 9 )  r e p o r t e d  t h a t  c o m p r e s s i o n  o f  s o i l  i n c r e a s e s  

r a p i d l y  w i t h  m o i s t u r e  a b o v e  t h e  l o w e r  p l a s t i c  l i m i t .  He 

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

a t  low  m o i s t u r e  c o n t e n t s .  In  a g r e e m e n t  w i t h  a b o v e  f i n d i n g s ,  

B ekker  ( 4 )  , i n  d o i n g  r e s e a r c h  work d e a l i n g  w i t h  m i l i t a r y

la n d  l o c o m o t i o n ,  shows a v e r y  d i r e c t  r e l a t i o n s h i p  b e t w e e n  

v e h i c l e  s i n k a g e  and m o i s t u r e  c o n t e n t .  A c c o r d i n g  t o  B e k k e r ,  

R u s s i a n  a g r i c u l t u r a l  e n g i n e e r s  (7 )  g e n e r a l i z e d  t h e  f o r m u l a :

P = kz11. P i n  t h i s  e x p r e s s i o n  r e p r e s e n t s  "ground p r e s s u r e , "  

z s i n k a g e ,  n i s  an  e m p i r i c a l  e x p o n e n t  r e f l e c t i n g  t h e  r a t i o  

o f  s t r a i n  ch a n g e  w i t h  l o a d  and k i s  a c o n s t a n t  w h ic h  i s  a 

f u n c t i o n  o f  n o t  o n l y  t h e  s o i l  but a l s o  t h e  n a t u r e  o f  l o a d
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a p p l i c a t i o n  and a r e a .

A c c o r d i n g  t o  R. R, P r o c t o r  ( 1 5 ) ,  f o r  a g i v e n  a p p l i e d  

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

p r o p o r t i o n a l l y  t o  m o i s t u r e  c o n t e n t  up t o  a p o i n t .  The p o i n t  

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

when t h e  m o i s t u r e  c o n t e n t  a p p r o a c h e s  a " s a t u r a t i o n  p o i n t . "

T h i s  a b o v e  r e l a t i o n s h i p  i s  known a s  t h e  " P r o c t o r  C u r v e ."

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

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

c o m p a c t i o n  s t a t e  o r  s o i l  d e n s i t y .  From a c i v i l  e n g i n e e r ­

i n g  s t a n d p o i n t ,  t h i s  k n o w led g e  i s  i m p o r t a n t ,  but  i t  i s  

e q u a l l y  im p o r t a n t  f ro m  an a g r i c u l t u r a l  e n g i n e e r i n g  s t a n d ­

p o i n t .  H o w e v er ,  minimum c o m p a c t io n  i s  u s u a l l y  d e s i r e d  d u r i n g  

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

p r o b le m  i n  a g r i c u l t u r e .  Thus an a g r i c u l t u r a l  e n g i n e e r  would  

s e e k  a s o i l  m o i s t u r e  l e v e l  w h ic h  w i l l  r e s u l t  i n  minimum comr 

p a c t i o n  f o r  a g i v e n  e n e r g y  i n p u t .

S p a n g l e r  (1 6 )  r e p o r t s  t h a t  a l o g a r i t h m i c  r e l a t i o n s h i p  

w as fo u n d  t o  e x i s t  b e t w e e n  a v o i d s  r a t i o  ( e )  o f  s o i l  v e r s u s  

a p p l i e d  p r e s s u r e  ( p ) • He p l o t t e d  t h e  l o g a r i t h m  o f  p r e s s u r e  

( a b s c i s s a e )  v e r s u s  t h e  v o i d s  r a t i o  ( o r d i n a t e ) .  T h i s  c u r v e  

y i e l d e d  a s t r a i g h t  l i n e  o f  n e g a t i v e  s l o p e ,  ^h e  two p a r a ­

m e t r i c  c o n s t a n t s  t h a t  accom pany any s t r a i g h t  l i n e  a r e  i n  t h i s  

c a s e  d e p e n d e n t  on i n i t i a l  c o n d i t i o n s  and s o i l  p a r a m e t e r s  {% 

m o i s t u r e  c o n t e n t ,  s o i l  t y p e ,  o r g a n i c  m a t t e r  in  s o i l ,  s o i l  

s t r u c t u r e ,  t y p e  o f  a p p l i e d  l o a d  a r e a ,  e t c . ) .  In  a g r i c u l t u r a l
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e n g i n e e r i n g ,  b u l k  d e n s i t y  ( X  ) i s  used  i n s t e a d  o f  v o i d s

r a t i o  (© ) •  ( X )  and ( e )  a r e  a l m o s t  i n v e r s e l y  r e l a t e d

( i .  e . , X c x  l / e )  , t h u s  i f  ( X )  w e re  p l o t t e d  v e r s u s  p r e s s u r e  

( p ) , t h e  r e s u l t i n g  s t r a i g h t  l i n e  r e p o r t e d  bv S p a n g l e r  w o u ld  

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

S p a n g l e r  i n d i c a t e d  t h a t  t h i s  r e l a t i o n s h i p  may n o t  a l w a y s  

c o n fo r m  p e r f e c t l y  t o  a l o g a r i t h m i c  t y p e .  T h i s ,  he s a i d  i s  

due  t o  p r i o r  l o a d i n g ,  g e o l o g i c a l  h i s t o r y  and o t h e r  f a c t o r s .

A c c o r d i n g  t o  S p a n g l e r ,  s t r a i n  may be a f u n c t i o n  o f  t im e  

a s  w e l l  a s  s t r e s s .  H i s  t i m e - c o m p r e s s i o n  c u r v e s  showed t h a t  

b u l k  d e n s i t y  o f  s o i l  i n c r e a s e d  w i t h  t im e  f o r  a g i v e n  l o a d .

However t h i s  c u r v e  f l a t t e n s  i f  s u f f i c i e n t  t im e  e l a p s e s .  For

p e r m e a b le  c o a r s e - g r a i n e d  s o i l s ,  o n l y  1 s e c o n d  i s  r e q u i r e d  

i n  o r d e r  f o r  t h e  c u r v e  t o  f l a t t e n .  F o r  im perm eable  f i n e ­

g r a i n e d  s o i l s ,  s e v e r a l  s e c o n d s  may be n e c e s s a r y .  H i s  r e a s o n  

f o r  t h i s  was t h a t  some o f  t h e  w a t e r  c o n t a i n e d  in  t h e  v o i d s  

o f  s o i l s  h a s  t o  be s q u e e z e d  o u t  b e f o r e  t h e  volume c f  t h e  

v o i d s  can  d e c r e a s e .  The r a t e  o f  o u t f l o w  o f  t h i s  pore  w a t e r  

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

H o e g e n t o g l e r  ( 8 ) i n  h i s  d i s c u s s i o n  o f  s t r u c t u r a l  p r o p ­

e r t i e s  o f  s o i l  i n d i c a t e d  t h a t  s o i l s  may be e x p e c t e d  t o  p e r ­

fo rm  d i f f e r e n t l y  when s u b j e c t  t o  m o i s t u r e  c o n t e n t  v a r i a t i o n .  

He f u r t h e r  i n d i c a t e d  t h a t  i f  an a p p l i e d  l o a d  t o  s o i l  i s  

r e l e a s e d ,  t h e  s o i l  w i l l  r eb ound  so m ew h a t ,  but  some perm anent  

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



I I I .  DESIGN AND DEVELOPMENT OF A RFCCRDING 

VOLUMETRIC TRANSDUCER AND AN 

INDICATING VOLUMETER

The I n d i c a t i n g  V o lu m e t e r

The i n d i c a t i n g  v o l u m e t e r  F i g u r e  1 and F i g u r e  3 c o n s i s t s  

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

s h a p e d  r u b b e r  b a l l o o n  ( a p p r o x i m a t e l y  3 c .m .  d i a m e t e r ) .  A 

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

and b a l l o o n  and c o n n e c t s  t h e  t w o .  When t h e  b a l l o o n ,  f i l l e d  

w i t h  s o i l ,  i s  su r r o u n d e d  w i t h  a l a r g e  q u a n t i t y  o f  t h e  same 

t y p e  s o i l ,  t h e  e n c o m p a ss e d  m inu te  volum e i n  t h e  b a l l o o n  

r e p r e s e n t s  a p o i n t .  When t h e  s o i l  medium i s  s u b j e c t e d  t o  

s t r e s s ,  i t s  d e c r e a s e  o f  vo lum e a t  t h e  p o i n t  mass i s  e a s i l y  

d e t e r m i n e d  by t h e  d i s p l a c e m e n t  o f  a m ercury  b u b b le  in  t h e  

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

o f  t h e  c a p i l l a r y  t u b e  i s  known.

The vo lu m e  o f  t h e  c a p i l l a r y  t u b e / c m  d i s p l a c e m e n t  was  

m easured  by two m ea n s .  The f i r s t  method, w h ich  p rov ed  un­

s a t i s f a c t o r y ,  c o n s i s t e d  o f  d e t e r m i n i n g  t h e  w e i g h t  o f  w a t e r  in  

t h e  c a p i l l a r y  t u b e ,  and t h u s  o b t a i n i n g  v o lu m e /c m  o f  t h e  

l e n g t h .  A more a c c u r a t e  means o f  c a l i b r a t i o n  w a s  em p loyed  

by u s i n g  a one m i l l i l i t e r  p i p e t t e  ( a c c u r a t e  t o  0 . 0 1 - m l )  

c o n n e c t e d  t o  t h e  c a p i l l a r y  t u b e .  A known vo lum e  o f  w a t e r  AV 

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

a t  w h i c h  t i m e  A X ,  t h e  d i s p l a c e m e n t  o f  a column o f  w a t e r  i n
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J

F i g ,  1 ,  V o l u m e t e r  p h o to

F i g ,  2 ,  V o l u m e t r i c  T r a n s d u c e r  p h o to
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t h e  t u b e ,  was m ea su red  and r e c o r d e d .  Now s i n c e  AL and AV 

a r e  known, t h e  c a l i b r a t i o n  r a t i o  i s  s i m p l y  A V / A T .

The R e c o r d i n g  V o l u m e t r i c  T r a n s d u c e r

The r e c o r d i n g  v o l u m e t r i c  t r a n s d u c e r  i s  an i n s t r u m e n t  

w h ic h  i s  c a p a b l e  o f  r e c o r d i n g  m in u te  volume c h a n g e s  i n  s o i l .

I t  i s  more a c c u r a t e  and  s e n s i t i v e  t h a n  t h e  v o l u m e t e r ,  and i t  

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

c o n v e n t i o n a l  s t r a i n - g a g e  r e c o r d i n g  e q u i p m e n t .

The t r a n s d u c e r  i s  an e x t r e m e l y  s e n s i t i v e  p r e s s u r e - s e n s i n s  

e l e m e n t .  F i g u r e  5 shows how t h i s  e l e m e n t  was c o n s t r u c t e d .

The s k e l e t o n  s k e t c h  o f  F i g u r e  4 shows t h e  w o r k i n g  f e a t u r e s  

o f  t h e  s e n s i n g  e l e m e n t  and t h e  s o i l  s a m p le  under  t e s t .

B a s i c  P r i n c i p l e s  o f  T r a n s d u c e r

The s o i l  sa m p le  ( en co m p a ssed  w i t h  b a l l o o n )  and t h e  s p a c e  

in  t h e  p r e s s u r e  s i d e  o f  t h e  t r a n s d u c e r  a r e  r e p r e s e n t e d  by V, 

w i t h  Vp r e p r e s e n t i n g  t h e  i n i t i a l  vo lum e o f  t h e  s y s t e m  a s  in  

F i g u r e  4 .  T hus:

V = Vp -  AV

When AV o c c u r s  i n  t h e  s o i l  a s  a r e s u l t  o f  CT

And

P = Pp + AP

S i n c e

= PV = (PI + A P)  (Vx -  A P ) ,  f i n a l l y ,

AV = V i  A P / ( P i  + AP) = ( V x / P i )  AP ( l )
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H e n c e ,  t h e  a b o v e  d e r i v a t i o n  shows a p r o p o r t i o n a l i t y  

b e t w e e n  vo lum e  c h a n g e  and p r e s s u r e  change  i n  t h e  t r a n s d u c e r  

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

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

l o a d  ( a i r  p r e s s u r e  i n  t h i s  c a s e ) ,  t h e  r e s i s t a n c e  c h a n g e s  

o c c u r r i n g  i n  t h e  SR -4  s t r a i n  g a g e s  a r e  d i r e c t l y  p r o p o r t i o n a l  

t o  A V .  S i n c e  t h e  u l t i m a t e  g o a l  w as  t o  m easure  A V ,  t h i s  

t r a n s d u c e r  was u sed  d i r e c t l y  a s  a " v o l u m e t r i c  t r a n s d u c e r "  

f o r  m ea su r em e n ts  i n  s o i l .

Two M o d e ls  o f  T r a n s d u c e r s

Two m o d e l s  o f  t h e  t r a n s d u c e r  w ere  c o n s t r u c t e d  a s  shown  

i n  F i g u r e  2 .  The m ode l  on t h e  l e f t  i s  p r a c t i c a l l y  i d e n t i c a l  

t o  t h e  one on t h e  r i g h t  e x c e p t  t h a t  i t s  s e n s i n g  d iap hragm  i s  

a P l e x i g l a s  e l e m e n t  0 . 0 4  i n c h  t h i c k ,  ^he o t h e r  m odel  e m p lo y e s  

a s t a i n l e s s - s t e e l  d ia p h r a g m  0 . 0 0 7  i n c h  t h i c k .  The o t h e r  

p o r t i o n s  o f  t h e  t r a n s d u c e r  w ere  c o n s t r u c t e d  from  P l e x i g l a s .

L i n e a r i t y  o f  T r a n s d u c e r s

The l i n e a r i t y  o f  t h e  t r a n s d u c e r s  w ere  t e s t e d  by means  

o f  i m p o s i n g  known volum e c h a n g e s  AV i n t o  t h e  s y s t e m .  T h i s  

was a c c o m p l i s h e d  by use  o f  a 1 -m l  p i p e t t e ,  a c c u r a t e  t o  0 . 0 1 - m l .  

By means o f  t h e  p i p e t t e ,  an im posed  AV was compared t o  t h e  

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

t i m e s  f o r  s e v e r a l  v a l u e s  o f  A V  r a n g i n g  from  0 t o  1 - m l .  Sub­

s e q u e n t  d a ta  w e r e  c o l l e c t e d  f o r  vo lum e c h a n g e s  f ro m  0 t o  5 -m l
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by means o f  a l a r g e r  p i p e t t e .  The r e s u l t s  o f  t h e s e  t e s t s  

showed e x c e l l e n t  l i n e a r i t y  f o r  AV v e r s u s  A H  i n  t h e  ab o v e  

r a n g e *  I t  was  p o s s i b l e  t o  p r e d i c t  A ^ ' s  w i t h i n  l e s s  t h a n  

0 . 0 1 - m l  e r r o r  f ro m  r e a d i n g s  o f  A R Ts f o r  t h e  e n t i r e  r a n g e  

o f  i n t e r e s t .  See  APPENDIX B.

C a l i b r a t i o n  and S e n s i t i v i t y  o f  T r a n s d u c e r s

The e x t r e m e l y  h i g h  A P /  AV r a t i o  o f  t h e  t r a n s d u c e r s  

r e n d e r e d  p o s s i b l e  t h e  m easurem ent  o f  v e r y  s m a l l  A V ’ s .  Such  

s e n s i t i v i t y  was u n n e c e s s a r y  f o r  m ea surem ents  o f  A V f s in  t h e  

r a n g e  o f  0 . 1 - m l  ( a s  n e e d e d  in  t h i s  w o r k ) ,  and i t  was  r e d u c e d  

i n  two w a y s .  The f i r s t  way was t o  i n c r e a s e  Vp, t h e  i n i t i a l  

a i r  vo lum e o f  t h e  p r e s s u r e  s i d e  o f  t h e  t r a n s d u c e r ,  c o n n e c t i n g  

t u b e s  and s o i l .  S i n c e  i t  i s  d i f f i c u l t  t o  c h a n g e  t h e  v o lu m e s  

o f  t h e  t r a n s d u c e r  and s o i l ,  V]_ was i n c r e a s e d  by a d d i n g  an 

e n l a r g e m e n t  t o  t h e  c o n n e c t i n g  t u b e  a s  shown i n  F i g u r e  4* 

B e c a u s e :

A P  = ( P i / V x )  AV  

An i n c r e a s e  in  V i  r e d u c e s  t h e  p r o p o r t i o n a l i t y  c o n s t a n t  

P-j_/Vi* S i n c e  AH i s  l i n e a r l y  r e l a t e d  t o  A P ,  t h e  AR /  AV  

r a t i o  ( s e n s i t i v i t y )  was  r e d u c e d  when V^ was i n c r e a s e d *  The 

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

s y s t e m  was t o  m e r e l y  r e d u c e  t h e  g a i n  on t h e  s t r a i n - g a g e  

a m p l i f i e r .

C a l i b r a t i o n  was a c c o m p l i s h e d  bv a d i r e c t  m eth o d .  The 

p r o c e d u r e  was a s  f o l l o w s :  The i n i t i a l  p r e l o a d  CT0
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was a p p l i e d  t o  t h e  sam p le  in  o r d e r  t o  e l i m i n a t e  v o i d  s p a c e s  

b e t w e e n  t h e  b a l l o o n  w a l l  and t h e  s o i l  sam p le*  ( I t  may be  

a g a i n  m e n t i o n e d  h e r e  t h a t  t h e  same p r e l o a d ,  = l  p s i  was  

a p p l i e d  t o  a l l  s a m p l e s  i n  o r d e r  t o  s t a n d a r d i z e  t h e  t e s t s )

N e x t  an im p osed  c a l i b r a t i o n  volume ch a n g e  A v c was  i n t r o d u c e d  

i n t o  t h e  s y s t e m  by means o f  a 1 -m l  c a l i b r a t i o n  p i p e t t e  and  

a b u b b le  o f  m e r c u r y  a s  shown i n  F i g u r e  4 .  H e n c e ,  t h e  g a i n  

o f  t h e  s t r a i n - g a g e  a m p l i f i e r  was a d j u s t e d  s o  t h a t  t h e  pen  

d e f l e c t i o n  was some c o n v e n i e n t  m u l t i p l e  o f  A V C. S i n c e  

s u b s e q u e n t  c h a n g e s  i n  vo lum e w i l l  be r e c o r d e d  l i n e a r l y ,  t h e  

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

As a r e s u l t  o f  c o l l e c t i n g  d a ta  from  s e v e r a l  s a m p le s  o f  

s o i l ,  e a c h  v a r y i n g  somewhat i n  i n i t i a l  v o lu m e ,  i t  was d i s ­

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

a d j u s t m e n t  was  n e c e s s a r y  fro m  sa m p le  t o  s a m p l e .  T h i s  was  

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

i s  v e r y  s m a l l  compared w i t h  t h e  volume o f  t h e  t u b e s ,  e n l a r g e ­

m en t ,  and p r e s s u r e  chamber o f  t h e  t r a n s d u c e r .  T h i s  can  be 

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

w h ic h  r e l a t e s  AP and AV. S i n c e  Vp i s  a l m o s t  a c o n ­

s t a n t  vo lum e b e i n g  a f f e c t e d  v e r y  s l i g h t l y  by s m a l l  v a r i a t i o n s  

b e t w e e n  d i f f e r e n t  s o i l  s a m p l e s ,  t h e  r a t i o  Pp/Vp r e m a in s  

n e a r l y  u n c h a n g e d .  Use was made o f  t h i s  by  a d j u s t i n g  t h e  

s i z e  o f  v i  {by a l t e r i n g  t h e  tu b e  e n l a r g e m e n t ) su ch  t h a t  t h e  

same c a l i b r a t i o n  f a c t o r  c o u l d  be used  f o r  t h e  t r a n s d u c e r  

i n d e p e n d e n t  o f  t h e  s m a l l  a i r  vo lum e o f  t h e  s o i l .  T h i s  meant
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t h a t  t h e  p i p e t t e  c a l i b r a t i o n  m ethod was used  o n l y  o n c e ,  

s u b s e q u e n t  c a l i b r a t i o n s  w e re  a c c o m p l i s h e d  by a d j u s t i n g  t h e  

a m p l i f i e r  g a i n  t o  t h e  same p o s i t i o n  f o r  a l l  s a m p l e s .  T h i s  

c a n  be j u s t i f i e d  a s  f o l l o w s :

A ?  = ( P i / v x ) AV ( l )

The r e a d e r  w i l l  be rem inded t h a t  A P  i s  t h e  p h y s i c a l  ch a n ge  

i n d i c a t e d  on t h e  r e c o r d e r  a s  a r e s u l t  o f  A V .  I t  i s  d e s i r e d  

t o  m i n i m iz e  t h e  e r r o r  i n  AP r e s u l t i n g  from  C ) V p .  T h i s  i s  

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

f o l l o w i n g  manner:

From e q u a t i o n  (1)

In  AP r -  In  Vp + In  P]_ + In  AV ( l a )

Thus*:

±  S (A P) /A P  = - S ( V l ) / V !  ( 2 )

I f  S v i ,  t h e  a i r  vo lum e v a r i a t i o n  e x p e c t e d  b e tw e en  s o i l

s a m p le s  i s  known ( u s u a l l y  much l e s s  t h a n  4 - m l ) ,  and i t  i s  

d e s i r a b l e  t o  k e e p  t h e  e r r o r  i n  A P ,  i . e . ,  S ( A P ) / A P  l e s s  

t h a n  s a y  1 % t h e n :

S  } /V-L < 0 . 0 1

o r

V l  > S v i / 0 . 0 1  = 4 / 0 . 0 1  = 4 0 0 - m l

TTe n c e  a c o n s t a n t  c a l i b r a t i o n  f a c t o r  mav be u s e d .  In  

p r a c t i c e ,  t h e  g a i n  was a d j u s t e d  t o  t h e  same v a l u e  bv making  

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

g ag e  a m p l i f i e r .  F o r  e x a m p l e ,  i f  o r i g i n a l l y  t h e  s a i n  was  

a d j u s t e d  t o  o b t a i n  10 l i n e s  r e c o r d e r  d e f l e c t i o n  f o r  a 1 -m l
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A ^ c t o n 0 w o u ld  d e p r e s s  t h e  a m p l i f i e r  c a l i b r a t i o n  s w i t c h  

( t h i s  p l a c e s  a 3 90-K  ohm r e s i s t o r  i n  p a r a l l e l  w i t h  one  o f  

t h e  s t r a i n  g a g e s  i n  t h e  b r i d g e )  t o  o b s e r v e  what d e f l e c t i o n  

w i l l  r e s u l t .  T h i s  l a t t e r  d e f l e c t i o n  can be c o n s i d e r e d  a s  

a " s i m u l a t e d  vo lum e c h a n g e . "  T h e r e a f t e r ,  one may c a l i b r a t e  

t h e  s y s t e m  on t h e  b a s i s  o f  t h e  s i m u l a t e d  vo lum e change  a s  

l o n g  a s  c h a n g e s  i n  Vj_ do n o t  e x c e e d  4 - m l .  I f  one e x p e c t s  

c h a n g e s  i n  t o  e x c e e d  4 - m l ,  a l a r g e r  V i  ca n  be s e l e c t e d  

by t h e  above  m ean s .

T em p e ra tu r e  C o m p e n s a t io n  and E f f e c t s  on T r a n s d u c e r

I f  t h e  r e a d e r  w i l l  a g a i n  r e v i e w  F i g u r e  5 ,  he w i l l  n o t i c e  

t h a t  t h e  s t r a i n  g a g e s  a r e  mounted on t h e  t r a n s d u c e r  d iap hrag m  

i n  s u c h  a manner t h a t  a l l  f o u r  g a u g e s  a r e  a c t i v e  com p o n en ts  

o f  a b r i d g e  n e t w o r k .  Of c o u r s e  t h i s  i s  a d v a n t a g e o u s  fro m  

a s e n s i t i v i t y  s t a n d p o i n t  s i n c e  f o u r  t i m e s  more s e n s i t i v i t y  

i s  a t t a i n e d .

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

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

( 3 R /  QT) A T  = A R  w i l l  be i d e n t i c a l  f o r  e a c h  arm o f  t h e  

b r i d g e  t h u s  l e a v i n g  t h e  b a l a n c e  unchanged when t e m p e r a t u r e s  

f l u e  u a t e .

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

a t u r e  on a i r  e x p a n s i o n  i n  t h e  s y s t e m .  T h i s  e f f e c t  may be 

a n a l y z e d  i n  t h e  f o l l o w i n g  way:

A ? i = - | ^ A V i  +  5 1 = 1 . 2 *

* S e e  F i g u r e  4
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S i n c e :

P±Vi = n jR T i  ; i  = 1 ,  2

and i f :  A ^  -  0 ,  and AV2 ^  0;  i  = 1 ,  2

A P n e t  = A P i  - A P g  = ( P i / V l J A V i
when: AVg — 0 ,  and AT^ = A T 2 = AT ^ 0

^ Pn e t  = ( P l A l ) A V i  -  R (n 2 /V s  -  n i A i ) A T

I f :  P̂ _ = P g , t h e n  n g /V g  = n l A rl  s i n c e  T̂ _ = Tg

T h us:

A P n e t  = ( P l / V l )  A V i  (3 )

E q u a t i o n  (3 )  shows t h a t  A P n 0 p i s  d e p e n d e n t  o n l y  on

t h e  p r o p o r t i o n a l i t y  c o n s t a n t  P i / l q  and t h e  volume c h a n g e

A  V i  on t h e  p r e s s u r e  s i d e  o f  t h e  d iap h ra gm  and i n d e p e n d e n t  

o f  t e m p e r a t u r e  c h a n g e  A T .  Cf c o u r s e  t h i s  i s  o n l y  t r u e  i f

* 1  = P2 •

W ith  d a t a  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 ,  no s p e c i a l  

e f f o r t  o r  p r o v i s i o n  was made t o  make Pj_ = P g , t h u s  t h e  t e r m  

R ( n i / V i  -  n g /V g )  was n o t  e q u a l  t o  z e r o .  S i n c e  d a t a  w ere  

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

v a r i a t i o n s  w e re  n e g l i g i b l e ,  t e m p e r a t u r e  e f f e c t s  w ere  n o t  

c o n s i d e r e d .

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

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

u m e t r i c  t r a n s d u c e r  may be u sed  s u c c e s s f u l l y  w here  l a r g e r  

t e m p e r a t u r e  v a r i a t i o n s  may be e x p e c t e d .  T h i s  w i l l  i n v o l v e  

f e w  a d d i t i o n a l  e f f o r t s  a s  p o i n t e d  ou t  a bove  rnam «iv  P]_ = p 2 )»  

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

A

P r e s s u r e s  D e v e l o p e d  i n  S o i l

A i r  p r e s s u r e  i n  n a t u r a l  s o i l  i s  o f  c o u r s e  e q u a l  t o  t h e

a t m o s p h e r i c  v a l u e ,  n a m e ly  a b ou t  1 4 . 7  p s i .  I t  i s  t h e r e f o r e

d e s i r a b l e  t o  m a i n t a i n  s o i l  a i r  p r e s s u r e  c o m p a ra b le  t o  n a t u r a l

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

means o f  m ea su rem en t  ( p r e s s u r e  c h a n g e  A P )  w i t h  volum e ch a n g e

A  "7. I f  A P i s  h e l d  l e s s  t h a n  t h o s e  v a l u e s  e x p e c t e d  from

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

w i l l  n o t  r e s u l t  i n  t h e  m easurem ent  o f  AV.

-  ( P l A i ) A V max (4

= ( 1 4 . 7 / 4 0 0 ) ( 9 )  = 1 / 3  p s i

E x p e r i m e n t a l l y ,  t h e  A P fflai was fo u n d  t o  be o n l y  a b o u t

1 / 4  p s i  b e c a u s e  V^ was l a r g e r  t h a n  4 0 0 - m l .  T h u s ,  p r e s s u r e s

d e v e l o p e d  i n  t h e  s o i l  sam p le  w i l l  p r o b a b l y  n o t  c r e a t e  any

s e r i o u s  e r r o r .  The l a r g e s t  #  e r r o r  i s  xlOO -  1 . 1  %m
CT* ma x

C o m p a r iso n  o f  V o l u m e t e r  and T r a n s d u c e r

F i g u r e  6 shows a c o m p a r i s o n  o f  m e a s u r e m e n ts  made w i t h  

t h e  v o l u m e t e r  and t h e  v o l u m e t r i c  t r a n s d u c e r .  D u r in g  t h e  

c o m p r e s s i o n  c y c l e  o f  m e a n - s t r e s s  l o a d i n g ,  t h e  AV v e r s u s  CT 

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

m e a s u r e m e n ts  a s  may w e l l  be e x p e c t e d .  D u r in g  t h e  r e l a x a t i o n  

p h a s e ,  a marked v a r i a t i o n  i n  r e a d i n g s  b e t w e e n  t h e  v o l u m e t e r  

and t r a n s d u c e r  was o b s e r v e d .  T h i s  can  be e x p l a i n e d  by n o t i n g
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a c h a r a c t e r i s t i c  o f  t h e  v o l u m e t e r .  D e s p i t e  t h e  f a c t  t h a t
\

t h e  c a p i l l a r y  t u b e  o f  t h e  v o l u m e t e r  was mounted h o r i z o n t a l l y ,  

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

ment o f  t h e  m e r c u r y  b u b b l e .  When t h e  vo lum e c h a n g e  h a s  r e a c h e d  

a maximum and r e v e r s e s ,  t h e  s l i g h t  c o n s t a n t  p r e s s u r e  a l s o  r e ­

v e r s e s  w h ic h  r e s u l t s  i n  a l a g  a s  s e e n  on F i g u r e  6 .  A f t e r  t h i s  

l a g ,  t h e  v o l u m e t e r  i n d i c a t e s  p r o p e r l y .  S i n c e  t h e  t r a n s d u c e r  

d o e s  n o t  p o s s e s s  t h i s  c h a r a c t e r i s t i c ,  t h i s  l a g  was a b s e n t  and  

a c c u r a t e  m e a su r em e n ts  o f  end c o n d i t i o n s  w ere  r e c o r d e d .

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

s o i l  c o m p a c t i o n  r e s e a r c h  work d e s p i t e  t h i s  one c h a r a c t e r i s t i c .  

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

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

o p e r a t i n g  r a n g e  o f  t h e  v o l u m e t e r ,  ^he i n d i c a t i n g  v o l u m e t e r  

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

t o  o p e r a t e .  Some d i s s a d v a n t a g e s  o f  t h e  v o l u m e t e r  a r e :  I n a c ­

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

dynamic m e a s u r e m e n t s ,  n o n - r e c o r d i n g , and somewhat b u l k y .

The v o l u m e t r i c  t r a n s d u c e r  was an e x c e l l e n t  i n s t r u m e n t ,  

p a r t i c u l a r i l y  f o r  work i n  t h i s  i n v e s t i g a t i o n .  I t s  c o m p a c t ­

n e s s ,  l i n e a r i t y ,  s e n s i t i v i t y  and r e c o r d i n g  f e a t u r e s  made t h e  

work p r e s e n t e d  i n  t h i s  t h e s i s  p o s s i b l e *



IV . DEVELOP’fFNT OF A LABORAmORY TECHNIQUE FOR THE

STUDY OF THE EFFECTS OF PARAMETERS ON

SOIL COMPACTION

The G e n e r a l  T e c h n iq u e

D a ta  w ere  o b t a i n e d  w i t h  t h e  r e c o r d i n g  v o l u m e t r i c  t r a n s ­

d u c e r  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n .  V a r i o u s  m e a n - s t r e s s  

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

p r e s s u r e  t o  a s m a l l  sa m p le  o f  s o i l  ( a b o u t  15 gm) c o n t a i n e d  

i n  a s m a l l  r u b b e r  b a l l o o n  a s  shown i n  F i g u r e  2 and F i g u r e  4 .  

The h y d r o s t a t i c  p r e s s u r e s  w ere  c o n t r o l l e d  by  means o f  a 

r e g u l a t o r  v a l v e  and p r e s s u r e  i n d i c a t i n g  s y s t e m .  The p r e s ­

s u r e  i n d i c a t i n g  s y s t e m  c o n s i s t e d  o f  a m ercury  manometer f o r  

p r e s s u r e s  from  1 t o  10 p s i ,  and a d e a d - w e i g h t  c a l i b r a t e d  

bourdon  t u b e  g age  f ro m  10 t o  30 p s i .

I t  must be p o i n t e d  o u t  h e r e  t h a t  t h e  s o i l  s a m p le s  were  

" d i s t u r b e d  s a m p l e s . "  Of c o u r s e  i t  w o u ld  have  b een  e x t r e m e l y  

d e s i r a b l e  i f  d a t a  c o u l d  have  b een  t a k e n  on u n d i s t u r b e d  n a t u r a l  

s o i l  a s  in  t h e  f i e l d ,  but a t  t h e  p r e s e n t  t i m e  t h i s  i s  im p o s ­

s i b l e  s i n c e  no a d e q u a t e  means o f  m e a s u r in g  s p e c i f i c  volume  

a t  a p o i n t  i n  u n d i s t u i b e d  s o i l  has  been  d e v i s e d .  Even r e c e n t l y  

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

a c t i o n  o f  t h e  plow c a u s e s  c o n s i d e r a b l e  d i s t u r b a n c e .  S i n c e  

t r a f f i c  o v e r  r e c e n t l y - p l o w e d  la n d  c o n t r i b u t e s  t o  e x c e s s i v e  

c o m p a c t i o n ,  i t  was d e c i d e d  t o  a p p r o x i m a t e  c o n d i t i o n s  o f  

r e c e n t l y - p l o w e d  s o i l .  Modern f a r m i n g  i s  b a sed  on t h e  grow th
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o f  p l a n t s  in  d i s t u r b e d ,  ( c u l t i v a t e d )  s o i l s .

S o i l s  t h a t  w ere  t e s t e d  w ere  cru m b led  t o  a d e n s i t y  s t a t e  

a p p r o x i m a t e l y  e q u a l  t o  f r e s h l y - p l o w e d  s o i l .  The sam ple  was 

t h e n  p r e l o a d e d  t o  1 p s i  t o  s t a n d a r d i z e  t e s t s  by  b r i n g i n g  a l l  

s a m p l e s  t o  t h e  same s t r e s s  s t a t e .  l a r g e  u n n a t u r a l  a i r  p o c k e t s  

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

sh a p e  o f  t h e  e n c l o s e d  s o i l  m a ss .  A f t e r  t h e  s o i l  was p r e l o a d e d  

t o  1 p s i ,  t h e  sam p le  was removed from  t h e  p r e s s u r e  chamber  

and t h e  i n i t i a l  volume a t  1 p s i  was d e t e r m i n e d .  T h i s  was  

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

N e x t ,  t h e  sa m p le  was r e p l a c e d  i n t o  t h e  chamber and t e s t s  

w e r e  c o n t i n u e d  f ro m  1 t o  30 p s i .  An upper  l i m i t  o f  30 p s i  

was s e l e c t e d  s i n c e  m e a n - s t r e s s  s t a t e s  in  a c t u a l  a g r i c u l t u r a l  

s o i l s  h ave  s e l d o m  b e e n  fo u n d  t o  e x c e e d  t h i s  v a l u e  ( 2 1 ) .

Im pact  L o a d in g

The a p p a r a t u s  used  f o r  im pact  l o a d i n g  c o n s i s t e d  o f  many 

e l e m e n t s  o f  t h e  eq u ip m en t  u t i l i z e d  f o r  t h e  g e n e r a l  t e c h n i q u e .  

T i t h  t h i s  p h a se  o f  t h e  w o r k ,  i t  was d e s i r e d  t o  m a i n t a i n  a 

c o n s t a n t  p r e l o a d  ^  o f  1 p s i  b e f o r e  and a f t e r  im pact  

a p p l i c a t i o n s .  T h i s  was done a s  shown above  in  F i g u r e  8 by 

m a i n t a i n i n g  a c o n s t a n t  w a t e r  head ( e q u i v a l e n t  t o  1 p s i )  above  

t h e  p r e s s u r e  chamber c o n t a i n i n g  t h e  s o i l  s a m p l e .  TTe a n - s t r e s s  

i m p a c t - l o a d i n g  was a c c o m p l i s h e d  by im m ed ia te  a p p l i c a t i o n  and  

r e m o v a l  o f  a i r  p r e s s u r e  above  t h e  w a t e r  head a s  shown in  

F i g u r e  S .
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TJpon i n s p e c t i o n  o f  t h e  d a t a  r e c o r d e d  by t h e  o s c i l l o ­

g r a p h ,  i t  was s e e n  t h a t  t h e  a v e r a g e  d u r a t i o n  o f  l o a d  a p p ­

l i c a t i o n  from  1 t o  27  p s i  t o o k  a b o u t  1 / 2  s e c o n d .  L i k e w i s e ,  

1 / 2  o f  a s e c o n d  was r e q u i r e d  t o  r e l i e v e  t h e  l o a d  from  27 t o  

1 p s i .  H e n c e ,  t h e  t o t a l  t i m e  r e q u i r e d  t o  a p p l y  and r e l i e v e  

t h e  l o a d  ( i m p a c t )  was e q u a l  t o  1 s e c o n d .

F i g u r e  9 shows how a t r a c t o r  t i r e  may a p p l y  im pact  

l o a d s  t o  s o i l .  The t im e  AT r e q u i r e d  f o r  t h e  t i r e  t o  r o t a t e  

A-& d e g r e e s  may be t a k e n  a s  an a p p r o x im a t e  d u r a t i o n  o f  

l o a d i n g  a p p l i e d  by t h e  t r a c t o r  w h e e l  when A 0  i s  t h e  s o i l  

c o n t a c t  a n g l e .  T h en  A T  can be e x p r e s s e d  in  t e r m s  A 0 ,

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

w h e e l  and h ,  t h e  h e i g h t  o f  t h e  t i r e  l u g :

A 6  = ( V / r ) A T  = 2 0 o s - 1 r / ( r  + h) (5 )

F o r  a t y p i c a l  c a s e  w here  r  = 2 4 tT, h= 1" and V = 5mph:

AT = 0 . 1 5  s e c o n d

The a b o v e  a n a l y s i s  shows t h a t  im pact  c o n d i t i o n s  a s  

im posed  by a t r a c t o r  t i r e  were  a p p r o x i m a t e d  t o  some d e g r e e  

by t h e  im p a c t  l o a d i n g  t e c h n i q u e  used  i n  t h e  l a b o r a t o r y .
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A i r  p r e s s u r e  ( 0 - 2 7  p s i )  
r a p i d l y  a p p l i e d  and 
r e l i e v e d  h e r e

TVater  head e q u i v a l e n t  
t o  CT0 = 1 p s i

F i g .  8 .  Im pact  l o a d i n g  m echan ism .

V Forward s p e e d  o f  
t r a c t o r  w h e e l

V

-A9

AB A n g le  o f  s o i l  
c o n t a c t

h Lug h e i g h t

r T i r e  r a d i u s

Soil
F i g .  9 .  A n a l y s i s  o f  impact- l o a d i n g  a p p l i e d  by a t r a c t o r  

t i r e .



V. PRESENTATION AND ANALYSIS OF 

LABORATORY DATA

T e s t s  o f  C l a y  S o i l

T a b l e  1 shows how b u l k  d e n s i t y  c h a n g e s  w i t h  a g i v e n  mean-  

s t r e s s  CT a p p l i c a t i o n  fro m  1 t o  30 p s i .  Data w e re  c o m p i l e d  

fro m  a c l a y  s o i l  a t  two m o i s t u r e  c o n t e n t  l e v e l s ;  3 0 . 9 # ,  t h e  

l o w e r  p l a s t i c  l i m i t ;  and 8 . 0 # ,  t h e  a i r - d r y  e q u i l i b r i u m  p o i n t .  

The r e a d e r  w i l l  n o t e  a r e m a r k a b le  s i m i l a r i t y  b e t w e e n  F i g u r e  10  

and F i g u r e  1 1 . The f o r m e r  i s  a c u r v e  o f  '"'jf v e r s u s  CT f o r  

t h e  a i r - d r y  s o i l ,  w h i l e  t h e  l a t t e r  r e p r e s e n t s  t h e  same c l a y

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

T h i s  s i m i l a r i t y  c a n  be more r e a d i l y  s e e n  i f  t h e  r e a d e r  

w i l l  l o o k  a t  F i g u r e  1 2 . H ere v e r s u s  CT was p l o t t e d  f o r
' d Tb o t h  m o i s t u r e  l e v e l s  on s e m i - l o g a r i t h m i c  n a n e r .  S i n c e  ^— -------B ( in cr;

i s  c o n s t a n t  a s  shown on F i g u r e  1 2 ,  i t  i s  s e e n  t h a t  i i s  a 

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

Thus we may e x p r e s s  ^f  i n  ter m s  o f  CT i n  t h e  f o l l o w i n g ,  

m a n n e r :

X = To + B ln TCc (<a
'T here :

*Yo " i n i t i a l  b u lk  d e n s i t y

CT0 -  The i n i t i a l  m e a n - s t r e s s  s t a t e  f o r
t h e  p a r t i c u l a r  s o i l

B -  A p a r a m e t r i c  c o n s t a n t

I t  w i l l  be n o t e d  t h a t  t h e  v a l u e s  o f  Tf0 and 3 a l s o

depend  on w h e t h e r  CT i s  b e i n g  i n c r e a s e d  or  d e c r e a s e d ,  h e nc e



32

TABLE 1

A p p l i e d  l o a d  ( CT) v e r s u s  b u lk  d e n s i t y  ( T) f o r  c l a y  s o i l
a t  two m o i s t u r e  l e v e l s

A p p l i e d  l o a d  M o i s t u r e  c o n t e n t  o f  s o i l

8 . 0  % w a t e r *  3 0 . 9 5  % w a t e r * *

( p s i ) ( gms/cm3) ( g m s/c  m3)
1 1 . 3 0 1 . 1 2

2 1 . 3 5 1 . 2 1

4 1 . 3 8 1 . 3 5

5 1 . 3 8 1 . 4 3

8 1 . 3 9 1 . 5 2

10 1 . 4 0T 1 . 5 9

15 1 . 4 2 1 . 7 0

20 1 . 4 4 1 . 7 6

25 1 . 4 6 1 . 8 3

30 1 . 4 7 1 . 0 7

25 1 . 4 7 1 . 8 7

20 1 . 4 6 1 . 8 5

15 1 . 4 6 1 . 8 3

10 1 . 4 5 1 . 8 0

8 1 . 4 5 1 . 7 8

6 1 . 4 4 1 . 7 7

4 1 . 4 3 1 . 7 4

2 1 . 4 2 1 . 6 7

1 1 . 4 0 1 . 5 8

A i r - d r y  e q u i l i b r u m  p o i n t  o f  s o i l
** Lower p l a s t i c  l i m i t
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v a l u e s  o f  X o  a n d  F w e r e  d e t e r m i n e d  a c c o r d i n g l y .

' T o e  “ "Refers t o  t h e  i n i t i a l  b u lk  d e n s i t y
p r i o r  t o  c o m p r e s s i o n  o r  a p p l i c a t i o n  
o f  G

T o r  -  d e f e r s  t o  t h e  i n i t i a l  b u lk  d e n s i t y  
d u r i n g  r e l a x a t i o n ,  b u t  i t  must be 
remembered t h a t  Xor c o r r e s P° nd s  
t o  (To> t h e  m e a n - s t r e s s  s t a t e  
b e f o r e X  l o a d  was a p p l i e d .

T  v e r s u s  G  f o r - c l a y  s o i l  a t  a i r - d r y  m o i s t u r e  c o n t e n t

X r  = 1 . 4 0  * 0 . 0 2  In  G7 C 0

X c -  1 . 2 9  + 0 . 0 5 3  lnCT/CTo

6 v e r s u s  CT f o r  c l a y  s o i l  a t  t h e  lo w e r  p l a s t i c  l i m i t :  

X r  = 1 . 5 2  + 0 . 0 7 4  In C /  (T0

T c = 1 . 0 4  + 0 . 2 3  I n  C /  C o

T e s t s  o f  S j l t y  Loam S o i l

T a b le  2 shows how b u l k  d e n s i t y  v a r i e s  w i t h  d i f f e r e n t  

m e a n - s t r e s s  a p p l i c a t i o n s  f ro m  1 t o  30 p s i .  T a ta  were  t a k e n  

f r o m  f o u r  d i f f e r e n t  m o i s t u r e  l e v e l s .  mhe f i r s t  was a t  an  

a i r - d r y  e q u i l i b r i u m  m o i s t u r e  c o n t e n t  13 .3% , t h e  s e c o n d  was  

w e t t e d  t o  t h e  l o w e r  p l a s t i c  l i m i t  32.6%, w h i l e  t h e  t h i r d  

and f o u r t h  were  m o i s t e n e d  t o  t y p i c a l  f i e l d  c o n d i t i o n s  20% 

and 16% w h e r e b y  f i e l d s  m ight  be t i l l e d  a t  s u c h  m o i s t u r e  

c o n t e n t s .

F i g u r e  13 and F i g u r e  14 y i e l d e d  c u r v e s  w h ic h  v e r y  

c l o s e l y  r e s e m b l e  a X  v e r s u s  (T f u n c t i o n  f o r  c l a y  s o i l s .

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

a i r - d r y  s i l t y  lo a m  s o i l .  On s e m i - l o g  c o o r d i n a t e  p a p e r ,
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t h e  a i r - d r y  s o i l  a s  shown i n  F i g u r e  1 4 ,  y i e l d e d  a s t r a i g h t  

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

F i g u r e  15 f o r  a 2 0 % m o i s t u r e  c o n t e n t  sam ple  p l o t t e d  

somewhat d i f f e r e n t l y  t h a n  e x p e c t e d .  d id  n o t  d e c r e a s e
' b C

w i t h  CT a s  r a p i d l y  a s  w i t h  o t h e r  s o i l s ,  t h u s  r e s u l t i n g  in  

a c u r v e d  l i n e  on s e m i - l o g  p a p er  a s  shown on F i g u r e  16 .  

F i g u r e  16 a l s o  shows how t h i s  c u r v e  was s t r a i g h t e n e d  on 

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

c o n s t a n t  tfKTt in  s u c h  a manner t h a t  t h e  new e x p r e s s i o n  f o r  

X  v e r s u s  CT was c h a n g e d  t o :

(7)

I t  w i l l  be n o t e d  t h a t  1 + K was added in  e q u a t i o n  (7)  

o r d e r  t o  s a t i s f y  i n i t i a l  c o n d i t i o n s ,  t h u s  i f  CT z (7 0 >

T - To- Obvi ous l .y  e q u a t i o n  (7 )  i s  a g e n e r a l i z e d  form  

o f  e q u a t i o n  (6 )  s i n c e  t h e  l a t t e r  w i l l  r e d u c e  t o  t h e  fo r m e r  

when K = 0 .  T h e r e f o r e ,  t h e  same e q u a t i o n  ca n  be used t o  

d e s c r i b e  t h e  X  v e r s u s  CT b e h a v i o r  o f  a t  l e a s t  two g e n e r a l  

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

s t a n t s  .

T e s t s  o f  s i l t y  loam s o i l  a t  16% m o i s t u r e  c o n t e n t  y i e l d e d  

r e s u l t s  v e r y  s i m i l a r  t o  t h o s e  fo u n d  f o r  t h e  same s o i l  a t  20% 

m o i s t u r e  c o n t e n t .  F i g u r e  17 and F i g u r e  18 e x e m p l i f y  t h e s e  

r e s u l t s  w h ic h  o b e y  e q u a t i o n  ( 7 ) ,  but o f  c o u r s e  t h e  p a r a m e t r i c  

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

r e l a t e d  t o  s o i l  m o i s t u r e .
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TABLE 2

A p p l i e d  l o a d  (O')  v e r s u s  b u l k  d e n s i t v  (If) f o r  s i l t y  loam  
s o i l  a t  f o u r  m o i s t u r e  l e v e l s

A p p l i e d  M o i s t u r e  c o n t e n t  o f  s o i l
l o a d  __________________________ .____________  _____

13.3% w a t e i*  16% w a te r*  20% w a t e r * *  32.6% w a t e r * * *

( p s i )  
1

(g m s /c m 3 ) 
1.16

(gms/cm3) 
1.17

{gms/cm3) 
1.29

ferns / c  ) 
1.37

2 1.19 1.20 1.32 1.41

4 1.21 1.23 1.38 1.44

6 1.23 1.26 1.42 1.44

8 1.25 1.28 1.47 1.44

10 1.26 1.30 1.50 1.44

15 1.28 1.33 1.57 1.45

20 1.30 1.36 1.64 1.46

25 1.32 1.38 1.67 1.47

30 1.33 1.40 1.71 1.47

25 1.33 1.40 1.71 1.47

20 1.33 1.40 1.71 1.47

15 1.32 1.39 1.71 1.47

10 1.32 1.38 1.71 1.47

8 1.31 1.37 1.69 1.47

6 1.31 1.36 1.68 1.46

4 1.30 1.35 1.66 1.45

2 1.28 1.33 1.64 1.44

1 1.25 1.31 1.61 1.43

* A i r  d r y  e q u i l i b r u m  p o i n t  o f  s o i l
** T y p i c a l  t i l l a g e  m o i s t u r e  c o n t e n t s
*** Lower p l a s t i c  l i m i t
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T  versus  G for  s i l t y  loam s o i l  at a i r -d ry  moisture coot .  

Yc ~ 1*15 + 0 . 0 5 3  In C /  G* o
Yr = 1 . 2 7  + 0 . 0 1 8  In (7 /  C 0

Y  versus C f or  s i l t y  loam s o i l  at  16$ moisture content .  

To -  1 . 1 7  + 0 . 0 9 8  In  ( G"/  C 0 + 2 ) / 3

T r  = 1.31 + 0 . 0 2 3  In ( CT/Co -  0 . 6  ) / 0 . 4

T versus  C f o r  s i l t y  loam s o i l  at 20$ moisture content .  

Tc - 1 . 2  9 + 0 . 2 4 0  In ( C /  C7 0 + 5 ) / 6

T r = 1 . 6 1  + 0 . 0 2 0  In ( C / C Q -  0 . 8 ) / 0 . 2

T e s t s  o f  5and y  Loam S o i l

• T a b l e  3 shows how t h e  Y v e r s u s  C  f u n c t i o n  f o r  a sa n d y

lo a m  s o i l  b e h a v e s  when s u b j e c t e d  t o  t h r e e  m o i s t u r e  c o n t e n t  

l e v e l s ;  n a m e l y ,  1 . 2 6 $  ( a i r  d r i e d ) ,  8 . 0 $  (a t y p i c a l  f i e l d

w o r k i n g  c o n d i t i o n  f o r  sa n d y  s o i l ) ,  and 2 0 . 6 $  ( t h e  l o w e r  c l a s t i c

l i m i t ) .

F i g u r e  19 d e a l i n g  w i t h  t h e  a i r - d r y  s o i l  y i e l d e d  c u r v e s  

s i m i l a r  t o  t h o s e  e x p e c t e d  from  c l a y  o r  d r y  s i l t y  loam s o i l s .  

H ow ever ,  F i g u r e  22 i l l u s t r a t e s  a v e r y  i n t e r e s t i n g  phenomenon 

when a s o i l  i s  c o m p r e s s e d  t o  i t s  " s a t u r a t i o n  l i m i t . ,f P h y s i c ­

a l l y  t h i s  means t h a t  a l l  t h e  v o i d  sp a c e  in  t h e  s o i l  h as  been

e l i m i n a t e d .  N a t u r a l l y  t h i s  tTs a t u r a t i o n  l i m i t "  i s  r e d u c e d

when s o i l  m o i s t u r e  i s  i n c r e a s e d  b e c a u s e  e x c e s s i v e  w a t e r  

o c c u p i e s  p o r e  s p a c e s  in  s o i l .  v \ i th  t h e  s a n d y  loam s o i l  

a t  t h e  l o w e r  p l a s t i c  l i m i t  was u s e d ,  t h e  ,Ts a t u r a t i o n  l i m i t ' 1 

was f o u n d  t o  be a t  1 . 7 5  gms/cm3 w h ic h  o c c u r r e d  a t  C  e q u a l  

t o  6 p s i .
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TABLE 3

A p p l i e d  l o a d  ( <7) v e r s u s  b u l k  d e n s i t y  ("if) f o r  sa n dy  
lo am  s o i l  a t  t h r e e  m o i s t u r e  l e v e l s

A p p l i e d  l o a d Mo i s t u r e c o n t e n t  o f s o i l

1 . 2 6  io w a te r *  E3 .0  io w a t e r * *  2 0 . 6  % w a t e r

( p s i )
1

(gm s/cm 3)
1 . 4 2

( g ms / c  ) 
1 . 5 0

( gms/cra3) 
1 . 6 3

. 2 1 . 4 4 1 . 5 7 1 . 6 7

4 1 . 4 7 1 . 6 7 1 . 7 3

6 1 . 4 3 1 . 7 3 1 . 7 4

9 1 . 4 9 1 . 7 9 1 . 7 5

10 1 . 5 0 1 . 9 2 1 . 7 5

15 1 . 5 2 1 . 9 7 1 . 7 5

20 1 . 5 4 1 . 9 0 1 . 7 5

25 1 . 5 5 1 . 9 2 1 . 7 5

30 1 . 5 6 1 . 9 5 1 . 7 5

25 1 . 5 6 1 . 9 5 1 . 7 5

20 1 . 5 6 1 . 9 5 1 . 7 5

15 1 . 5 6 1 . 9 5 1 . 7 5

10 1 . 5 5 1 . 9 5 1 . 7 5

9 1 . 5 5 1 . 9 5 1 . 7 5

6 1 . 5 4 1 . 9 5 1 . 7 5

4 1 . 5 4 1 . 9 4 1 . 7 5

2 1 . 5 3 1 . 9 3 1 . 7 5

1 1 . 5 ? 1 . 9 0 1 . 7 4

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

"power p i a s t i c  l i m i t
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B e c a u s e  t h e  s a t u r a t i o n  l i m i t  was  r e a c h e d  when t h e  s o i l  

was m o i s t e n e d  t o  t h e  l o w e r  p l a s t i c  l i m i t ,  a t h i r d  m o i s t u r e  

c o n t e n t  a t  8 . 0 $  was s e l e c t e d .  T h i s  r e p r e s e n t e d  t h e  m o i s t u r e  

l e v e l  a t  w h i c h  f i e l d  o p e r a t i o n s  c o u l d  be p e r f o r m e d . ^ i ^ u r e s  20  

and 23 show t h a t  t h e  T v e r s u s  6” f u n c t i o n  f o r  sa nd y  l oam  

s o i l  a t  Bfc m o i s t u r e  c o n t e n t  o b e y s  e q u a t i o n s  (6)  a n d / o r  ( 7 ) .

Xn t h e  c a s e  o f  e q u a t i o n  ( 7 ) ,  i t  i s  o b v i o u s  t h a t  F -  0 f o r  

t h i s  p a r t i c u l a r  s o i l .

X  v e r s u s  G* f o r  a i r - d r y  s a n d y  l o a m  s o i l :

Tc = 1 . 4 1  + 0 . 0 5 6  lnCT/CTo

T r  = 1 - 5 3  + 0 . 0 2 0  l n C / C T o

T v e r s u s  (Tfor sandy  l oam s o i l  a t  8 $  m o i s t u r e  c o n t .

Tc = 1 . 4 8  + 0 . 1 3 8  I n  CT/ (T0

Tr  = 1 . 9 2  + 0 . 0 0 9  I n  d /  <T0

H ep eat ed  Impact  T e s t s

The p u r p o s e  o f  t h e s e  t e s t s  was  t o  d e t e r m i n e  q u a l i t a t i v e l y  

how s o i l s  be h a v e  under  impac t  l o a d i n g  c o n d i t i o n s .  E x t e n s i v e  

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

s i n c e  t h e s e  t e s t s  were  per for m ed  o n l y  i n c i d e n t a l l y .  R e p r o ­

d u c i b l e  d a t a  we re  s e c u r e d  f rom s i x  r e p l i c a t i o n s  t a k e n  from  

s a n d y  l oam and s i l t y  loam s o i l s .  I t  must  be a d m i t t e d  n e v e r ­

t h e l e s s ,  t h a t  t h e  a p p a r a t u s  by w h ic h  impac t  l o a d s  were  a p p l i e d  

l e f t  s o m e t h i n g  t o  be d e s i r e d .

F i g u r e  24  and F i g u r e  25 shows how b u l k  d e n s i t y  X  v a r i e d  

a s  i m p a c t  l o a d s  ( a p p r o x i m a t e l y  f rom 1 t o  27 p s i )  w ere  r e p e a t e d .
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2 4 .  R e p e a t e d  impac t  a p p l i c a t i o n s  o f  mean s t r e s s  ( CT)
v e r s u s  b u l k  d e n s i t y  ("if) f o r  20 % m o i s t u r e  c o n t e n t  
( f i e l d  c o n d i t i o n s ) s i l t y  l oam s o i l
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NUMBER OF IMPACTS (

10

1 - 2 7

15

p s i )

25 R e p e a t e d  impac t  a p p l i c a t i o n s  o f  mean s t r e s s  (CT) 
v e r s u s  b u l k  d e n s i t y  (V) f o r  8 % m o i s t u r e  c o n t e n t  
( f i e l d  c o n d i t i o n s )  sandy  l oam s o i l  ^
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I t  can  be  s e e n  f rom t h e s e  b a r - g r a p h s  t h a t  from 70 t o  90 

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

impact  a p p l i c a t i o n .  S u b s e q u e n t  c ha ng e s  in  b u l k  d e n s i t y  

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

T'ri t h  t h e  two s o i l  sa m p le s  t e s t e d ,  no a d d i t i o n a l  i n c r e a s e  

i n  b u l k  d e n s i t y  was n o t e d  when t h e  number o f  r e p e t i t i o n s  

e x c e e d e d  1 5 .  "Further,  t h e  f i n a l  b u l k  d e n s i t y  a t t a i n e d  a s  

a r e s u l t  o f  15  o r  more i m p a c t s  app roa ch ed  t h a t  wh ic h  wou ld  

r e s u l t  f ro m a g r a d u a l l y - a p p l i e d  l o a d  from 1 t o  27 p s i  and 

r e l i e v e d  b a c k  t o  1 p s i .  T h u s ,  an impact  l o a d  c r e a t e d  o n l y  

70 t o  90 p e r c e n t  o f  t h e  v o l u m e t r i c  s t r a i n  e x p e c t e d  from a 

g r a d u a l l y  a p p l i e d  and r e l i e v e d  l o a d .  I t  s h o u l d  be f u r t h e r  

e m p h a s i z e d  t h a t  when r e p e a t e d  l o a d s  a r e  g r a d u a l l y  a p p l i e d ,  

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

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

no f u r t h e r  c h a n g e  in  b u l k  d e n s i t y .  S t a t e d  a n o t h e r  way,  

beyon d  t h e  f i r s t  l o a d  a p p l i c a t i o n ,  t h e  ^  v e r s u s  CT f u n c t i o n  

w i l l  v a r y  a l o n g  t h e  " r e l a x a t i o n ” c u r v e  a s  p r e v i o u s l y  d e s c r i b e d .

A d a p t a t i o n  o f  B q u a t i o n s  R e l a t i n g  "2T and (T t o  

F i e l d  P r o b le m s  and S p e c i a l  U s e s

The p r e c e d i n g  p a g e s  show t h a t  Tf and <r can be r e l a t e d  

by means o f  a m a t h e m a t i c a l  e q u a t i o n  i f  i n i t i a l  c o n d i t i o n s  

and p a r a m e t r i c  c o n s t a n t s  o f  a p a r t i c u l a r  s o i l  a r e  known.

More s p e c i f i c a l l y ,  i t  can be s a i d  t h a t  t h e  same g e n e r a l  

m a t h e m a t i c a l  e q u a t i o n  ( p q u a t i o n  (7)  a n d / o r  (6 )  ) w i l l  be
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obe ye d  by  v i r t u a l l y  a l l  a g r i c u l t u r a l  s o i l s .  The r e a d e r  

s h o u l d  be  rem ind ed  h e r e  t h a t  S p a n g l e r  (15 )  r e p o r t e d  a s i m i l a r  

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

T h i s  g e n e r a l  m a t h e m a t i c a l  e q u a t i o n  was a l s o  s a t i s f i e d  by  

o t h e r  da ta  c o l l e c t e d  by VandenBerg  (21)  and H o v a n e s i a n  ( 9 ) .

£o

R e l a x a t i o n  c ur ve

i
max

or

-Copmress i o n  c urveoc

MEAN STRESS ( CT) p s i

Fig .  26.  A t y p i c a l  compression and 
re la xa t io n  curve for  a g r i ­
c u l t ur a l  s o i l s  r e l a t i n g  CT 
and T

We know t h a t :

t o  -  Y  oc t  Bq ln[( CT /  CT o + Kc ) /  (1 + F c )] (7a)

T r  = Tor + Br ln[( (7/(To + Kr ) / ( l  t  Kr )] ( 7 b )

Where T c » Tr» Toe* T o r ’ nc » Br » ^  > (T0 have

been defined prev ious ly  on pages 31 and 3 6 .

Kc -  P a r a m e t r i c  c o n s t a n t  d u r i n g  c o m p r e s s i o n  

Kr -  P a r a m e t r i c  c o n s t a n t  d u r i n g  r e l a x a t i o n
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G^max ~ “F i n a l  (max) m e a n - s t r e s s  a p p l i c a t i o n  

T  max -  F i n a l  (max) bulk- d e n s i t y  r e s u l t i n g  f rom (Traax

“E q u a t i o n s  (7a )  and (7b)  o f  above  have  be en  adapted  f o r  

t h e  f o l l o w i n g  c a s e s :

CASE 1: F i n a l  b u l k  d e n s i t y  change  A T  o c c u r r i n g  i n  a s o i l
due  t o  a l o a d  a p p l i c a t i o n  CT0 t o  G~max  
l o a d  r e l i e v e d  bac k  t o  C o.

s i n c e

T'max = T o e  + B0 In  [( G"max/Go + K0 ) / ( l  + Kc )"] ( 7 c )

and

T m a x  = T 0r + ^r l*1 [( ^max /Co + Fr ) / ( l  ■+ Fr )"̂ (7d)

s u b t r a c t i n g  E q u a t i o n  ( 7 c )  f rom (7d)  we g e t :

0 = ( T ) r " T c c )  + Br  I n  [ ( CTj^ax/^o *+ Kr ) / ( l  + F r )]

-  Bc In  [( CTmg x /C7o ■+ Fc ) /  ( 1 + Kc )]

o r

A T -  ( T o r - T o c ) =  Bc I n  [( (Tm ax/(T0 + Kc ) / ( l  + F c ) ]

- B r I n  [( C'max/CT0 + Kr ) / ( 1  + Kr ) ]  (8 )

E q u i v a l e n t l y :  ^ ^

A T  = B~ In ^max /^n  + Fc \  / l  + F~
1 + I UTjjbx/CTo ”

(9 )

i f ;  Kc = F r  = 0 ,  t h e n :

A T  = (Br -  Bq ) I n  ^ m ax /  ^*o (1 0 )
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CASE 2 .  '̂ fr  i n  t e rm s  o f  (T when ^ o r  i s  n ° t  known

CASE 3:

s  i n c e

T o r

t h e n

T r

^ o c  t  Bc In  ^max/^o   ̂ K o ) / ( l  + Kc )"]

-  Br  l n [ (  CTmax/(To + Kr ) / ( 1  + Kr ) ]

^oc  ~ Bc In  [( G“max/Cro + Kc ) / ( l  t  TCc ) ]

•h Br  In  (̂G'/C’q + Kr ) / (  ^*max/Q) + /̂r)"] . ( H )

Determination of CT ax for a prescribed AT/ Toe - P 
and when Kr * Kc = U

d i v i d i n g  E q u a t i o n  (10) by Toc, we g e t :

P =

CT

(Bp -  B e ) / T o e ]  ^max/  

P oc /  (Be “Bp )
max CT/ e (12 )

The r e a d e r  w i l l  i m m e d i a t e l y  r e a l i z e  prob lems  t o  wh ich  

t h e  r e v i s e d  e q u a t i o n s  o f  c a s e s  1 t h r o u g h  3 c an  be a p p l i e d .

Eo r  e x a m p l e ,  e q u a t i o n s  (9)  and (10 )  o f  Case  1 can be used  

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

m e a n - s t r e s s  ACT= ( G*ma x  ” G*o) t h a t  may be c a u s e d  by  imp­

l e m e n t  t r a f f i c .  Se e  Example 1 .

E q u a t i o n  (1 1 )  o f  Case  2 w i l l  e n a b l e  one t o  p r e d i c t  a

b u l k  d e n s i t y  v a l u e  r e s u l t i n g  f rom an a p p l i e d  l o a d  n o t  t o t a l l y

r e l i e v e d  t o  i t s  i n i t a l  v a l u e  CT0 , t h u s  E q u a t i o n  ( l l )  i s

p a r t i c u l a r l y  u s e f u l  under  t h i s  c i r c u m s t a n c e .

E q u a t i o n  (1 2 )  i s  a u s e f u l  r e l a t i o n s h i p  wh ich  can be
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u s e d  t o  p r e s c r i b e  G*max f o r  c e r t a i n  p e r m i s s i b l e  v a l u e s  o f  

A T /  T o e *  F o r  e x a m p l e ,  i f  one  knows t h e  c r i t i c a l  v a l u e  

A T  / T  oc f o r  a g i v e n  s o i l ,  t h e  r e s u l t i n g  c r i t i c a l  v a l u e

^~max d e t e r m i n e d  f o r  t h a t  p a r t i c u l a r  s o i l *  T h i s

c r i t i c a l  v a l u e  o f  ( T max can  c o n s e q u e n t l y  be used  a s  a 

g u i d e  f o r  implement  s e l e c t i o n  a n d / o r  d e s i g n .  See  Example  2 .

Examples  o f  Adapted  E q u a t i o n s

Example  1

Known:

CT0 = 1 p s i ,  ^max = 20 p s i  ( t h e n  r e l i e v e d  t o  1 p s i )

Be -  0 . 0 9 8 ,  Kc = 2 ,  Kr = - 0 . 6 ,  T oc = 1 . 1 7 ,  Br  = 0 . 0 2 3
*

R e q u i r e d :

AT r e s u l t i n g  f rom a l o a d  a p p l i c a t i o n  from 1 p s i  t o  

20 p s i ,  t h e n  r e l i e v e d  t o  1 p s i  

S o l u t i o n :

From E q u a t i o n  (9)
 ̂ „ 0 . 0 2 3 / 0 . 0 9 8  I

A T  :  0 . 0 9 8  i n [ ( 20  j — ) ( g 0:  o-;— -)

•  0 . 1 1  gms/cm3

Example  2

Known:

CT0 = 1 p s i ,  Bc = 0 . 1 3 8 ,  Br  = 0 . 0 0 9 ,  Kc = Kr = 0 

Y o c = 1 . 4 8

R e q u i r e d :
CTma x  s u c h  t h a t  A T /  T o e  ^  0*2  

S o l u t i o n :  (From E q u a t i o n  (12)

<  1* e ( 0 . 2 )  ( 1 . 4 8 ) / ( 0 . 1.36 -  0 . 0 0 9 )  __ ^  ^



VI .  SUMMARY AND CCNCTUSIONS 

Summary

Whi l e  l a r g e r  m a c h i n e s  and more i n t e n s i v e  c u l t i v a t i o n

h a v e  i n c r e a s e d  p r o d u c t i o n  m a r k e d l y ,  l o n g - r u n  c o n s e q u e n c e s  

o f  e x c e s s i v e  implement  t r a f f i c  have no t  been c o m p l e t e l y  

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

impl eme nt  w e i g h t  and t r a f f i c  w i t h  e x c e s s i v e  c o m p a c t i o n  

i n d i c a t e s  a need  to  s c r u t i n i z e  t h i s  t r e n d .

A t t e m p t s  t o  s o l v e  c o m p a c t i o n  problems  i n  t h e  p a s t  have  

be en  o f  a t r i a l - a n d - e r r o r  n a t u r e  and have  f a i l e d  t o  meet  

a n y  g r e a t  s u c c e s s - .  Most o f  . t h e  a t t e m p t e d  s o l u t i o n s  c o u l d  

n o t  be  b a s e d  on sound e n g i n e e r i n g  i n f o r m a t i o n  s i n c e  t h i s  

i n f o r m a t i o n  was  n o t  a v a i l a b l e .  Other  r e s e a r c h  w or ker s  

have  t r i e d  t o  ad ap t  f o r m u l a e  a c c e p t e d  i n  c i v i l  e n g i n e e r i n g  

t o  a g r i c u l t u r a l  s o i l s ,  bu t  measured r e s u l t s  f a i l e d  t o  

a g r e e  w i t h  p r e d i c t e d  v a l u e s .

VandenBerg  (20 )  showed t h a t  t h e  mean normal  s t r e s s  

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

H i s  t h e o r y  was b a s e d  on t h e  m e c h a n i c s  o f  a c o n t i n u o u s  

medium.  The s t u d y  p r e s e n t e d  h e r e  d e a l t  w i t h  t h e  r e l a t i o n ­

s h i p  b e t w e e n  b u l k  d e n s i t y  and mean s t r e s s .  I t  i n v o l v e d  an  

i m p o r t a n t  i n s t r u m e n t a t i o n  pr o b l e m  o f  t h e  a c c u r a t e  m e a s u r e ­

ment  o f  s p e c i f i c  vo lume  c h a n g e s  o c c u r r i n g  a t  a p o i n t  i n  

s o i l .  The p r o b l e m  was s a t i s f a c t o r i l y  s o l v e d  by  t h e  d e v e l o p ­

ment  o f  a r e c o r d i n g  v o l u m e t r i c  t r a n s d u c e r .  T h i s  i n s t r u m e n t
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was  c a p a b l e  o f  m e a s u r i n g  volume c h a n g e s  a s  s m a l l  a s  0 . 0 1 - m l .  

E x c e l l e n t  dynamic  r e s p o n s e ,  l i n e a r i t y  and s e n s i t i v i t y  c o u p l e d  

w i t h  t h e  e a s e  o f  c a l i b r a t i o n  and u s e ,  made t h i s  i n s t r u m e n t  

d e s i r a b l e .

Data on b u l k  d e n s i t y  a s  a f u n c t i o n  o f  m e a n - s t r e s s  were  

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

s e n t e d  e x t r e m e  t e x t u r a l  c a t e g o r i e s  a s  shown i n  Ap pe nd ix  A.

Mean s t r e s s  was a p p l i e d  t o  t h e  s o i l  by h y d r o s t a t i c  

p r e s s u r e  r e g u l a t e d  t h r o u g h  a c o n t r o l  s y s t e m .  Each sample  

was i n i t i a l l y  c rumbled t o  a p p r o x i m a t e l y  a f r e s h l y - p l o w e d  

s t a t e ,  t h e n  p r e l o a d e d  t o  1 p s i .  The p r e l o a d  was  a p p l i e d  

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

On t h e  b a s i s  o f  t e s t s ,  b u l k  d e n s i t y  HP was found t o  j

depend  on m e a n - s t r e s s  G“ a c c o r d i n g  t o  t h e  e m p i r i c a l  r e l a t i o n  ' 

V  -  T0 + B In  [( C / C o  + TT) / ( 1  + E)]. T h i s  e q u a t i o n  was  

o be ye d  by a l l  s o i l s  t e s t e d  in  t h i s  s t u d y .  The v a l u e s  o f  

t h e  p a r a m e t r i c  c o n s t a n t s  B and E and t h e  i n i t i a l  c o n d i t i o n  

T o  (To depend on a t  l e a s t  s o i l  t y p e  and on m o i s t u r e

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

l o a d  was  r e l e a s e d ,  but  s t i l l  t h e  g e n e r a l  r e l a t i o n s h i p  h e l d .  

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

a p p l i c a t i o n s .  T a b l e  4 i s  a summary o f  t h e  p a r a m e t r i c  

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

h e r e .

Wi th s o i l s  t e s t e d  i n  t h i s  s t u d y ,  15 o r  more r e p e a t e d -  

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

a p p l i e d  and i d e n t i c a l  n e a n - s t r e s s  v a l u e .  ^he g r e a t e s t  s t r a i n ,  

a m o u n t i n g  f ro m 70 t o  90 p e r c e n t  o f  t h e  f i n a l  s t r a i n ,  r e s u l t s  

f ro m  t h e  f i r s t  i m p a c t .  R e p e t i t i o n  w i l l  i n c r e a s e  t h e  b u l k  

d e n s i t y  a t  a d e c r e a s i n g  r a t e ,  f i n a l l y  l e v e l i n g  t o  a c o n s t a n t  

v a l u e  w h i c h  wo u ld  r e s u l t  i f  t h e  l o a d  was g r a d u a l l y  a p p l i e d .

C o n c l u s i o n s

1 .  The v o l u m e t r i c  t r a n s d u c e r  s u c c e s s f u l l y  measured  

c o n t i n u o u s  vo lume  c h a n g e s  i n  t h e  s o i l .

2 .  The v o l u m e t r i c  t r a n s d u c e r  can be a d a p t e d  f o r  use  in  

f i e l d  work a s  w e l l  a s  i n  t h e  l a b o r a t o r y .

3 .  The c a l i b r a t i o n  o f  t h e  t r a n s d u c e r  i s  i n d e p e n d e n t  o f  

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

volume e n l a r g e m e n t  i s  added i n  s e r i e s  w i t h  t h e  b a l l o o n .

4 .  The e l e c t r i c a l  a s p e c t s  o f  th e  t r a n s d u c e r  a r e  n o t  

a f f e c t e d  by t e m p e r a t u r e  v a r i a t i o n s .

5 .  A i r  e x p a n s i o n  i n  t h e  t r a n s d u c e r  due t o  t e m p e r a t u r e  

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

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

d i a p h r a g m .

6 .  Wi th  a g r i c u l t u r a l  s o i l s ,  bu lk  d e n s i t y  T  i s  r e l a t e d  

t o  m e a n - s t r e s s  CT by t h e  f o l l o w i n g  g e n e r a l  f o r m u l a :

T  = T 0 + B In  [( C/O o +• K ) / ( l  + K) _

7 .  S o i l  w i l l  become p e r m a n e n t l y  s t r a i n e d ,  t h a t  i s  t h e  

b u l k  d e n s i t y  f  w i l l  i n c r e a s e  a s  a r e s u l t  o f  a l o a d  app -
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l i c a t i o n  and l o a d  r e l e a s e .  hMth knowledge  o f  s o i l  p a r a m e t r i c  

c o n s t a n t s  and i n i t i a l  c o n d i t i o n s ,  t h i s  permanent  s t r a i n  can  

be p r e d i c t e d  f o r  a g i v e n  m e a n - s t r e s s  a p p l i c a t i o n  and r e l e a s e .

8 .  I f  c r i t i c a l  b u l k - d e n s i t y  v a l u e s  a r e  known f o r  a g i v e n  

s o i l ,  c r i t i c a l  m e a n - s t r e s s  v a l u e s  can be fo und  i n  o r d e r  t o  

a v o i d  e x c e s s i v e  c o m p a c t i o n ,

9.  F o r  a g i v e n  m e a n - s t r e s s  v a l u e ,  impact  l o a d s  w i l l  

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

a p p l i e d  and r e l e a s e d  l o a d .

10* F i f t e e n  or  more r e p e a t e d  impac t  l o a d s  o f  a g i v e n  

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

w i t h  a g r a d u a l l y  a p p l i e d  and r e l e a s e d  l o a d .

11* The b u l k  d e n s i t y  v e r s u s  mean s t r e s s  f u n c t i o n  w i l l  

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

pe rmanent  d e f o r m a t i o n  has  o c c u r r e d .
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