
The development of an erosion test to determine the relative erodibility of fine grained forest soils
by James Dennis Hogan

A thesis submitted to the graduate faculty in partial fulfillment of the requirements for the degree of
master of science in Civil Engineering
Montana State University
© Copyright by James Dennis Hogan (1964)

Abstract:
A tentative standard laboratory erosion test was developed which can be used to determine the relative
credibility of fine grained soils.

Eighteen fine grained soils, most of them taken from steep forested slopes of southwestern Montana
and north central Idaho, were subjected to laboratory erosion tests. The results of the laboratory tests
correlated well with physical soil properties which have been shown to be good erosion indicators
based on observed field erosion.

It is believed that the laboratory erosion test, in which actual erosion is measured under standard
conditions, is superior to any indirect erosion indicator as a means of classifying soils with respect to
their potential susceptibility to erosion.

The laboratory erosion apparatus is also believed to have potential usefulness as an aid in solving
specific erosion problems at specific sites. It is easily adjustable in regard to slope, stream size, and soil
treatment, which makes it a versatile experimental tool for studying the extent to which various soil
treatments might affect erosion. 
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ABSTRACT

A t e n t a t i v e  s t a n d a r d  l a b o r a t o r y  e r o s i o n  t e s t  was d e ­
v e lo p e d  w h ich  c an  be u sed  to  d e te r m in e  th e  r e l a t i v e  e r o d i b i l i t y  
o f  f i n e  g r a in e d  s o i l s .

E ig h te e n  f i n e  g r a in e d  s o i l s ,  m ost o f  them t a k e n  from 
s t e e p  f o r e s t e d  s l o p e s  o f  s o u th w e s te rn  Montana and n o r t h  c e n t r a l  
I d a h o ,  w ere  s u b j e c t e d  t o  l a b o r a t o r y  e r o s i o n  t e s t s .  The r e s u l t s  
o f  t h e  l a b o r a t o r y  t e s t s  c o r r e l a t e d  w e l l  w i th  p h y s i c a l  s o i l  
p r o p e r t i e s  w hich  have  been  shown t o  be good e r o s i o n  i n d i c a t o r s  
b a s e d  on o b s e rv e d  f i e l d  e r o s i o n .

I t  i s  b e l i e v e d  t h a t  th e  l a b o r a t o r y  e r o s i o n  t e s t ,  i n  
w hich  a c t u a l  e r o s i o n  i s  m easu red  u n d e r  s t a n d a r d  c o n d i t i o n s ,  i s  
s u p e r i o r  t o  any  i n d i r e c t  e r o s i o n  i n d i c a t o r  a s  a  means o f  c l a s s ­
i f y i n g  s o i l s  w i t h  r e s p e c t  t o  t h e i r  p o t e n t i a l  s u s c e p t i b i l i t y  t o  
e r o s i o n .

The l a b o r a t o r y  e r o s i o n  a p p a r a t u s  i s  a l s o  b e l i e v e d  t o  have  
p o t e n t i a l  u s e f u l n e s s  a s  an  a id  i n  s o l v i n g  s p e c i f i c  e r o s i o n  p r o b ­
lem s a t  s p e c i f i c  s i t e s .  I t  i s  e a s i l y  a d j u s t a b l e  i n  r e g a r d  t o ■ 
s l o p e ,  s t r e a m  s i z e ,  and s o i l  t r e a t m e n t , w hich makes i t  a  v e r s a ­
t i l e  e x p e r i m e n t a l  t o o l  f o r  s t u d y i n g  th e  e x t e n t  t o  w hich  v a r i o u s  
s o i l  t r e a t m e n t s  m ig h t  a f f e c t  e r o s i o n .



CHAPTER I

INTRODUCTION

PROBLEM

A t p r e s e n t ,  t h e r e  i s  a l a c k  o f  s u f f i c i e n t  r e l i a b l e  

fu n d a m e n ta l  know ledge o f  s o i l  e r o d i b i l i t y  t o  e n a b le  e n g in e e r s  

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

w ould  r e s u l t  from  a p a r t i c u l a r  l a n d  u se  o p e r a t i o n  a t  a s p e c i f i c  

s i t e .  Numerous s t u d i e s  have  been  made o f  th e  e r o d i b i l i t y  o f  

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

o n ly  t o  s o i l s  and  s i t e s  w h ich  -are  s i m i l a r ,  i f  n o t  i d e n t i c a l  i n  

a l l  r e s p e c t s ,  t o  t h o s e  c o n s id e r e d  i n  th e  s t u d i e s .

T h is  p o i n t s  t o  t h e  need  o f  a ,s im p le  s o i l  e r o d i b i l i t y  

c l a s s i f i c a t i o n  sy s te m  w hich  c o u ld  be u se d  a s  a g u id e  i n  l a n d  

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

c l a s s i f i c a t i o n  s y s te m s  su ch  a s  t h e  AASHO and U n i f i e d  sy s tem s  

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

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

g ro u p  c l a s s i f i c a t i o n  can  and som etim es do e x h i b i t  h i g h ly  d i f ­

f e r e n t  e r o d i b i l . i t i e s . Also-, some s o i l s  w h ich  f a l l  u n d e r  d i f ­

f e r e n t  c l a s s i f i c a t i o n s  show e s s e n t i a l l y  th e  same e r o d i b i l i t y  ̂

OBJECTIVE

The p r im a ry  o b j e c t i v e  o f  t h i s  s tu d y  was- t o  d e v e lo p  a 

t e n t a t i v e  s t a n d a r d  l a b o r a t o r y  e r o s i o n  t e s t  w hich  would m easure  

t h e  r e l a t i v e  e r o d i b i l i t y  o f  f i n e  g r a i n e d  f o r e s t  s o i l s  w i th  s p e ­
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c i a l  a p p l i c a b i l i t y  t o  b a re  d i s t u r b e d  s o i l s  on s t e e p  s l o p e s , I t  

i s  hoped t h a t  t h e  r e s u l t s  of t h i s  t e s t ,  o r  some s i m i l a r  t e s t ,  

w i l l  u l t i m a t e l y  p rove  t o  be s u p e r i o r  t o  i n d i r e c t  e r o s i o n  i n d i ­

c a t o r s  and  be a c c e p te d  a s  a  s t a n d a r d  g e n e r a l  i n d i c a t o r  o f  s o i l  

e r o d i b i l i t y .

The r e s u l t s  o f  t h i s  t e s t  w ere  c o r r e l a t e d  w i th  m easured  

p h y s i c a l  s o i l  p r o p e r t i e s  w hich  have been  shown t o  c o r r e l a t e  w e l l  

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

co m pares  f a v o r a b l y  w i th  t h e  f i e l d  c o r r e l a t i o n .  T h is  l e n d s  s u p ­

p o r t  t o  t h e  a s s u m p t io n  t h a t  t h i s  t e s t ,  w i th  some l i m i t a t i o n s , 

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

The l a b o r a t o r y  e r o s i o n  a p p a r a t u s  w hich  was d e v e lo p e d  

may a l s o  p ro v e  t o  be u s e f u l  a s  a  t o o l  t o  s tu d y  t h e  e f f e c t s  o f  

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

make p o s s i b l e  an  o b j e c t i v e  s tu d y  o f  a  p a r t i c u l a r  s o i l  when i t  

i s  e x p o sed  t o  t h e  s p e c i f i c  c o n d i t i o n s  w hich  a  p ro p o se d  la n d  u se  

w ould  im pose upon  i t .

A BRIEF DESCRIPTION OF THE LABORATORY TEST METHOD

Very b r i e f l y ,  t h e  e r o s i o n  t e s t  p ro c e d u re  w h ich  was d e ­

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

a  s m a l l  s t e e l  c h an n e l,  l e v e l  f u l l  w i t h  ab o u t  f i f t e e n  pounds o f  

l o o s e ,  a i r - d r y  s o i l  w hich  p a s s e s  t h e  No. 4 s i e v e ,  p l a c i n g  t h e  

c h a n n e l  on a  s lo p e  o f  50$ , a p p ly in g  a  s t a n d a r d  j e t  o f  w a te r  t o  

t h e  s o i l  n e a r  t h e  u p p e r  end o f  th e  c h a n n e l ,  and c o l l e c t i n g  t h e  

r u n o f f  w a te r  and  s e d im e n t  a s  i t  comes o f f  t h e  lo w e r  end o f  t h e
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c h a n n e l .

I n  t h e  second  p h ase  o f  th e  t e s t  t h e  s o i l  i s  p la c e d  i n  

th e  c h a n n e l  a t  i t s  optimum w a te r  c o n te n t  and com pacted  w i th  a 

c o m p a c t iv e  e n e r g y  e q u a l  t o  t h a t  u se d  i n  th e  s t a n d a r d  AASHO com­

p a c t i o n  t e s t » I t  i s  t h e n  t e s t e d  i n  th e  same f a s h i o n  a s  th e  a i r -  

d r y  s o i l .

The p ro p o se d  s o i l  e r o d i b i l i t y  c l a s s i f i c a t i o n  i s  th e n  e x ­

p r e s s e d  a s  an  E r o s i o n  Number, EN,, w hich  i s  e q u a l  t o  l / l O  o f  t h e  

w e i g h t ,  i n  g ra m s , o f  t h e  s o i l  e ro d e d  from  th e  com pacted  sam ple 

d u r i n g  th e  f i r s t  t h r e e  m in u te s  o f  r u n o f f ,  p lu s  l / lO O  o f  th e  

w e ig h t  o f  s o i l  e ro d e d  from  t h e  l o o s e , a i r - d r y  sam ple d u r in g  th e  

f i r s t  t h r e e  m in u te s  o f  r u n o f f .

A th o r o u g h  s e a r c h  o f  t h e  l i t e r a t u r e  f a i l e d  t o  r e v e a l  any 

c o m p a ra b le  s o i l  e r o d i b i l i t y  c l a s s i f i c a t i o n  sy s te m  w hich  i s  b a se d  

on  d i r e c t  m easu rem en ts  o f  e r o s i o n  u n d e r  s t a n d a r d  c o n d i t i o n s «
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S o i l  e r o s i o n ,  d e f i n e d  a s  t h e  c a r r y i n g  away o f  s o i l  p a r t i ­

c l e s  from  t h e i r  p l a c e  o f  r e s t  o r  o r i g i n  by t h e  a c t i o n  o f  w in d , 

w a t e r ,  o r  g r a v i t y ,  h a s  been  r e c o g n iz e d  a s  a  p ro b lem  f o r  many 

y e a r s  and  h a s  been  th e  o b j e c t  o f  a  c o n s i d e r a b l e  amount o f  r e ­

s e a r c h .

I t  h a s  g e n e r a l l y  been  found  t h a t  e r o s i o n  by e i t h e r  s p l a s h  

a c t i o n  o r  o v e r la n d  f lo w  i s  a f u n c t i o n  o f  a  g r e a t  number o f  v a r i ­

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

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

s l o p e  a s p e c t ,  l o c a t i o n  o f  th e  s o i l  i n  te rm s  o f  r e l a t i o n  t o  r i d g e  

to p  o r  c r e e k  b o t to m , r a t e  o f  o v e r l a n d  f lo w ,  and num erous o t h e r s .  

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

w ere  t h e  ones  w h ich  happened  t o  be o f  p a r t i c u l a r  i n t e r e s t  t o  t h e  

p e r s o n s  i n v o l v e d .  I t  was found  t h a t  many p e o p le  have s t u d i e d  

t h e  e f f e c t s  o f  s lo p e  and r a t e  o f  o v e r l a n d  f lo w  o r  r a i n f a l l  i n ­

t e n s i t y ,  b u t  t h e  l a c k  o f  g e n e r a l  a g re em e n t among t h e  i n v e s t i ­

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

n a t u r e  h a s  been  m ade.

The r e s u l t s  o f  t h e  l i t e r a t u r e  rev ie w ed  w i l l  be p r e s e n t e d  

by  g ro u p in g  th e  work i n t o  th e  f o l lo w in g  c a t e g o r i e s ;  e r o s i o n  

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

e q u a t i o n s ,  and g e n e r a l  o b s e r v a t i o n s .

REVIEW  OF L IT E R A T U R E



EROSION INDICATORS OR INDICES BASED ON PHYSICAL SOIL PROPERTIES

M id d le to n  (1 5 )^  d i s c o v e r e d  a d e f i n i t e  r e l a t i o n s h i p  b e ­

tw een  c e r t a i n  p h y s i c a l  p r o p e r t i e s  o f  a s o i l  and  i t s  e r o d i b i l i t y . 

H is s t u d i e s  w ere  done on a number o f  s o i l s  w h ich  c o n ta in e d  l a r g e  

am ounts o f  f i n e  sa n d ,  s i l t $ and  c l a y .  The s o i l s  w ere  c l a s s i f i e d  

■as e r o s i v e  o r  n o n - e r o s iv e  by i n s p e c t i o n  i n  th e  f i e l d .  P h y s i c a l  

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

p r o p e r t y  o r  c o m b in a t io n  o f  p r o p e r t i e s  was a good i n d i c a t o r  o f  

e r o s i o n .

D i s p e r s i o n  R a t io

He f i r s t  d e v e lo p e d  a D i s p e r s i o n  R a t io  w h ich  he d e f in e d  a s  

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

d i s p e r s e d  sam ple t o  t h e  p e r c e n ta g e  o f  s i l t  and c l a y  a s  d e t e r ­

m ined by t h e  s t a n d a r d  h y d ro m e te r  a n a l y s i s .  The s i l t  and c l a y  

f r a c t i o n  o b se rv e d  i n  t h e  n o n - d i s p e r s e d  sample was d e te rm in e d  a s  

f o l lo w s :

"A sam ple  o f  a i r - d r y  s o i l  e q u i v a l e n t  t o  
10  gram s o f  o v e n -d ry  s o i l  was p la c e d  i n  
a t a l l  c y l i n d e r  o f  a p p ro x im a te ly  1200 
c u b ic  c e n t i m e t e r  c a p a c i t y  f i t t e d  w i th  a 
r u b b e r  s t o p p e r .  S u f f i c i e n t  d i s t i l l e d  
w a te r  was added  t o  make t h e  volume a 
l i t e r o The c y l i n d e r  was c lo s e d  w i th  t h e  
s t o p p e r  and  was sh ak en  end o v e r  end tw e n ty  
t i m e s . The s u s p e n s io n  was th e n  a l lo w e d  to  
s e t t l e  u n t i l  a  25 c u b ic  c e n t im e te r  sam ple  
w hich  was p i p e t t e d  a t  a  d e p th  o f  30 c e n t i ­
m e t e r s  c o n s i s t e d  o f  p a r t i c l e s  o f  a  m ax i­
mum d i a m e t e r  o f  0 .0 5  mm.. A m e ta l  t i p  
p l a c e d  on t h e  end o f  t h e  p i p e t t e  w i th  s i x

Numbers i n  p a r e n t h e s e s  r e f e r  t o  r e f e r e n c e s  l i s t e d  u n d e r  
LITERATURE CITED.
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r a d i a l  No. 80 d r i l l  h o l e s  was u se d ;
. th ro u g h  i t  l i q u i d  was draw n from  th e  
s i d e  r a t h e r  t h a n  fro m  d i r e c t l y  u n d e r  th e  
p i p e t t e .  From th e  d ry  w e ig h t  o f  th e  
p i p e t t e d  f r a c t i o n ,  th e  t o t a l  w e ig h t  o f  
s i l t  and c l a y  i n  th e  s u s p e n s io n  was c a l ­
c u l a t e d .  . e" ( 15)

I n  t h e o r y ,  t h i s  s i l t  and c l a y  i s  th e  f r a c t i o n  o f  s i l t  

and c l a y  w h ich  i s  n o t  a g g re g a te d  o r  w h ich  i s  e a s i l y  s l a k e d .

S i l t  and c l a y  p a r t i c l e s  w hich  a r e  a g g re g a te d  and a r e  t h e r e f o r e  

l a r g e r  i n  s i z e  th a n  th e  . i n d i v i d u a l  s i l t  o r  c la y  p a r t i c l e s  a r e  

more d i f f i c u l t  t o  b r i n g  i n t o  s u s p e n s io n .  T hus , th e  g r e a t e r  th e  

p e r c e n t a g e  o b ta in e d  i n  th e  n o n - d i s p e r s e d  t e s t ,  t h e  e a s i e r  i t  i s  

t o  g e t  th e  s i l t  and c l a y  p a r t i c l e s  i n t o  s u s p e n s io n .  T h e r e f o r e , 

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

He a l s o  o b s e rv e d  t h a t  a s  th e  r a t i o  o f  c o l l o i d  to  m o is tu r e  

e q u i v a l e n t  d e c r e a s e s ,  t h e  e r o d i b i l i t y  i n c r e a s e s .  C o l lo id  i s  th e  

f r a c t i o n  o f  th e  sam ple w hich  i s  f i n e r  th a n  0 .0 0 1  mm., and th e  

m o is tu r e  e q u i v a l e n t  i s  d e f i n e d  as  t h e  maximum p e r c e n t  o f  m o i s t ­

u r e  w h ich  a  s o i l  can  r e t a i n  i n  o p p o s i t i o n  to  a c e n t r i f u g a l  

f o r c e  o f  1000 t im e s  th e  f o r c e  o f  g r a v i t y .  The two r a t i o s ,  w h ich  

v a ry  i n v e r s e l y ,  w ere  combined to  g i v e  an e r o s i o n  r a t i o  by  d i v i d ­

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

e q u i v a l e n t .  The e r o s i o n  r a t i o  th e n  i n c r e a s e s  w i t h  an i n c r e a s e  

i n  e r o d i b i l i t y .  F o r  M id d le to n ,  t h i s  r a t i o  made a more marked 

d i s t i n c t i o n  be tw een  e r o d i b l e  and n o n - e r o d i b l e  s o i l s  th a n  d id  th e  

d i s p e r s i o n  r a t i o .  M id d le to n  em phasized  th e  f a c t  t h a t  th e  e r o ­

s i o n  r a t i o  i s  an i n d i c a t o r  o f  e r o d i b i l i t y  o f  s o i l s  o f  s i m i l a r
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ty p e  w h ich  w ere s u b j e c t e d  t o  e s s e n t i a l l y  t h e  same e n v i r o n m e n t» 

The r e s u l t s  would n o t  n e c e s s a r i l y  a p p ly  t o  g r e a t l y  d i f f e r e n t  

s o i l s  w h ich  w ere  e ro d e d  u n d e r  c o n d i t i o n s  o t h e r  t h a n  th o s e  s t u -  

d i e d  by M id d le to n ,  T a b le  I  g i v e s  a  p a r t i a l  summary o f  M iddle= 

t o n ’ s r e s u l t s . , .  ■

TABLE..I ; . .DISPERSION- AND EROSION RATIOS OF AN EROSIVE AND
A NON-EROSIVE SOIL FROM THE SAME LOCALE, ( I 5)

S o i l S o i l D is p e rs io n E ro s io n R a tio  o f
C h a ra c te r Type -R atio -..R atio G lay to  S i l t

,12 I r e d e l l . 19,-6 .24: o S 0 .4 3
E E o sim -IS . 1 3 ,0 . -15 „ 7 0 .36

.. ....,14 ..........20 .9 1 5 .0 2 .64
15. 25o-5v ■. 2 2 .8 1 .2 4

-,16.- Davidson- IL3 D -3 .. . . 12..2 0 .60
I - -X7. . -Glay..- ■ -&o I. .*3 o-7 2 .7 1

E ro s iv e  18 6 ,6 4 .3 1 .65
19 10 ,6 7 .7 0 .8 6

C lay  R a t io

I n  1935» Bouyoucos (6) p ro p o se d  a c l a y  r a t i o ,  e x p re s s e d  

a s  p e r c e n t  san d  and p e r c e n t  s i l t  a l l  d iv id e d  by p e r c e n t  c la y ,  a s  

a n  in d e x  o f  e r o s i v e n e s s , He s t u d i e d  a  l a r g e  num ber o f  s o i l s  

w h ich  in c lu d e d  m ost o f  th e  s o i l s  t e s t e d  by M id d le to n  and com= 

p a re d  h i s  c l a y  r a t i o s  t o  t h e  e r o s i o n  r a t i o s ,  He fo und  t h a t  th e  

c l a y  r a t i o  fo l lo w e d  t h e  same t r e n d  a s  th e  e r o s i o n  r a t i o .  High 

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

The d i s p e r s i o n  and c la y  r a t i o s  a s  d e s c r i b e d  above a p p ly  

t o  f i n e  g r a i n e d  s o i l s  o n ly ,  b e c a u se  t h e y  do n o t  i n c l u d e  th e
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e f f e c t s  o f  v a r y in g  p e r c e n t a g e s  o f  c o a r s e  m a t e r i a l  i n  t h e  t o t a l  

s a m p le .  I t  i s  p o s s i b l e  f o r  two d i f f e r e n t  s o i l s  t o  have th e  same 

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

c l a y ,

S u r f a c e  A g g r e g a t io n  R a t io

Andre ' and  A n derson  (5 )  p ro p o se d  an  e r o s i o n  i n d i c a t o r  

w h ich  t h e y  c a l l e d  a  s u r f a c e  a g g r e g a t i o n  r a t i o .  S u r f a c e  was d e ­

f i n e d  a s  t h e  amount o f  s u r f a c e  i n  s q u a re  c e n t i m e t e r s  p e r  gram 

on p a r t i c l e s  l a r g e r  t h a n  s i l t  ( g r e a t e r  t h a n  0 ,0 5  m m .). P a r ­

t i c l e s  w ere  c o n s i d e r e d  t o  be s p h e r e s  w i t h  d e n s i t i e s  o f  2 ,65$ and 

t h e y  w ere  s e p a r a t e d  i n t o  t h r e e  s i z e  r a n g e s — p a r t i c l e s  l a r g e r  

t h a n  5 mm., b e tw een  2 and 5 mm., and  be tw een  0 .0 5  and 2 mm.

The mean d i a m e t e r s  f o r  th e  s i z e  r a n g e s  were t a k e n  t o  be 7«5 mm., 

3 , 5  mm., and  0 ,9  mm. From t h e s e  assum ed d a ta  and t h e  f r a c t i o n s  

o f  th e  s o i l  w i t h i n  t h e s e  s i z e  r a n g e s ,  i t  was p o s s i b l e  t o  c a l c u ­

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

A g g re g a te d  s i l t  and  c l a y  was d e f in e d  a s  t h e  t o t a l  p e r ­

c e n t  o f  s i l t  and  c l a y  o b se rv e d  i n  a  d i s p e r s e d  sam ple o f  s o i l  

l e s s  t h a t  o b s e rv e d  i n  a n o n - d i s p e r s e d  sam ple o f  th e  same s o i l .  

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

d iv id e d  by t h e  a g g r e g a te d  s i l t  and c l a y .  R e s u l t s  o f  a s t a t i s ­

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

a g g r e g a t i o n ,  r a t i o  w ere  good i n d i c a t o r s  o f  e r o s i o n .

From th e  n a tu re ,  o f  th e  e r o s i o n  i n d i c a t o r s  r e p o r t e d  a b o v e ,  

i t  a p p e a r s  t h a t  e r o d i b i l i t y  i s  d e p e n d e n t  on th e  r e l a t i v e  -amount
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o f  s i l t  and  c l a y  p r e s e n t s and on t h e  e a s e  w i th  w h ich  i t  may go 

i n t o  s u s p e n s io n .

E r o s i o n  In d e x

A p a p e r  p u b l i s h e d  by th e  F o r e s t  S o i l s  Committee o f  t h e  

D o u g l a s - f i r  "Region (4 )  in c lu d e d  a  s h o r t  s e c t i o n  on th e  s p a c in g  

o f  l a t e r a l  d r a i n a g e  c u l v e r t s  w hich  was b a s e d s i n  p a r t ,  on an  

E r o s io n  I n d e x .  T ab le  I I  was t a k e n  from  t h i s  p a p e r .  I n  T ab le  

I I ,  t h e  s t a n d a r d  s o i l  g ro u p s  from  t h e  U n i f i e d  S o i l  C l a s s i f i ­

c a t i o n  System  a s  w e l l  a s  t h e  s t a n d a r d  s o i l  t e x t u r a l  g ra d e s  w ere  

" t e n t a t i v e l y "  a s s i g n e d  t o  e r o s i o n  c l a s s e s  I  t o  X, w hich  have 

e r o s i o n  i n d i c e s  from  IG t o  IGO r e s p e c t i v e l y .  C la s s  I  i s  t h e  

m ost e r o s i v e , and c l a s s  X t h e  l e a s t  e r o s i v e .

The s o i l s  w ere  p la c e d  i n  th e  v a r i o u s  e r o s i o n  c l a s s e s  

b a s e d  on th e  a s s u m p t io n  t h a t  t h e  s o i l  c o n ta in e d  100% o f  th e  

s p e c i f i e d  s o i l  t y p e .  I f  t h e  e r o s i o n  in d e x  o f  a  s o i l  w hich  con­

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

s i r e d ,  i t  i s  c a l c u l a t e d  a s  i l l u s t r a t e d  i n  th e  f o l l o w i n g  e x a m p le ;

M a t e r i a l % C o n te n t X E r o s i o n  In d ex - ' - T o ta l  E r o s io n  
In d e x

S i l t 20 . X 10 “ 20
Sandy C lay 40 X 50 20
F in e  G ra v e l 40 X 90 ■s  36

76 s E r o s io n  
C la s s  V II

These e r o s i o n  c l a s s e s  and i n d i c e s  may be s a t i s f a c t o r y  f o r  

t h e  u se  f o r  w h ich  t h e y  w ere d e v e lo p e d ,  b u t  th e y  a p p e a r  t o  be 

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

t a t i v e  s t a n d a r d  e r o s i o n  t e s t ,  w hich  i s  t h e  m ain s u b j e c t  o f  t h i s



TABLE I I - A  GUIDE FOR PLACING COMMON SO IL AND GEOLOGIC TYPES INTO EROSION CLASSES. (4 )

EROSION
CLASS I I I I I I I ? V VI V II V I I I 3X . X
EROSION

80INDEX IO 20 30 40 50 60 70 90 100

SM SM S i l t  (Un- B i l t  (Con- S i l t y C lay Loamy Boars© F in e Roek
e o n so li= s o l id a te d ) C lay Loam Band Band G ravel (C)

«8 d a t e d ) (B) (B) Loam (A) (A ). (C) (G) (C)

• P  0

ML ■ ML OL OL S i l t y S i l t Sandy SM SM Cobble
C lay  (A) Loam Loam-

8 * [A, B) (B) (D)
•p  1 MH ' MH C lay s, v a ry in g  w ith  ty p e g SP SP G ravel
H  - p  m  
•H  CO Q 4 c o h e s iv e n e ss  & compac- - (G)

t i o n  (A) y>
U

n d ' d  CS CL Sandy Sandy Sand Sand GW, GP
C lay (B) c C lay (B) (C)

(B)
SG, GM, OH, GM GG

CO OH, CH ■

Deeomp0 Decompe F in e C oarse Some v o le m ie  ash o r  f i n e pumice F ra e -
Ira n o - sa n d - . s o i l s  de- s o i l s  d e - (G) tu r e d
l i o r i t e s to n e r iv e d  from . r iv e d  from lo o se

(C) (B,G) ro c k s  h i $ ro c k s  higt b a s a l t
to'a> i n  m ica in  m ica o r

(C) (C) s h a le
O (A)

I J ig h ly Mod0I y
O Iecbmp0 deeomps
O
Q* g ra n - g ra n -

CO I t e s i t e s

—

(C) (B)

HO
B

(C) i n d i c a te s  h ig h ly  porous m a te r i a l s t
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t h e s i s ^  w i l l  c l a s s i f y  a  s o i l  a s  t o  i t s  p o t e n t i a l  e r o d i b i l i t y  

w i t h  more c e r t a i n t y  t h a n  can  be done by c o n s u l t i n g  T ab le  11« 

EROSION PREDICTION EQUATIONS

S e v e r a l  e q u a t io n s  w hich  e x p r e s s  e r o s i o n  o r  e r o d i b i l i t y  

..as a f u n c t i o n  o f  d i f f e r e n t  c o m b in a t io n s  o f  v a r i a b l e s  such  a s  

s lo p e  and  r a i n f a l l  i n t e n s i t y  have  been  f o r m u l a t e d » These 

e q u a t i o n s  have b e en  d e v e lo p e d  by m e a su r in g  b o th  s p l a s h  and over=  

l a n d  f lo w  e ro s io n *

E c k e rn  ( 9 ) 9 by t h e  u se  o f  s i m u la t e d  r a i n f a l l } made an  in =  

t e n s i v e  s tu d y  o f  s p l a s h  e r o s i o n  an d  found  t h a t  e r o s i v i t y  can  be 

e x p r e s s e d  a s  a f u n c t i o n  o f  d i s c h a r g e ,  Q, s lo p e ,  S ,  -and r a i n f a l l  

i n t e n s i t y , I . The e q u a t io n s  w h ich  employ t h e s e  v a r i a b l e s  a r e  

e x p r e s s e d  a s  f o l lo w s ?

E r o s i v i t y  -  fCQlo 0 Sl o 0 > ( I )

E r o s i v i t y  3 f ( I l e ^ S l e O) (2)

E c k e rn  d id  n o t  e x p l i c i t l y ,  d e f i n e  f  i n  t h e  above e q u a t io n ,  b u t  i t  

was t a k e n  t o  mean f u n c t i o n  o f  t h e  v a r i a b l e s  i n  p a r e n t h e s e s .

I n  a n o th e r  o f  E c k e r n f s. s t u d i e s  (10), i t  was fo und  t h a t  t h e  

am ount o f  s o i l ,  i n  t h i s  p a r t i c u l a r  c a s e  sa n d , t r a n s p o r t e d  was 

d i r e c t l y  p r o p o r t i o n a l  t o . t h e  r a i n f a l l  i n t e n s i t y  when d ro p  s i z e ,  

s h a p e , and v e l o c i t y  w ere  h e ld  c o n s t a n t .

■ B o r s t  and  Woodburn ( 7 ) ,  by u s e  o f  a  r a i n f a l l  s i m u l a t o r ,  

fo u n d  s e v e r a l  e x p r e s s i o n s  f o r  e r o s i o n  by a p p ly in g  I "  o f  r a i n  a t  

a  r a t e  o f  4.M p e r  h o u r  t o  a bed o f  s o i l  on v a r y in g  s l o p e s  from  

one t o  a p p r o x im a te ly  tw e n ty  p e r c e n t .  They were s t u d y i n g  th e
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e f f e c t s  o f  b o th  s lo p e  and  i n f i l t r a t i o n  r a t e  and fo u n d  no d e f i ­

n i t e  r e l a t i o n s h i p  be tw een  t h e  tw o . They a l s o  co n c lu d ed  t h a t  

t h e r e  was no d e f i n i t e  r e l a t i o n s h i p  be tw een  p e r c e n t  r u n o f f  and  

s lo p e  and no c o n s i s t e n t  r e l a t i o n s h i p  be tw een  p e r c e n t  r u n o f f  and  

s o i l  m o is tu r e  c o n t e n t o They d id  f i n d  t h a t  th e  r a t e  o f  r u n o f f  

a f t e r  r e a c h i n g  e q u i l i b r i u m  was a p p r o x im a te ly  th e  same f o r  a l l  

..so i l s e I t  was a l s o  fo und  t h a t  a  w e t , l i g h t l y  com pacted s o i l  

e ro d e d  more t h a n  a  l o o s e  d ry  s o i l .  T h e i r  e q u a t i o n s  f o r  e r o s i o n  

a r e :

Wet S o i l :  8^23 Slc 2 2 3  ( I )

Dry S o i l :  E -  4 .8 4  S1e29d (2 )

w here  S i s  %. s l o p e  and E i s  pounds o f  e ro d e d  s o i l .  .The o b s e r ­

v a t i o n s  o f  F re e  (12} a g re e d  w i t h  t h o s e  o f  B o r s t  and  W oodburne 

■A p a p e r  by N ea l ( I ? )  f u r t h e r  r e l a t e d  e r o s i o n  t o  s lo p e  * 

d u r a t i o n  o f  s to r m ,  and  r a i n f a l l  i n t e n s i t y *  H is  s t u d y ,  w hich 

i n c l u d e d  e f f e c t s  o f  i n f i l t r a t i o n  and  i n i t i a l  s o i l  m o is tu re  con­

t e n t ,  showed t h a t  i n i t i a l  s o i l  m o is tu r e  c o n te n t  had  a g r e a t e r  

e f f e c t  on t h e  r a t e  o f  i n f i l t r a t i o n  t h a n  any o t h e r  f a c t o r *  How­

e v e r ,  f o r  s l o p e s  l e s s  t h a n  16%, t h i s  i n f i l t r a t i o n  was n o t  a  

f u n c t i o n  o f  s lo p e *  He found  t h a t  t h e  r e l a t i v e  d e n s i t y  o f  r u n o f f  

m a t e r i a l  i n c r e a s e d  a s  t h e  s lo p e  in c r e a s e d *  The m ain  f a c t o r  

i n f l u e n c i n g  e r o s i o n  and r u n o f f  was found  t o  be t h e  r a i n f a l l  

i n t e n s i t y *  The i n t e n s i t y  had a  g r e a t e r  i n f l u e n c e  on e r o s i o n  

t h a n  d id  t h e  r u n o f f *  H is  e q u a t i o n  f o r  e r o s i o n  f o r  a  r a i n  f a l l ­

i n g  on a  s a t u r a t e d  s o i l  i s :
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.where E i s  t h e  e r o s i o n  i n  pounds from  0 .0 0 1  a c re ^  I  i s  th e  

r a i n f a l l  i n t e n s i t y  i n  in c h e s  p e r  h o u r ,  T i s  th e  t im e  i n  h o u r s ,  

a n d  S i s  p e r c e n t  s l o p e .  He a l s o  fo u n d  t h a t  h a rd  d ry  s o i l  e ro d e d  

more t h a n  e i t h e r  l o o s e  d ry  s o i l  o r  a  m o i s t ,  s l i g h t l y  com pacted 

s o i l .  I t  i s  t h e  w r i t e r r s o p in io n  t h a t  t h e  lo o s e  d ry  s o i l  i s  

l e a s t  e r o s i v e  b e c a u se  o f  i t s  c o m p a r a t iv e ly  l a r g e  p e r m e a b i l i t y  

w h ic h  d e c r e a s e s  o v e r la n d  f lo w  and  t h u s  d e c r e a s e s  t h e  e r o s i v e  

a c t i o n  o f  t h e  w a t e r .  A s o i l  w h ich  h a s  been  w e t te d  becomes co ­

h e s i v e ,  and t h i s  c o h e s iv e n e s s  i n c r e a s e s  i t s  r e s i s t a n c e  t o  e r o ­

s i o n ,  w h e re a s  a g g r e g a t i o n s  on t h e  h a rd  d r y  s u r f a c e  w i l l  s l a k e  

and  go i n t o  s u s p e n s io n  w hich  w i l l . i n c r e a s e  th e  amount o f  s o i l  

e r o d e d .

S lo p e  h a s  an  im p o r ta n t  i n f l u e n c e  on e r o s i o n ,  a s  th e  

e q u a t i o n s  w hich  w ere  p r e v i o u s l y  l i s t e d  i n d i c a t e .  Some gene­

r a l  o b s e r v a t i o n s  have  b e en  made on t h e  e f f e c t s  o f  s lo p e  on 

e r o d i b i l i t y .  Gard and  Van D oren  (1 3 )  p e rfo rm ed  e x p e r im e n ts  on 

s l o p e s  o f  5 t o  9$ and  found  s t e e p n e s s  t o  be a d o m in a t in g  f a c t o r  

i n  s o i l  l o s s .  I t  was a l s o  n o te d  t h a t  e r o s i o n  i n c r e a s e d  a s  t h e  

l e n g t h  o f  t h e  p l o t s  i n c r e a s e d .  Z in g g  (2 6 )  fo und  t h a t  s o i l  l o s s  

p e r  u n i t  a r e a  v a r i e s  a s  th e  0 .6  power o f  th e  s lo p e  l e n g t h .  T his  i s  

i n  q u a l i t a t i v e  a g re em e n t w i t h  t h e  o b s e r v a t i o n s  o f  Gard and Van 

D o re n .

A l l  o f  t h e  above e q u a t io n s  show t h a t  an  i n c r e a s e  i n  s lo p e  

o r  f lo w  i n c r e a s e s  t h e  e r o s i o n .  They have v e ry  l i t t l e  o r  no



g e n e r a l  q u a n t i t a t i v e  a p p l i c a b i l i t y ,  how ever, b e c a u s e  th e y  m e r e ly  

showed how a few  s p e c i f i c  s o i l s  r e a c t e d  when one o r  more o f  th e  

many f a c t o r s  w h ich  i n f l u e n c e  e r o s i o n  were varied®

GEWERAh OBSERVATIONS

E l l i s o n  (1 1 )  s t a t e s  t h a t  s p l a s h  e r o s i o n  c o n s i s t s  o f  two 

in d e p e n d e n t  a c t i o n s .  The f i r s t  i s  th e  de tach m en t o f  s o i l  p a r t ­

i c l e s  from  th e  s o i l  m a s s , and th e  second  i s  th e  t r a n s p o r t a t i o n  

as s p l a s h e s  of th e  d e ta c h e d  p a r t i c l e s ,  He found  t h a t  sands have  

th e  h i g h e s t  d e t a c h a b i l i t y ,  w h i le  c o h e s iv e  s o i l s  have  low er d e -  

t a c h a b i l i t i e s . Rose (2 2 )  was a b le  t o  c o r r e l a t e  d e t a c h a b i l i t y  to  

t h e  p l a s t i c i t y  in d e x ,  P I .  He fo und  t h a t  d e t a c h a b i l i t y  i n c r e a s e s  

as  P I d e c r e a s e s ,  and he a l s o  o b se rv e d  t h a t  th e  c l a y  r a t i o  o f  

Bouyoucos i n c r e a s e d  as  th e  PI d e c r e a s e d .

D e t a c h a b i l i t y  sh o u ld  n o t  be c o n fu sed  w i t h  th e  a b i l i t y  o f  

a s o i l  p a r t i c l e  t o  go i n t o  s u s p e n s io n .  Sand p a r t i c l e s  w hich  

show th e  h i g h e s t  d e t a c h a b i l i t y  a r e  n o t  as  e a s i l y  b ro u g h t  i n t o  

s u s p e n s io n  as  a r e  th e  s i l t  and c l a y  p a r t i c l e s  w h ic h  e x h i b i t  low 

d e t a c h a b i l i t i e s .  I t  would a p p e a r  from  th e  s t u d i e s  o f  t h e s e  two 

c h a r a c t e r i s t i c s ,  t h a t  a s o i l ,  sand  f o r  i n s t a n c e ,  c o u ld  show th e  

same c r e d i b i l i t y  a s  a s i l t  i f  th e  v e l o c i t y  o f  th e  o v e r la n d  f lo w  

common t o  b o t h  s o i l s  f u r n i s h e d  a f o r c e  j u s t  s u f f i c i e n t  to  d e ta c h  

th e  e a s i l y  su sp en d ed  s i l t  and j u s t  s u f f i c i e n t  t o  su spend  th e  

e a s i l y  d e ta c h e d  s a n d .

A n o th e r  im p o r t a n t  f a c t o r  w h ich  a f f e c t s  r u n o f f ,  w hich  i n  

t u r n  a f f e c t s  e r o s i o n ,  i s  th e  p e r m e a b i l i t y  o f a s o i l .  ' Musgrave



■” 15”

( 1 6 )  n o te d  t h a t  s o i l s  w h ich  a r e  r e a d i l y  pe rm eab le  t o  w a te r  a r e  

r e l a t i v e l y  r e s i s t a n t  t o  e r o s i o n ,  P e e le  (20} a g re e d  w i th  

M usgrave and  i n  a d d i t i o n  s t a t e d  t h a t  p e r c o l a t i o n  r a t e , p e r c e n t  o f  

s u s p e n s io n *  and d i s p e r s i o n  r a t i o  g iv e  a good in d e x  o f  th e  e r o -  

d i b i l i t y  o f  s o i l s  =

I t  i s  o b v io u s  t h a t  h ig h  i n f i l t r a t i o n  r a t e s  o r  p e r m e a b i l i t y  

w ould  r e d u c e  o v e r l a n d  f lo w  by a l l o w in g  w a te r  t o  d r a i n  down 

th r o u g h  t h e  s o i l  and t h u s  d e c r e a s e  t h e  e r o s i v e  e f f e c t  o f  th e  

o v e r l a n d  f lo w .

I n  a l a t e r  s t u d y ,  P e e le  and o t h e r s  (21) a g a i n  found t h a t  

h ig h  i n f i l t r a t i o n  r a t e s  h e lp e d  r e s i s t  e r o s i o n .  They s t u d i e d  t h e  

m e c h a n ic a l  a n a l y s i s ,  d i s p e r s i o n  r a t i o ,  d e g re e  o f  a g g r e g a t i o n  and  

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

fo u n d  no s i n g l e  p r o p e r t y  t h a t  would g iv e  an  in d e x  t o  e r o d i b i l i t y .  

They d i d  c o n c lu d e  t h a t  s o i l  c o v e r  had  a g r e a t e r  e f f e c t  on e r o ­

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

C raddock  and P e a r s e  (8) a l s o  i n v e s t i g a t e d  th e  e f f e c t  o f  

s o i l  c o v e r  ( r a n g e  ty p e )  and  found  t h a t  i t  had a g r e a t e r  i n ­

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

d i s t u r b a n c e .

Adams, e t  a l .  ( I )  made a d e t a i l e d  s tu d y  o f  e r o s i o n  on 

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

p l o t s  w ere  a l l  s i x  i n c h e s  i n  d i a m e te r  and  were on a  s lo p e  o f  

z e ro  p e r c e n t .  As p a r t  o f  h i s  s t u d y , he i n v e s t i g a t e d  th e  e f f e c t s  

o f  p e r c e n t  w a t e r - s t a b l e  - a g g re g a te s  - g r e a t e r  t h a n  2 mm. i n  s i z e ,  .



■ r a i n f a l l  i n t e n s i t y ,  and d i s p e r s i o n  r a t i o  on wash e r o s i o n .  R a in ­

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

2 mm. w ere  found  t o  be h i g h l y  s i g n i f i c a n t  a t  th e  1% l e v e l ,  w h i le  

t h e  d i s p e r s i o n  r a t i o  was found  t o  be i n s i g n i f i c a n t .  He a t t r i ­

b u te d  t h e  i n s i g n i f i c a n c e  o f  th e  d i s p e r s i o n  r a t i o  t o  th e  f a c t  

t h a t  some o f  th e  s o i l s  had h ig h  d i s p e r s i o n  r a t i o s  and s m a l l  p e r ­

c e n t a g e s  o f  s i l t  and c l a y .  The h ig h  d i s p e r s i o n  r a t i o s  would 

i n d i c a t e  t h a t  t h e  s i l t  and  c l a y  c o u ld  be e a s i l y  b r o u g h t  i n to  

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

l e a d  t o  a  h ig h  d e g re e  o f  e r o s i o n .  They a l s o  c o n c lu d e d  t h a t  wash 

e r o s i o n  r a t h e r  t h a n  s p l a s h  e r o s i o n  w ould  be a b e t t e r  m easure  o f  

n a t u r a l  e r o s i o n  by w a t e r .

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

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

g r e g a t i o n  r a t i o ,  c l a y  r a t i o ,  e t c . , do have some m e r i t  a s  q u a l i ­

t a t i v e  e r o s i o n  i n d i c a t o r s j  b u t  th e y  have n o t  p ro v ed  t o  be h i g h l y  

d e p e n d a b le .

E f f e c t s  o f  S o i l  Type o r  O r i g i n  on E r o s i o n

P a c k e r  (1 8 ,  19.) h a s  p ro p o se d  and made s e v e r a l  s t u d i e s  

d i r e c t e d  to w a rd  r e d u c in g  e r o s i o n  on lo g g in g  r o a d s  and s k id  

t r a i l s  on v a r i o u s  s o i l s  i n  Id ah o  and  M ontana. He su rm ise d  t h a t  

m ost o f  t h e  e r o s i o n  i n  t h i s  r e g i o n  was c au se d  by o v e r l a n d  f lo w ,  

a n d  t h a t  most o f  t h i s  f lo w  was due t o  sn o w -m e lt .  R e s u l t s  o f  h i s  

s t u d i e s  showed t h a t  e r o s i o n  i n c r e a s e d  w i t h  an  i n c r e a s e  i n  g r a d ­

i e n t  ( s l o p e )  and w i th  change i n  l o c a t i o n  from  r i d g e s  t o  h i l l

- 1 6 -
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s i d e s  t o  d r a i n a g e  b o t to m s 0 He l i s t e d  t h e  f o l lo w in g  s o i l  t y p e s

a c c o r d i n g  t o  t h e i r  i n c r e a s i n g  c r e d i b i l i t y 0

1» Hard S e d im e n ts  ( s l a t e s  and s h a l e s )
2» B a s a l t  
3 o G r a n i t e  .
4= G l a c i a l  S i l t  
5 o A n d e s i t e  
6o L o ess

Kidd (14 )  a l s o  s t u d i e d  th e  e r o s i o n  w hich  o c c u r s  on l o g ­

g in g  s k id  t r a i l s  and h i s  r e s u l t s  v e r i f i e d  t h o s e  o f  P a c k e r ,  

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

s o i l s ,  and  i s  g r e a t e r  i n  r a v i n e  b o t to m s  t h a n  on s i d e  h i l l s ,

W a l l i s  (25 )  d e te rm in e d  th e  s u r f a c e  a g g r e g a t i o n  r a t i o  f o r  

n i n e  d i f f e r e n t  ro c k  t y p e s  w hich a r e  common I n  n o r th w e s t e r n  C a l i ­

f o r n i a  , Of th e  n in e  t y p e s ,  he c l a s s i f i e d  a  q u a r t z  d i o r i t e  a s  

t h e  m ost h i g h ly  e r o d i b l e ,  b a s a l t  and  g a b ro  a b o u t  h a l f  a s  e r o d -  

ab le , a s  t h e  q u a r t z  d i o r i t e j  and S e r p e n t i n i t e  a s  t h e  l e a s t  e r o d ­

i b l e  o The c r e d i b i l i t i e s  o f  d i f f e r e n t  s o i l  and  r o c k  ty p e s  a s  

p r e s e n t e d  above a p p a r e n t l y  f u r n i s h  a ro u g h  g u id e  t o  th e  p o te n ­

t i a l  e r o d i b i l i t i e s  o f  th e  s o i l s .  However  ̂ a n  c r e d i b i l i t y  

c l a s s i f i c a t i o n  b a s e d  upon a q u a n t i t a t i v e  l a b o r a t o r y  e r o s i o n  t e s t  

w ould  seem t o  o f f e r  a  b e t t e r  and  more d e p e n d a b le  m easure  o f  th e  

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

E f f e c t s  o f  Land U se- on E r o s io n

I n  a n o th e r  s tu d y ,  A nderson  (3 )  s t u d i e d  th e  e f f e c t s  o f  

l a n d  u s e - - l o g g i n g  i n  p a r t i c u l a r - - o n  s e d im e n t  p r o d u c t i o n ,  He 

o b s e r v e d  t h a t  t h e  s e d im e n t  p r o d u c t i o n  i n c r e a s e d  BOO p e r c e n t



d u r i n g  th e  f i r s t  y e a r  o f  lo g g in g  and d ropped  o f f  r a p i d l y  i n  t h e  

f o l l o w i n g  y ea rs=  The c h i e f  s o u r c e s  o f  t h i s  se d im e n t  w ere  l o g ­

ging. r o a d s ,  s k id  t r a i l s ,  and la n d in g s =  T h is  would l e a d  t o  t h e  

c o n c l u s i o n  t h a t  such  d i s t u r b a n c e s  s h o u ld  be k e p t  t o  a  minimum t o

re d u c e  e r o s i o n



CHAPTER I I I

MATERIAL'S AND LABORATORY TESTS

MATERIALS

The m ain c o n s i d e r a t i o n  i n  t h e  c h o ic e  o f  s o i l s  u sed  i n  

t h i s  t h e s i s  i n v e s t i g a t i o n  was t h a t  t h e y  be f i n e  g r a i n e d  s o i l s  

from  t y p i c a l  s i t e s  l o c a t e d  on f o r e s t e d  land, w hich  h a s  a f a i r l y  

s t e e p  s l o p e o I t  was i n i t i a l l y  assum ed t h a t  t h e r e  m ight be a 

s t r o n g  c o r r e l a t i o n  be tw een  e r o d i b i l i t y  and  p l a s t i c i t y  i n d e x o 

T hus, w i th  t h e  e x c e p t i o n  o f  t h e  s i x  s o i l s  d e s c r i b e d  below , t h e  

s o i l s  were c h o se n  t o  g iv e  a s  w ide  a  ran g e  o f  p l a s t i c i t y  in d e x  

a s  p o s s i b l e o I t  was a l s o  d e c id e d  t h a t  most o f  th e  s o i l s  sh o u ld  

be t a k e n  from  a r e a s  w hich  had  been  lo g g e d  o r  where f o r e s t  ac~  

c e s s  r o a d s  had  been  b u i l t 0

E ig h te e n  d i f f e r e n t  s o i l  sa m p le s  were, u s e d  i n  th e  t e s t s .  

Twelve s o i l  sam ples  w ere  t a k e n  from  v a r i o u s  d r a i n a g e s  l o c a t e d  

on  o r  a d j a c e n t  t o  t h e  G a l l a t i n  N a t io n a l  F o r e s t  i n  - so u th w e s te rn  

M ontana , The r e m a in in g  s i x  s o i l s  w ere  c h o sen  from  th e  s i x  s o i l  

g ro u p s  s t u d i e d  by P a c k e r  (19 ) °. An a t t e m p t  was made t o  o b t a i n  

t h e  sa m p le s  from  t h e  s p e c i f i c  s i t e s  s t u d i e d  by h im . I f  th e  

s i t e s  w ere  found  t o  be i n a c c e s s i b l e ,  a  sam ple was t a k e n  from 

t h e  g e n e r a l  a r e a .  S o i l  sam p le s  I ,  7$, an d  10 , a s  i d e n t i f i e d  i n  

T a b le  I I I ,  w ere  o b ta in e d  from  th e  s p e c i f i c  s i t e s  s t u d i e d  by 

P a c k e r ,  w h i l e  s o i l s  5 ji 6$ and  9’ w ere  t a k e n  o n ly  from  th e  g e n e ­

r a l  a r e a s .  I t  i s  p o s s i b l e  t h a t  s o i l s  5» 6, and 9 a r e  q u i t e

d i f f e r e n t  from  t h e  s o i l s  w hich  were in c lu d e d  I n  F a e k e r f S-s t u d y ,
■ ( .
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A two t o  t h r e e  h u n d red  pound sam ple was o b ta in e d  from  

e a c h  s i t e . The t o p  few  in c h e s  o f  l i t t e r ,  o r g a n ic  m a t t e r ,  and 

l e a c h e d  s o i l  was rem o v e d , and t h e  sam ple  was t a k e n  a t  random 

from  a s u r f a c e  a r e a  o f  a p p ro x im a te ly  f i f t y  sq u a re  f e e t  = The 

sa m p le s  w ere  p la c e d  i n  p a p e r  s a c k s  and t r a n s p o r t e d  t o  t h e  l a b o ­

r a t o r y  w here  t h e y  were s p r e a d  o u t  t o  dry»

The s o i l s  a r e  t a b u l a t e d  by num ber, name and l o c a t i o n  i n  

T a b le  I I I =

STANDARD TESTS -

The f i v e  s t a n d a r d  t e s t s  w h ich  a r e  l i s t e d  be low  were p e r ­

fo rm ed  on r e p r e s e n t a t i v e  sam p le s  o f  eac h  s o i l=

I ,  M e ch a n ica l  A n a l y s i s ,  AASHG D e s i g n a t i o n ;  T88-57 

2» A t t e r b e r g  L i m i t s ;

( a )  L iq u id  L i m i t , ASTM D e s i g n a t i o n ;  D423-61T
(b )  P l a s t i c  L im i t ,  ASTM D e s i g n a t i o n ;  D424™59

3 o S p e c i f i c  G r a v i t y ,  ASTM D e s i g n a t i o n :  D854-5&

4» M o is tu r e - D e n s i ty  R e l a t i o n s  o f  S o i l s ,

AASHG D e s ig n a t io n :  T 9 9 -5 7 , method A=

The above t e s t s  w ere  p e rfo rm ed  e s s e n t i a l l y  a s  s p e c i f i e d  

by  th e  above  s t a n d a r d s ;  how ever, i n  t h e  m e c h a n ic a l  a n a l y s i s  

t e s t ,  t h e  c o n s t a n t  t e m p e r a tu r e  w a te r  b a th  was n o t  a s  deep  a s  

s p e c i f i e d  by t h e  s ta n d a r d s =  The b a th  m a in ta in e d  t h e  t e m p e r a tu r e  

o f  th e  s u s p e n s io n s  w i t h i n  2 °  o f  t h e  s p e c i f i e d  6S°F and was c o n ­

s i d e r e d  t o  be a d e q u a te  f o r  th e  t e s t =  R e s u l t s  o f  t h e s e  s t a n d a r d  

t e s t s  a r e  t a b u l a t e d  i n  -Tables IV -and  V= The g r a i n  s i z e
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a c c u m u l a t i o n  c u rv e s  f o r  t h e  m a t e r i a l  u se d  i n  th e  e r o s i o n  t e s t s  

a r e  shown i n  f i g u r e s  33 th r o u g h  37 i n  a p p e n d ix  Eo 

TEST FOR AGGREGATED SILT AND CLAY

The d i s p e r s i o n  and s u r f a c e  a g g r e g a t i o n  r a t i o s  o f  each  

s o i l  w ere  d e t e r m i n e d „ To do t h i s  ̂ i t  was n e c e s s a r y  t o  d e t e r ­

m ine t h e  amount o f  a g g r e g a te d  s i l t  and  c l a y  p r e s e n t  i n  each  

s o i l o T h is  a g g r e g a t i o n  c a n  be d e s c r i b e d  a s  w a te r  s t a b l e  s i l t  

and  c l a y  p a r t i c l e s  w hich  c l i n g  t o g e t h e r  t o  fo rm  p a r t i c l e s  

whose d i a m e t e r s  a r e  g r e a t e r  t h a n  0 ,0 5  mm,, th e  maximum s i z e  f o r  

s i l t  o

T here  i s  no w id e ly  a c c e p te d  s t a n d a r d  p ro c e d u re  f o r  d e ­

t e r m i n i n g  th e  amount o f  a g g re g a te d  s i l t  and c la y .  I t  can  be 

done by e i t h e r  t h e  p i p e t t e  method ( 1 5 1 o r  by t h e  u s e  o f  a  hydro= 

m e t e r o The l a t t e r  m ethod was u s e d  i n  t h i s  c a se  and i s  d e s c r ib e d  

b e lo w .

The f o l lo w in g  p ro c e d u re  d i f f e r s  s l i g h t l y  from  th e  s t a n ­

d a rd  h y d ro m e te r  method o f  m e c h a n ic a l  a n a l y s i s  i n  w h ich  a  d i s ­

p e r s i n g  a g e n t  i s  u se d  t o  b re a k  up th e  a g g re g a te d  s i l t  and c l a y  

p a r t i c l e s , S in c e  t h e  p u rp o se  o f  t h i s  t e s t  was t o  d e te rm in e  th e  

f r a c t i o n  o f  a g g r e g a t e d  s i l t  and  c la y ,  no d i s p e r s i n g  a g e n t  was 

u s e d  o

A r e p r e s e n t a t i v e  sam ple o f  a i r - d r y  m a t e r i a l ,  w hich  p a s s ­

ed t h e  No-= 4 s i e v e  (4 °699  mm,) and was e q u i v a l e n t  t o  75 grams 

o f  o v e n -d r y  m a t e r i a l ,  was p la c e d  i n  t h e  bo ttom  o f  a 1000 m l= 

c y l in d e r ,  an d  w a te r  a t  6S°F was a d d ed  to  f i l l  t h e  g r a d u a te  t o
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t h e  1000 m l0 mark= The g r a d u a t e  was t h e n  p la c e d  i n  a  c o n s t a n t  

t e m p e r a tu r e  (6 $ °F )  w a te r  b a th  f o r  one hour= The c y l i n d e r  was 

t h e n  p ic k e d  up and t h e  s o i l  was sh a k e n  lo o s e  from  t h e  b o tto m . 

When a l l  o f  th e  s o i l  was o f f  t h e  bottom ^ th e  c o n t e n t s  o f  th e  

c y l i n d e r  w ere  t h o r o u g h ly  mixed by t u r n i n g  t h e  c y l i n d e r  end ov er  

end  f o r  s i x t y  se co n d s  = The c y l i n d e r  was t h e n  p la c e d  i n  th e  b a th  

a t  t im e  Z e r o 8 and h y d ro m e te r  r e a d i n g s  w ere  t a k e n  a t  th e  end o f  

one and  two m in u te s .

The c a l c u l a t i o n s  f o r  c o r r e c t e d  g r a i n  s i z e s  j, hy d ro m ete r  

r e a d in g s ^  a n d ■p e r c e n t a g e  o f  t o t a l  sam ple  f i n e r  t h a n  th e  s p e c i ­

f i e d  g r a i n  s i z e s  w ere  c a l c u l a t e d  a c c o r d in g  t o  th e  p ro c e d u re  

g iv e n  .in  S ta n d a rd  Methods- o f  M e c h a n ic a l  A n a ly s i s  o f  S o i l s ,

AA1SHO D e s ig n a t io n s  T S 8 -5 7 ■> The r e s u l t s  were p l o t t e d  on sem i­

lo g  g ra p h  p a p e r  and  t h e  p e r c e n ta g e  o f  a g g r e g a te d  s i l t  and c l a y  

was d e te rm in e d  = The r e s u l t s  o f  t h i s  t e s t  and  th e  c a l c u l a t i o n  

o f  t h e  d i s p e r s i o n  and s u r f a c e  a g g r e g a t i o n  r a t i o s  a r e  g iv e n  i n  

T ab le  VI „
THE LABORATORY ERQSIOfl TEST

A s im p le  and  com pact d e v ic e  was d e v e lo p e d  w hich  was u se d  

t o  m easu re  e r o s i o n  i n  th e  l a b o r a t o r y . P i c t u r e s  and d e t a i l e d  

d ra w in g s  o f  t h i s  d e v ic e  a r e  shown i n  f i g u r e s  I  t h ro u g h  6 ,

The d e t a i l e d  recommended p ro c e d u re  f o r  th e  S ta n d a rd  E ro ­

s i o n  T e s t  i s  g iv e n  i n  a p p e n d ix  A. The p ro c e d u re  u se d  i n  th e  

l a b o r a t o r y  d e v e lo p m e n t  o f  th e  e r o s i o n  t e s t  i s  d e s c r i b e d  be low . 

The d e s c r i p t i o n  w i l l  c o v e r  t h r e e  d i f f e r e n t  a s p e c t s  o f  t h e  t e s t
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TABLE CT -  RESULTS- OE STAKDAM) TESTS.

SOIL
NO.

A
L

TTERBERG
IMITS

SBECIEIG 
GRAVITY"

M o is tu r e -D e n s ity
R ela tion sh ip ,,.

°/o o f  T ota l 
Sample 
B a ss in g  
#4 S ie v e..LL . .-BL - . . -BI .. -Optimum....

Mo Go, f o .
,-Max ..dry .den­

s i t y  „ pcf.= '

I ,SI,. O. .21 „.5... .9o.5 2  o 74 1 2 .0 .....1 2 3 o0 9 3 .6
2 . ..39.0-8- .20.0.4., -19-» ■... ...-2o-71 .21*2  . . . 1 0 1 .4 9 1 .7
5 40,0.2.. jL- 19„1. . - 2 .7 4 .. -20 o I , , I.., o l 100 o O
4 . . ..B8.o,3. ™23o2... «15«o I . 2  o 6 -7 17 „3 . . .10.4 o 7 1 0 0 .0
5 .39.0.8.. „.23o4 -16.-4. —2  o-68 • • -19-0 -3a * ' * . .... ...104 o 7 9 8 .5
6- 3GLR, .23  „4... S 0 12*1., 1 1 8 .3 1 0 0 .0

7 .25 „.4 -19-. 9... . ,.5o-5.. ., 2  0.62 . . ..14*8 ..... 1 0 9 .0 9 2 .0
8 .50.0,4.. .24 o.9. , .25.0.5. .. -2 o 71 .... 22*4 . ...98o 7 1 0 0 .0
9 52 0.6. 40,o 2 , -IS. 0-4 - 2  o 61 5 4 .4 . . .81 o 6 9 7 .0

-IO-.., 10,o-8 2*64 17*2 ...... 108*8 9 2 .0
1 1 .. . ,62o 4 . .25.o9 ,38 o-5 - -2 0-5̂ 3 ...29 o 5 ...— 89,o 2 7 8 .9  ■
12,. . 70-0.7 - 240.3..- - - 2*o 7 O-- .3 0 * 8 —...... 87.* I  ■ 9 5 .8

.,13. . 38 «,.1.. ireLQ-̂ jL ,20.0.0- .. -2 .7 4 1 7 . 4 ...... HO o 2 ' 9 1 .7
14 . 48 o.5 21o,4,.. ,27.ol ,. .2* 7-0 .. * -25-0 Q .9 4 .7 8 8 .6
15. . -52-o,9- 1 -- 18.o 7 x So .70 ...28 o 7 ,,...90 o 9 9 6 .8

,1 6 . 27.0.4,. ..2.46-7 •. .2.0-7 - 2  o 81 13 o 0 . . .1 2 0 .8 9 6 .4
17 47 o 5 27 o 2 2 0 .3 2 .6 0 22 o 4 97 .1 9 5 .9
18 4 8 .2 19 o 9 2 8 ,3 2 .7 4 20 „0 105 .5 9 8 .4



TABIE V -  MECHANICAL ANALYSIS OF FRACTION USED IN THE EROSION TEST

SOIL
NO0

PERCENT PASSING OR SMALLER THAN

, #8 #10 #20 #40 #100 #200 .05 mm. =005 mm. ,002 mm.

I 100 93 cl 92 »4 84.4 74.5 59.1 50.8 4-0 q 2 13.2 9.0
2 100 97,2 96.9 94.3 89.0 74.6 67.3 59.2 29.3 22.7
3 100 85,0 82.6 82.4 82.0 78.7 71.4 59.3 23.9 16.0
4 100 100.0 100=0 99.5 98.3 95.3 90.2 69.5 12.0 7.2
5 100 97.6 97.1 91.9 82=3 71.8 68.1 63,6 33.0 24.2
6 100 98.7 98.3 88.4 69.0 44®2 32.9 29.0 12.0 9.2

7 100 97.8 97.7 95.3 94.3 89.9 "87.3 81.3 30.0 14.1
S 100 100.0 100=0 97.9 91.5 77.7 68.9 59.6 34.7 27.0
9 100 98.5 98.1 95.5 91.8 82.0 74.3 61.5 15.0 8.3

10 100 95.2 95.0 91.7 89.2 87.0 85.2 78.5 27.2 18.0
11 100 92.3 91.0 89.2 83.5 68.9 60.4 56.2 36.0 30.8
12 100 97.7 93.3 91.1 88=0 82=1 77.9 73.0 48.0 43.2

13 100 86.8 85.3 84.1 82.7 80.2 76.2 71.0 42.5 32.8
14 100 98.3 97.8 97.0 96.0 94.2 92.4 85.0 45.5 37.2
15 100 97.0 96,1 89.4 79.1 53.3 48.0 41.5 15.0 8.3
16 100 96.9 96.0 82. 5. 59.6 38.9 29.3 22.5 6.3 4.3
17 100 97.8 97.3 95.0 92.0 80=5 71.8 64.1 31.0 20.5
18 100 98.0 96.4 93.9 91.9 89.0 84.0 78.2 53,7 41.0



TABLE VI -  SUBFACE AGGREGATION AND DISPERSION RATIOS

SOIL
NO.

FRACTION OF SAMPLE 
BETWEEN SIZES, mm.

SURFACE
CM2Zgram

S

% FINER THAN 0.05 mm. AGG= SILT 
& CLAT

A S D - = U

SURFACE
AGG=

RATIO,

S/A

DISPERSION
RATIO

D/D

DISPERSED UNDISPERSED

>5 2 to 5 .05 to 2 D U

I O 7.3 52.5 22.8 40=2 27.5 12.7 1 = 80 .68
2 O '3.2 37.8 23.7 . 59.2 24.1 35.1 0.68 .41
3 O 16.2 24.5 17.7 59.3 23.0 36.3 0.49 .39
4 O O 30:5 25.2 69.5 59.0 10.5 2.40 .85
5 O 2.7 33.7 23.8 63.6 26.8 36.8 0.65 .42
6 O 1.5 69.5 24.8 29.0 15.3 13.7 1.81 .53

7 O 2.3 16.4 22.8 81.3 65.0 16.3 1.40 .80
8 O 0" 40.4 25.2 59.6 17.0 42.6 0.59 .29
9 O 1.7 36:8 24.3 61.5 42.0 19=5 1.24 .68

IO O 4.9 16.6 20.9 78.5 50.0 . 28.5 0.73 =64
11 O 8:4 ; 35:4 21.6 56.2 24.3 31.9 0.68 =43
12 O 4.5 ' 22.5 22.1 73.0 44=0 29.0 0.76 .60

13 O 14.0 15=0 16.1 71.0 40.0 31.0 0.52 .56
14 O 2.0 13.0 22.7 85.0 37=0 48.0 0.47 .44
15 O 3.4 55.1 24=1 41.5 18.0 23.5 1=03 .43
16 O 3.6 73.9 24.3 22.5 14=3 8.2 2.75 =64
17 O 2.5 33.4 23.9 64=1 18.5 45.6 0.52 .29
18 O 2.8 19.0 22.8 78.2 20.0 58.2 0.39 .26

NOTE; The Sxirface Aggregation Ratio computations were based on the assumptions s ta ted  on 
page ,8.



=27*-

w h ich  a r e  s o i l  and s o i l - b e d  p r e p a r a t i o n , •a p p a r a t u s  a d ju s tm e n t#  

and e r o s i o n  c o l l e c t i o n  and m ea su re m e n te 

S o i l  P r e p a r a t i o n

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

i m m e d i a t e l y  a f t e r  t h e y  w e re  b r o u g h t  i n  f r o m  t h e  f i e l d  a n d  a l ­

lo w e d  t o  a i r  d r y , T he  d r y i n g  p e r i o d  w as  q u i t e  l o n g  i n  . t h i s  

c a s e . '  ( a  m o n th  o r  m o re ) - ,  b u t  a  s h o r t e r  d r y i n g  t i m e  c o u l d  h a v e  

b e e n  U s e d ff

Sandy and s i l t y  s o i l s  were s i e v e d  th r o u g h  t h e  No® 4- 

s c re e n ?  The m a t e r i a l  r e t a i n e d  on th e  s c r e e n  was pounded l i g h t ­

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

w ere  b ro k e n  down, was s i e v e d  a g a i n ,  and th e  o v e r s i z e  p a r t i c l e s  

were t h e n  d i s c a r d e d ? .

The c l a y e y  s o i l s  c o n ta in e d  l a r g e  lumps o r  c lo d s  w hich  

were l a r g e r  t h a n  th e  Uo.. 4. s i e v e  s i z e  and were v e r y  d i f f i c u l t  

t o  b r e a k  down. Any hand m ethod s u c h  a s  p o u n d in g  w i t h  a r u b b e r  

m a l l e t  o r  P r o c t o r  hammer r e q u i r e d  an  undue amount o f  time®. 

C o n s e q u e n t ly ,  a  m e c h a n ic a l  method w h ic h  u t i l i z e d  a Los A nge les  

A b ra s io n  M achine was u s e d .

The m achine  was used  a s  a c o m b in a t io n  ro d  and b a l l  m i l l *  

Ten s t e e l  b a l l s , s t a n d a r d  f o r  th e  m ach in e , and f o u r  cast- i r o n  

s a s h - w e ig h t  w ere  u se d  to  c h a rg e  th e  m a c h in e . The c r u s h in g  a c ­

t i o n ,  w h ich  was c au se d  by th e  c h a rg e  b e in g  c a r r i e d  a lm o st t o  th e  

to p  o f  th e  r e v o l u t i o n  and d ropped  on t h e . m a t e r i a l  be low , re d u c e d  

a b o u t  80% o f  a 30 pound sa m p le ,  i n  t e n  m inu tes .,  t o  m a t e r i a l
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FIGURE I —  LABORATORY EROSION TEST APPARATUS
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FIGURE 2 —  LABORATORY EROSION TEST APPARATUS
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Which would p a s s  th e  No, 4  s i e v e . The f r a c t i o n  w h ic h  p a s s e d  

th e  E o0 4  s i e v e  c o n ta in e d  a f a i r  amount o f  a g g r e g a te d  p a r t i c l e s  

and was n o t  g round  down to  th e  f i n e n e s s  o f  f l o u r .  The o v e r s i z e  

m a t e r i a l  l e f t  a f t e r  one 10 m in u te  r u n  i n  th e  m ach ine  was d i s ­

c a r d e d .

S o i l  Bed P r e p a r a t i o n

F o r  e a c h  s o i l ,  e r o s i o n  t e s t s  were made w i t h  th e  s o i l  i n  

a l o o s e  a i r - d r y  s t a t e ,  and a l s o  i n  a den se  m o is t  s t a t e .

Loose S t a t e

F o r  th e  l o o s e  s t a t e  t e s t s ,  a p p ro x im a te ly  12 pounds o f  

a i r - d r y  s o i l ,  w h ich  was p r e p a r e d  a s  d e s c r ib e d  a b o v e ,  was p l a c e d  

l o o s e l y  i n  th e  s t e e l  s o i l  bed and was s c r e e d e d  o f f  l e v e l  w i t h  

i t s  to p .  No p a c k in g  o r co m p ac tin g  was done.

Dense S t a t e

F o r  th e  d en se  s t a t e  t e s t s ,  a w a te r  c o n te n t  d e t e r m i n a t i o n  

was made f o r  e a c h  s o i l  p r i o r  to  th e  t e s t s .  A If? to  20 pound 

a i r - d r y  sam ple  o f  th e  p r e v i o u s l y  p r e p a r e d  s o i l  was b ro u g h t  up 

to  i t s  optimum AASHO' w a te r  c o n t e n t ,  th o r o u g h ly  m ix e d ,  and p l a c e d  

i n  one ev en  l a y e r  i n  th e  s o i l  b e d .  The s o i l  was t h e n  com pacted 

i n  a s i n g l e  l i f t  w i t h  338 u n i f o r m ly  d i s t r i b u t e d  b low s from  a 

s t a n d a r d  f?,3 pound AASHO c o m p ac tio n  hammer. . T h is  g iv e s  e s s e n t ­

i a l l y  th e  sa m e ■co m p a c tiv e  e n e rg y  p e r  u n i t  o f  s o i l  volume as  does 

th e  s t a n d a r d  AASHO c o m p ac tio n  t e s t .

A f t e r  th e  s o i l  was com pacted  i n  th e  b e d ,  th e  s i d e - b o a r d s  

were rem oved , and t h e  s o i l  was s c r e e d e d  o f f  even w i t h  th e  to p
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o f  t h e  s t e e l  s o i l  b e d .  A sam ple o f  th e  s c re e d e d  o f f  m a t e r i a l  

was t h e n  u se d  t o  ch eck  th e  a c t u a l  w a te r  c o n te n t  o f  th e  s o i l .

The bed and s o i l  was t h e n  w eighed and th e  w e ig h t  o f  t h e  com­

p a c t e d  s o i l ,  t h e  w a t e r  c o n t e n t ,  and t h e  volume o f  th e  bed were 

u s e d  t o  d e te rm in e  t h e  d ry  d e n s i t y  o f  th e  s o i l  i n  t h e  b e d .

S o i l  Bed and O r i f i c e  A d ju s tm e n t

A l l  t e s t  r u n s  w ere  c o n d u c te d  w i th  th e  same s t a n d a r d  e r o ­

s i v e  a c t i o n  on a s lo p e  o f  50# . The s o i l  bed s u p p o r t  was a d ­

j u s t e d  t o  t h e  50#  s lo p e  and checked  p e r i o d i c a l l y  be tw een  t e s t  

r u n s .  The s o i l  bed was p la c e d  and r o u g h ly  c e n t e r e d  on th e  su p ­

p o r t .  The r e s e r v o i r  was t h e n  a d j u s t e d  v e r t i c a l l y  and l a t e r a l l y  

so t h a t  t h e  b o tto m  ( lo w e s t  e x t r e m i t y ) o f  th e  s t a n d a r d  o r i f i c e  

was 7” above  a p o i n t  c e n t e r e d  be tw een  th e  s i d e  b o a rd s  o f  th e  

s o i l  bed 3On from  t h e  dow nstream  e n d .  See f i g u r e  7•

1
-L ow est e x t r e m i t y  o f  o r i f i c e  

J e t

FIGURE 7 -  ORIENTATION OF JET AND SOIL BED
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The s p l a s h  p r o t e c t o r  was t h e n  p o s i t i o n e d  a t  th e  u p p e r  

end o f  t h e  s o i l  bed a s  shown i n  f i g u r e  I 0 The p u rp o se  o f  t h e  

s p l a s h  p r o t e c t o r  was t o  d i v e r t  s p l a s h e s  back  to  th e  c h a n n e l  and 

t o  k e ep  s o i l  p a r t i c l e s  d e ta c h e d  by th e  s p l a s h i n g  a c t i o n  c o n f in e d  

t o  th e  s o i l  b e d o A f t e r  th e  r e s e r v o i r - o r i f i c e  was p o s i t io n e d ^  a 

d i v e r s i o n  c h u te  was p l a c e d  be tw een  th e  o r i f i c e  and th e  s o i l  bed= 

The head  was a d j u s t e d  so  t h a t  th e  w a te r  l e v e l  was n e a r  th e  c e n ­

t e r  o f  t h e  o v e r f lo w  p i p e  a s  shown i n  f i g u r e  5 , and th e  te m p e r ­

a t u r e  was s im u l t a n e o u s ly  a d j u s t e d  a s  c l o s e  t o  VO0F a s  p o s s ib le =  

The d i s c h a r g e  from  th e  d i v e r s i o n  c h u te  was t h e n  c o l l e c t e d  i n  a 

500 m l. g r a d u a te d  c y l i n d e r  f o r  30 se co n d s  = T h ree  m easurem ents  

w ere  made and th e .  a v e ra g e  was r e c o r d e d  a s  t h e  b e g in n in g  d i s ­

c h a r g e .

E r o s io n  C o l l e c t i o n  and M easurem ent

The f i r s t  o f  s i x  1000 m l.  g r a d u a t e s  was p l a c e d  b e n e a th  

t h e  r u n o f f  c h u t e ,  and th e  d i v e r s i o n  c h u te  was removed= The 

t im e  be tw een  t h e  re m o v a l  o f  t h e  d i v e r s i o n  c h u te  and  f i r s t  r u n ­

o f f  i n t o  t h e  g r a d u a t e  was n o te d ,  and t h e  g r a d u a t e s  w ere  changed 

a t  one m in u te  i n t e r v a l s  t h e r e a f t e r  f o r  s i x  m in u te s  = At th e  end 

o f  t h e  s i x  m in u te s  t h e  d i v e r s i o n  c h u te  was r e p l a c e d  u n d e r  th e  

o r i f i c e , and  th e  d i s c h a r g e  from  th e  o r i f i c e  was m easu red  a g a in  

a s  p r e v i o u s l y  d e s c r i b e d  =

I n  o r d e r  t o  d e te r m in e  th e  w e ig h t  o f  e ro d e d  s o i l ,  i t  was 

n e c e s s a r y  t o  m easure  th e  t o t a l  volume and w e ig h t  o f  th e  combined 

s e d im e n t  and w a te r  i n  e a c h  o f  t h e  s i x  c y l in d e r s =  The volum es
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w ere  r e a d  t o  t h e  n e a r e s t  m i l l i l i t e r  w h i le  th e  w e ig h ts  were d e ­

t e r m in e d  t o  th e  n e a r e s t  t e n t h  o f  a gram .

I t  was n e c e s s a r y  t o  d e v e lo p  an  e q u a t io n  t o  f i n d  th e  d ry

w e ig h t  o f  th e  e ro d e d  m a t e r i a l .  I n  th e  f o l lo w in g  d e r i v a t i o n ,  Vs 

i s  t h e  volume o f  s o i l  p a r t i c l e s , V  ̂ anc  ̂ V^ a r e  t h e  t o t a l  volume 

and volume o f  w a te r  r e s p e c t i v e l y ,  Wfc i s  th e  t o t a l  w e ig h t  o f  

s e d im e n t  and w a t e r ,  Ws and Ww a r e  t h e  w e ig h ts  o f  t h e  sed im en t 

and w a t e r  r e s p e c t i v e l y ,  ^ w i s  th e  u n i t  w e ig h t  o f  w a t e r ,  and G 

i s  t h e  s p e c i f i c  g r a v i t y  o f  th e  s o i l  p a r t i c l e s .

FIGURE 8

VOLUME RELATIONSHIP

Vt = Vw /  w = ^  -Ws ) /  W
G%w

s (d)

whence Ws = G(Wt -  Vt^w)
G - I

( e )

E q u a t io n  ( e )  was t h e  w ork ing  fo rm u la  u sed  to  compute th e  d ry  

w e ig h t  o f  e ro d e d  s o i l .  The r u n o f f  w a te r  volume was th e n  found 

by t a k i n g  th e  d i f f e r e n c e  be tw een  Wt and Ws and m u l t i p l y i n g  t h a t



d i f f e r e n c e  by

The r e s u l t s  o f  t h e  e r o s i o n  t e s t  a r e  t a b u l a t e d  i n  T a b le s  

XI t h r o u g h  XX i n  a p p e n d ix  C and a r e  sum m arized g r a p h i c a l l y  i n  

a p p e n d ix  D®

EROSION TEST DEVELOPMENT

The b a s i c  o b j e c t i v e  o f  t h i s  s tu d y  was t o  d e v i s e  an  e ro=  

s i o n  t e s t  w h ich  c o u ld  be u se d  to  m easure  t h e  p o t e n t i a l  e r o d i -  

b i l i t y  o f  a  s o i l  and t h u s  s e r v e  a s  a  b a s i s  f o r  a  s o i l  e ro d i=  

b i l i t y  c l a s s i f i c a t i o n  sy s te m .

S p e c i f i c a l l y ,  t h e  t e s t  was i n t e n t i o n a l l y  d e s ig n e d  t o  be 

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

low d e p th  on s t e e p  s l o p e s ,  e ro d e d  p r e d o m in a te ly  by o v e r la n d  

f lo w .  T h is  c o r r e s p o n d s  t o  t h e  common f i e l d  s i t u a t i o n  where t h e  

c o v e r  i s  rem oved and  th e  s o i l  i s  d i s t u r b e d  by ro a d  b u i l d i n g  o r  

lo g g in g  o p e r a t i o n s  on s t e e p  f o r e s t  l a n d .  The $0# s lo p e  a d o p t ­

e d  f o r  t h e  t e s t  was a b o u t  a s  s t e e p  a s  c o u ld  be u se d  w i th o u t  

h a v in g  many o f  th e  h i g h l y  e r o d i b l e  s o i l s  s lum p ing  o u t  o f  t h e  

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

c l o s e l y  t o  a f i e l d  s i t u a t i o n  w here  im p e rv io u s  b e d ro c k  e x i s t s  a t  

a  s h a l lo w  d e p th ,  o r  where th e  s o i l  i s  f r o z e n  below  a  t h i n  thaw= 

ed  la y e r=  The lo o s e  d i s t u r b e d  a i r - d r y  s t a t e  s e l e c t e d  f o r  one 

p h a se  o f  th e  t e s t  i s  v e ry  s i m i l a r  t o  a r a t h e r  e x t r e m e ,  b u t  n o t  

uncommon, s o i l  c o n d i t i o n  som etim es p r e v a i l i n g  on f r e s h l y  l o g ­

ged o f f  a r e a s .  A m o is t  c o h e r e n t  s t a t e  i s  u n d o u b te d ly  more 

t y p i c a l ,  ho w ev er ,  and th e  e r o s i o n  t e s t  on th e  m o is t  compact
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s o i l  was g iv e n  g r e a t e r  w e ig h t  t h a n  t h e  e r o s i o n  t e s t  on t h e  

l o o s e  a i r - d r y  s o i l  i n  th e  t e n t a t i v e  e r o d i b i l i t y  c l a s s i f i c a t i o n  

sy s te m  t h a t  was d e v e l o p e d »

I n  p r a c t i c a l  s i t u a t i o n s  w here t h e  e r o s i o n  o f  lo o s e  a i r -  

d r y  s o i l  i s  t h e  main c o n c e rn ,  i t  would be p o s s i b l e  t o  m odify  

t h e  i n t e r p r e t a t i o n  o f  t h e  l a b o r a t o r y  t e s t s  and g iv e  g r e a t e r  

w e ig h t  t o  t h e  e r o s i o n  o b se rv e d  on t h e  lo o s e  a i r - d r y  s o i l =  T h is  

i s  o n ly  one o f  many ways i n  w hich  t h e  l a b o r a t o r y  e r o s i o n  a p p a ­

r a t u s  u s a g e  m igh t be m o d if ie d  t o  h e l p .s o lv e  s p e c i f i c  p rob lem s 

on  s p e c i f i c  s i t e s  = The f lo w  r a t e , t h e  s l o p e ,  and t h e  c o n d i t i o n  

o f  t h e  s o i l  i n  th e  s t e e l  c h a n n e l  may a l l  be changed  w i th  r e l a ­

t i v e  e a s e .

The a p p a r a t u s  was d e s ig n e d  t o , b e  s im p le ,  e a s y  t o  u s e , 

and  t o  be o p e r a t e d  by a s i n g l e  pe rson=  S ta n d a rd  i te m s  o f  l a b o ­

r a t o r y  equ ipm en t w ere  u se d  w h e re v e r  p o s s i b l e .

The s o i l  bed s u p p o r t  was d e s ig n e d  t o  a l lo w  t i l t i n g  o f  

t h e  s o i l  b e d ;f ro m  0 t o  100% and t o  a l l o w  v e r t i c a l  and l a t e r a l  

a d ju s tm e n t  o f  t h e  r e s e r v o i r  so  t h a t  th e  o r i f i c e  c o u ld  be k e p t  

i n  th e  same p o s i t i o n  r e l a t i v e  t o  th e  s o i l  f o r  a l l  s l o p e s .

The method o f  a p p ly in g  th e  w a te r  t o  th e  s o i l  bed was 

b a sed  on t h e  a s s u m p t io n  t h a t  a g r e a t e r  p a r t  o f  e r o s i o n  can  be 

a t t r i b u t e d  t o  o v e r l a n d  f lo w .  S e v e r a l  o f  th e  p r e v i o u s  r e ­

s e a r c h e r s ,  P a c k e r  (19 ) f o r  on e , a l s o  assum ed t h i s  t o  be th e  

c a s e o A s t a n d a r d  o r i f i c e , t h e  S a y b o l t  F u r o l  V i s c o s i t y  O r i f i c e ,

was m ounted i n  a  f o u r  q u a r t  cream  c a n , - a n d  an  o v e r f lo w  p ip e  was
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m ounted so  a s  t o  m a in t a in  a  head  w h ich  w ould  p roduce  a  d i s ­

c h a rg e  c l o s e  t o  700 m lc p e r  m in u te  = The c h o ic e  o f  f lo w  r a t e  

was a r b i t r a r y j  b u t  i t  was c o n s id e r e d  t o  be s i m i l a r  t o  o v e r la n d  

f lo w  due t o  sn o w m elt0

T h is  d i s c h a r g e  was th e n  a p p l i e d  t o  what was e s t im a t e d  t o  

be t h e  m ost e r o d i b l e  s o i l .  I t  was fo u n d  t h a t  a  1000 m l, g r a ­

d u a te  would p r a c t i c a l l y  f i l l  up w i th  e ro d e d  se d im e n t  and  w a t e r  

i n  a one m in u te  i n t e r v a l .  A f t e r  s i x  m in u te s  had  e la p s e d  most 

o f  t h i s  s o i l  had  ru n  o u t  o f  t h e  c h a n n e l .  U s ing  t h i s  a s  a  g u i d e ? 

t h e  t im e  e le m e n ts  w ere  s e t  f o r  60 second  i n t e r v a l s  and a t o t a l  

e l a p s e d  t im e  o f  s i x  m in u te s .

The t e m p e r a tu r e  o f  t h e  d i s c h a r g e  was h e ld  c o n s t a n t  w i t h ­

i n  ± 3 °  o f  70°  F e The maximum d e v i a t i o n  i n  v i s c o s i t y ? w h ich  was 

7% o v e r  t h i s  t e m p e r a tu r e  ra n g e  $ would n o t  s e r i o u s l y  a f f e c t  th e  

e r o s i v e  a c t i o n  o f  t h e  w a t e r .  The change i n  th e  d i s c h a r g e  w hich 

was c a u se d  by th e  change i n  v i s c o s i t y  was h a r d l y  n o t i c e a b l e .

T h is  maximum t e m p e r a tu r e  v a r i a t i o n  o f  s i x  d e g r e e s j  combined 

w i t h  f l u c t u a t i o n s  i n  head  due t o  p r e s s u r e  changes  i n  th e  w a te r  

s u p p ly  sy s te m , c a u se d  a f l u c t u a t i o n  i n  d i s c h a r g e  from  690 to  

705 m l, p e r  m in u te , F o r  a  p e r io d  o f  s i x  m in u te s ,  t h e  maximum 

d e v i a t i o n  i n  t o t a l  r u n o f f  volume was 2 . 1# .

■ S o i l  p a s s i n g  t h e  Wo. 4 s i e v e  was u se d  f o r  a l l  o f  th e  e r o ­

s i o n  t e s t s 0 T h is  p a r t i c u l a r  f r a c t i o n  c o r r e s p o n d s  t o  th e  f r a c ­

t i o n  u s e d  i n  t h e  AASHO c o m p a c tio n  t e s t .

The t e s t  was p e r fo rm e d  on th e  s o i l s  i n  b o th  th e  lo o s e
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a n d  dense  c o n d i t i o n s 0 The l o o s e  c o n d i t i o n  c o u ld  be e x p e c te d  t o  

compare t o  th e  d i s t u r b a n c e  c a u s e d  by one p a s s  o f  a lo g  sk id d e d  

a lo n g  th e  g ro u n d ,  and t h e  com pacted  c o n d i t i o n  c o u ld  be compared 

t o  a damp ro a d  s u r f a c e  o r  t o  t h e  m o i s t  compact s o i l  b e n e a th  a 

l o o s e  d ry  s u r f a c e  layer®  The 338 b low s a p p l i e d  t o  th e  s o i l  i n  

t h e  c h a n n e l  d e l i v e r  th e  same e n e rg y  p e r  c u b ic  f o o t  a s  t h a t  u se d  

i n  th e  s t a n d a r d  AASHO co m p a c tio n  te s t®  I t  was o b s e rv e d  t h a t  

t h e  a c t u a l  w a te r  c o n t e n t  v a r i e d  no more t h a n  1% from  th e  o p t i ­

mum® Howeverj th e  d ry  d e n s i t y  was a lw ay s  lo w er  t h a n  th e  m axi­

mum d ry  d e n s i t y  a s  d e te rm in e d  by t h e  AASHO t e s t  ® T h is  com pac t-  

iv e  e f f o r t  was n o t  e x p e c te d  to , p ro d u ce  th e  same d e n s i t y  t h a t  i t  

p ro d u c e s  i n  t h e  s t a n d a r d  c o m p a c t io n  mold b u t  was employed m e re ly  

a s  a s t a n d a r d  m ethod o f  compaction®

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

i n c l u d e d  i n  c h a p t e r  IV=

I n  a d d i t i o n  t o  t h e  t e s t s  on th e  e ig h t e e n  s o i l s ,  lo o s e  

e r o s i o n  t e s t s  w ere  a l s o  c o n d u c te d  on  t h r e e  d i f f e r e n t  f r a c t i o n s  

o f  a  s t a n d a r d  c o n c r e t e  sand  w hich  was a v a i l a b l e  i n  th e  Montana 

S t a t e  C o l le g e  c o n c r e t e  l a b o ra to ry ®  The. sand  a p p e a re d  t o  con­

t a i n  a p p r o x im a te ly  e q u a l  am ounts  o f  a n g u la r  and rounded  p a r ­

t i c l e s  O

The d i f f e r e n t  s i z e  f r a c t i o n s  w e r e ;

Group I s  1 ,6 5 1  t o  4»699 mm®; b e tw een  No® 4 and No® 10 s i e v e s

Group 2 s »833 t o  1®651 mm®; be tw een  No® 10 and No® 20 s i e v e s

Group 3 s ®417 t o  =833 mm®; be tw een  No® 20 and No® 40 sieves®
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G roups I  and 2 showed no e r o s i o n  at, a ll®  The f i r s t  r u n ­

o f f  f rom  t h e s e  g ro u p s  was a  l i t t l e  m i l k y „ bu t a f t e r  t h e  f i r s t  

m in u te  i t  c l e a r e d  up= I t  t o o k  2£ m in u te s  f o r  th e  f i r s t  r u n o f f  

t o  t a k e  p l a c e  f o r  t h e  g ro u p  3 sa n d ,  b u t  n i n e t y  p e r c e n t  o f  th e  

sa n d  th e n  e ro d e d  w i t h i n  f o u r  m in u te s  a f t e r  th e  f i r s t  r u n o f f .  

T hese  r e s u l t s  s u g g e s t  t h a t  th e  f r a c t i o n  o f  s o i l  l a r g e r  t h a n  th e  

No. 20 s i e v e  s i z e  ( .8 3 3  mm=} i s  r e l a t i v e l y  r e s i s t a n t  t o  e r o ­

s i o n  f o r  t h i s  p a r t i c u l a r  s lo p e  and  o v e r la n d  flow=



CHAPTER IV

TEST RESULTS AND ANALYSIS '

The f o l lo w in g  p h y s i c a l  s o i l  c h a r a c t e r i s t i c s ^  w hich a r e  

th e  l i q u i d  l i m i t ,  p l a s t i c i t y  i n d e x ,  m e c h a n ic a l  a n a l y s i s ,  a g ­

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

Noo 20 s i e v e , o r  th e  p e r c e n ta g e  o f  m a t e r i a l  p a s s i n g  th e  No= 40 

s i e v e , were u se d  t o  f o r m u la te  t h e  r a t i o s  d e s c r i b e d  below . T hese 

r a t i o s  were exam ined  t o  d e te rm in e  t h e  e x t e n t  o f  t h e i r  c o r r e ­

l a t i o n  w i t h  e r o s i o n .

M o d if ie d  D i s p e r s i o n  R a t i o » DR-20

The d i s p e r s i o n  r a t i o ,  DR, a s  d e f in e d  by M id d le to n  ( 1 5 ) ,  

was m o d if ie d  so  a s  t o  i n c l u d e  the, e f f e c t s  o f  th e  l a r g e r  s i z e  

f r a c t i o n s  on e r o d i b i l i t y =  The f r a c t i o n  o f  s o i l  w h ich  p a s s e s  t h e  

No o 20 s i e v e  was c o n s id e r e d  t o  be th e  e r o d i b l e  f r a c t i o n .  The 

m o d i f ie d  d i s p e r s i o n  r a t i o  was e x p r e s s e d  a s  DR x  {% p a s s in g  No, 

■20 s i e v e ) o r  DR20,

S u r f a c e  A g g r e g a t io n  R a t i o , S/k

The s u r f a c e  a g g r e g a t i o n  r a t i o ,  S /A , i s  d e f in e d  a s  th e  

r a t i o  o f  p a r t i c l e  s u r f a c e  a r e a ,  i n  sq u a re  c e n t i m e t e r s  p e r  gram , 

t o  t h e  amount o f  a g g re g a te d  s i l t  and  c l a y  i n  p e r c e n t .  Table- VI 

shows th e  d e t e r m i n a t i o n  o f  t h e  a g g r e g a t e d  s i l t  and c l a y  and th e  

c a l c u l a t i o n  o f  th e  d i s p e r s i o n  and  s u r f a c e  a g g r e g a t i o n  r a t i o s .  

M o d if ie d  C lay  R a t i o , MiCR

■ A m o d if ie d  c la y '  r a t i o  h a s  b e en  f o r m u la te d  w hich  i s :

MICR s £ ( $  sa n d  / % s i l t )  -x- -(-percent -p a s s in g  No, 20 s i e v e ]  4
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SOIL
m .

SUREACE 
ASGREGATICEff 
RATIO8 S/A.

DISRERSION
RATIO
DB20

■ .MODIFIED 
CLAY RATIO 

.MCR

L L /P I RATIO 

LER

PI, RATIO 

P H  ;

I . .-J0BO- . 0 ,57 5,56 2,43 0 ,7 8
-2 - . O0 68............. O 0.39 2.27 1.82 0.46

. - - - • - * ■— . . -O0SS . . 2 ,62 1.72 0 ,43
' .....4__ - ■ —— - ■ " ' - ..0,85- 7,29 5,-44 1 .93

. „5 _ ... JCU65 0,59 I ;  88 2,00 0 .5 0
■ 6.^- I 0SJ- - 0,47. 6,49 2,87 0 .93

-? - J  o 40. 0,76 2 ,22 4o45 1,71
. 8 - -* - - —- .  ... .....- .0,28 1 .8 4  - I , BJ . 0 .5 6

..... 9 . . —lo 24- - — ------0 ,65 5 ,41  . 3 ,80 ^ .74
. . .-O0-TS- ..... 1 » .  -... . . . — 2,46 2.51 0.82

. - J i  .. i... - .... — —. — . —. ..._ .0,38 1 ,58 1.35 0,22
12 0o76 0 ,5 5 0 ,98 1.34 0,19

.... -13 .........O o 52 0,47 1,13 r.57" 0.41
-.-...14 O047. 0,43. 1 ,16 1,72 .0,35

15 1,05 0 ,38 5,07 2,24 0 ,42
16 2,75 0,53 12,07 6,06 2,21
17 . 0 ,52 0 ,28 2,12 2.15 0,45
IS ,0 ,39 0,24 0,81 1.56 0 ,35



TABI1E VIII - EROSION DATA SUMMARY

SOIL
NUMBER

CUMULATIVE SOIL RUNOEF9 gms0 
AT 3 MINUTES

EROSION
NUMBER

EN = E/10

RATIO
E i
Ed

LOOSE9 E l DENSE9 E& E Eq[ /.1E -j_

I - . .431®SO . . .241.50 284.70 28 .5 1 .79
. 2 . .465.0.7.0 . 69 .20 115.80 11 .6 6 .73

-3 .408 o 70 . 107 .20 148.10 1 4 .8 5 .81
.4 . -298o30 -434.10 463.90 4 6 .4 .69
5 526.70 171.80 224.50 22 .5 3 .07

- -6 . - 1036.60 . 2 7 1 .1 0 374.80 37 .5 3 .8 3

-7- ..284.40 . . . -7-3.60- . .. . 102,00 1 0 .2 3*87
.8- . .. 7-67-.20. .. ....... —JLDl o 50 . 178 .20 17 o 8 7 .56
-9- ■ . . -.408. 40 .348.20 389.00 38 .9 1 .1 8

IO ...29 8 o 40 121.80 151.60 1 5 .2 2 .45
. .11 432=30 87 .50 130.70 1 3 .1 4 .9 4

12 271.70 61.80 89.00 8 .9 4 .4 0

13 198.80 43 .90 63.80 6 .4 4 .5 2
, / 1 4 370.20 38 .20 75.20 7 .5 9 .69

- 15 599.40 226.10 286.00 28 .6 2 .65
. .16 . 1483.90 211.00 359.40 35 .9 7 .0 4  .

17 255.70 113 .40 139.00 13 .9 2 .25
18 295.10 29 .90 59.40 5 .9 9 = 88

Average Ratio Ei " 4„46

%

mZ
1 "iT

"



t im e s  from  one t o  s i x  m in u t e s » The r e s u l t s  o f  t h e  i n d i v i d u a l  

t e s t s  w ere  combined t o  g iv e  t h e  a v e ra g e  e r o s i o n  f o r  e a c h  

e l a p s e d  t i m e .

I n  m ost c a s e s ,  i t  was n o te d  t h a t  th e  r e s u l t s  s t a r t e d  t o  

show g r e a t e r  v a r i a t i o n  a f t e r  t h r e e  m in u te s  had  e l a p s e d .  U su a lly ,  

a  c h a n n e l  e ro d e d  th r o u g h  t h e  s o i l  down t o  t h e  s u r f a c e  o f  trie  

s t e e l  c h a n n e l  be tw een  an  e l a p s e d  t im e  o f  two and  t h r e e  m in u t e s « 

From t h i s  p o i n t  on , s lo u g h in g  i n t o  t h e  e ro d e d  c h a n n e l  was a  

random  p r o c e s s  and  was t h e  m a jo r  c a u s e  o f  th e  som etim es e r r a t i c  

r e s u l t s  S v id e n t  d u r i n g  t h e  l a s t  t h r e e  m in u te s  o f  t h e  t e s i t .

I t  was i n t e r e s t i n g  t o  n o te  t h e  d i f f e r e n c e s  i n  b e h a v io r  

o f  t h e  s o i l s  d u r in g  t h e  l o o s e  t e s t .  The w a te r  c u t  a  c h a n n e l  

down t h e  c e n t e r  o f  t h e  bed  o f  s o i l  when a s i l t ,  s o i l  No. 4 p a r ­

t i c u l a r l y ,  was u s e d . . The s o i l s  w h ich  c o n ta in e d  a l a r g e  p e r ­

c e n ta g e  o f  f i n e  s o i l  e r o d e d  t h e  e n t i r e  w id th  o f  t h e , c h a n n e l  

from  t h e  u p p e r  end  o f  t h e  s o i l  bed dow nstream ; a lm o s t  a l l  o f  t h e  

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

Dense T e s t  R e s u l t s

At l e a s t  two r u n s  were made on e a c h  s o i l  i n  th e  dense  

c o n d i t i o n .  I f  t h e  r e s u l t s  o f  t h e  two t e s t s ' '  v a r i e d  more th a n  

a b o u t  15$ fro m  t h e i r  mean, a t h i r d  t e s t  was r u n .  I n  e i t h e r

c a s e ,  t h e  r e s u l t s  w ere  com bined, and  an  a v e ra g e  c u m u la t iv e  e r o -
,

s i o n  was com puted f o r  e ac h  e l a p s e d  t i m e .

G e n e ra l ly , ;  t h e  w a t e r  f low ed  o v e r  th e  e n t i r e  w id th  o f  t h e
/  ■

s o i l  s u r f a c e .  C la y s ,  w h ich  p o s s e s s e d  h ig h  o r  medium p l a s t i c i t y ,
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showed no d e f i n i t e  c h a n n e ls  a f t e r  b e in g  s u b j e c t e d  t o  t h e  w a te r  

j e t  f o r  s i x  m in u t e s « The s i l t y  s o i l s  a l l  e x h i b i t e d  a  t e n d e n c y  

f o r  a c h a n n e l  t o  fo rm . C la y s  showed a  h i g h e r  r e s i s t a n c e  to  

e r o s i o n  t h a n  d id  th e  s i l t s .

A f t e r  a l l  o f  t h e  e r o s i o n  t e s t s  w ere  co m p le te d   ̂ t h e  r e ­

s u l t s  w ere  s t u d i e d ,  and  i t  was found  t h a t  th e  t h r e e - m i n u t e  c u ­

m u la t iv e  d e n se  e r o s i o n  showed a maximum v a r i a t i o n  o f  a b o u t  12% 

a b o u t  i t s  mean. F o r  f o u r t e e n  o f  t h e  s o i l s ,  t h i s  v a r i a t i o n  was 

$% o r  l e s s .  The v a r i a t i o n  a t  s i x  m in u te s  showed a maximum v a ­

r i a t i o n  o f  a p p r o x im a te ly  I 6%. The t h r e e  m in u te  t e s t  r e s u l t s  

showed t h e  l e a s t  v a r i a t i o n  i n  b o th  t h e  lo o s e  and d e n se  s t a t e s .  

T h u s ,  t h e  t h r e e  m in u te  v a lu e s  w ere  u se d  i n  t h e  s t a t i s t i c a l  

a n a l y s i s .

P r i o r  t o  m aking t h e  s t a t i s t i c a l  a n a l y s i s ,  g r a p h s  o f  t h e  

r a t i o s  v e r s u s  d e n se  e r o s i o n  were p l o t t e d .  I t  was o b se rv e d  t h a t  

s e v e r a l  o f  t h e  r a t i o s ,  e s p e c i a l l y  MCR and S/A , a p p e a re d  t o  c o r ­

r e l a t e  q u i t e  w e l l  w i t h  e r o s i o n .  However, i n  th e  c a s e  o f  MGR, 

s o i l  No, 16 d id  n o t  a p p e a r  t o  f o l lo w  th e  same t r e n d  a s  d id  t h e  

s e v e n te e n  o t h e r  s o i l s .

A l l  o f  t h e  s o i l  was o b s e rv e d  t o  wash c o m p le te ly  o u t  o f  

t h e  c h a n n e l  i n  l e s s  t h a n  f i v e  m in u te s  d u r in g  one o f  t h e  t h r e e  

l o o s e  e r o s i o n  t e s t s  w h ich  were r u n  on s o i l  No. 1 6 , and e r o s i o n  

m easu rem en ts  f o r  t h i s  t e s t  were n o t  o b ta in e d *  I t  was a p p a r e n t  

t h a t  t h e  t h r e e - m i n u t e  e r o s i o n  was much l a r g e r  t h a n  t h a t  o f  t h e  

o t h e r  two t e s t  r u n s .  F o r  t h i s  r e a s o n ,  t h e  a v e r a g e  r e s u l t  o f  t h e
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two m e a s u ra b le  r u n s ,  a s  t a b u l a t e d  i n  T ab le  XIX, sh o u ld  be co n ­

s i d e r e d  a s  t h e  minimum lo o s e  e r o s i o n  v a l u e .  I t  i s  p o s s i b l e  

t h a t  t h i s  v a lu e  sh o u ld  be a s  much a s  50$ l a r g e r  t h a n  t h e  t a b u ­

l a t e d  v a l u e .  B ecause  o f  t h e  d i f f e r e n t  b e h a v io r  o f  s o i l  No. l6& 

t h e  s t a t i s t i c a l  a n a l y s e s  w ere  ru n  w i th  t h i s  s o i l  i n c lu d e d  and 

t h e n  o m i t t e d  i n  o r d e r  t o  d e te rm in e  w hat e f f e c t  t h i s  s o i l  had on 

t h e  o v e r a l l  c o r r e l a t i o n  be tw een  e r o s i o n  and th e  v a r i o u s  r a t i o s .

E r o s i o n  was e x p r e s s e d  a s  t h r e e  d i f f e r e n t  q u a n t i t i e s  

w h ich  a r e s

1 .  ) Erf -  c u m u la t iv e  e r o s i o n ,  i n  g ram s, a t  t h e  end
o f  t h r e e  m in u te s  w i th  t h e  s o i l  i n  th e  d en se  
m o is t  s t a t e .  2 3

2 .  ) E t ss c u m u la t iv e  e r o s i o n ,  i n  g ra m s , a t  t h e  end
o f  t h r e e  m in u te s  w i th  t h e  s o i l  i n  th e  lo o s e  
a i r - d r y  s t a t e ,

3 .  ) E = E d /  OolE1

I t  was o b se rv e d  t h a t  t h e  g ra p h s  o f  E 1 v e r s u s  t h e  v a r i o u s  

r a t i o s  d i d  n o t  e x h i b i t  l i n e a r  c o r r e l a t i o n s  w h ich  were a s  good as 

t h e  c o r r e l a t i o n s  be tw een  'Ed and t h e  v a r i o u s  r a t i o s .  However, 

i t  was f e l t  t h a t  t h e  l o o s e  e r o s i o n  t e s t  r e s u l t s  have  some s i g ­

n i f i c a n c e  and sh o u ld  be i n c l u d e d  i n  th e  e r o s i o n  r e s u l t s .  

E q u a t io n  3,  w hich  i n c l u d e s  10$ o f  th e  l o o s e  e r o s i o n  r e s u l t s ,  

was p r o p o s e d .

LINEAR REGRESSION; ANALYSIS

L in e a r  r e g r e s s i o n  a n a l y s i s ,  w hich  in v o lv e d  one in d e ­

p e n d e n t  and one d e p e n d e n t  v a r i a b l e ,  were p e rfo rm ed  t o  d e te rm in e  

t h e  e x t e n t  o f  th e  l i n e a r  c o r r e l a t i o n  be tw een  e r o s i o n  and t h e
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v a r i d u s  r a t i o s  <, E q u a t io n s  f o r  e x p r e s s i n g  e r o s i o n  a s  a  f u n c t i o n  

o f  a v a r i a b l e  were d e v e lo p e d  i n  e a c h  c a s e  and to o k  th e  fo rm  o f  

E r o s i o n  = A /  B ( E a t i o ) ,  These e q u a t i o n s  w ere  f i t t e d  t o  t h e  

d a t a  by u s i n g  t h e  l e a s t  s q u a r e s  c r i t e r i o n  w hich  r e q u i r e s  t h e  

sum o f  t h e  s q u a re  o f  t h e  d e v i a t i o n s  o f  th e  o b s e rv e d  p o i n t s  from  

t h e  s t r a i g h t - l i n e  moving a v e ra g e  t o  be a  minimum.

A n a ly s e s  o f  v a r i a n c e  f o r  r e g r e s s i o n  were p e rfo rm ed  i n  

o r d e r  t o  d e te rm in e  t h e  e f f e c t  o f  e a c h  r a t i o  on e r o s i o n .  The 

l i n e a r  c o r r e l a t i o n  was d e te rm in e d  by exam in ing  t h e  c o r r e l a t i o n  

c o e f f i c i e n t  r ,  A c c o rd in g  t o  S t e e l  ( 2 5 ) ,  ,eA v a lu e  o f  I  f o r  r  

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

l a t i o n  be tw een  t h e  two v a r i a b l e s . "  The s q u a re  o f  t h e  c o r r e l a t ­

i o n  c o e f f i c i e n t , r ^ ,  c a l l e d  t h e  d e t e r m i n a t i o n  c o e f f i c i e n t s was 

a l s o  ex am in ed . The v a lu e  o f  r ^ , i n  t h i s  c a s e ,  i s  t h e  p r o p o r ­

t i o n  o f  a t o t a l  sum o f  s q u a r e s  w h ich  i s  a t t r i b u t a b l e  t o  th e  

v a r i a t i o n  o f  th e  in d e p e n d e n t  v a r i a b l e .  High v a lu e s  o f  r 2 t h e n  

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

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

■The e q u a t i o n s  o f  l i n e s  w h ich  e x p r e s s  e r o s i o n  a s  a f u n c ­

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

o f  v a r i a n c e  t a b l e s  and v a lu e s  o f  r  and  r 2 , i n  T a b le s  XXI 

th r o u g h  XXV i n  a p p e n d ix  F .

Li n e a r  C o r r e l a t i o n  and t h e  E f f e c t s  o f  t h e  R a t i o s  on E r o s io n  

MCE and S/A w ere t h e  o n ly  two r a t i o s  w hich  e x h i b i t e d  

l i n e a r  c o r r e l a t i o n  w i th  lo o s e  e r o s i o n  when s o i l  No. 16 was
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i n c l u d e d o The e x c l u s i o n  o f  s o i l  Nd. 16 i n  th e  a n a l y s e s  showed 

t h a t  none o f  t h e  r a t i o s  e x h i b i t e d  an  a c c e p t a b l e  d e g re e  o f  c o r ­

r e l a t i o n  w i th  l o o s e  e r o s i o n .

The v a lu e  o f  r  f o r  t h e  c o r r e l a t i o n  be tw een  MCE and , 

s o i l  Noo 16 i n c l u d e d ,  was .7 3 6 ,  w h i l e  t h e  v a lu e  o f  'r 2 was 0 .5 4 2 .  

T h is  r 2 v a lu e  i n d i c a t e d  t h a t  o n ly  a b o u t  54% o f  t h e  v a r i a t i o n  i n  

E l  was due t o  t h e  v a r i a n c e  o f  MCE, The r  and  r 2 v a lu e  f o r  th e  

c o r r e l a t i o n  b e tw een  E j  and  S/A w ere  .583 and .3 4 0 .  O b v io u s ly ,  

MCE e x h i b i t s  t h e  b e t t e r  c o r r e l a t i o n  w i t h  E j .

■Of a l l  t h e  r a t i o s ,  t h e  m o d i f i e d  c l a y  r a t i o ,  MCE, was 

, fo u n d  t o  h av e  t h e  most  s i g n i f i c a n t  e f f e c t  on E ^ ,  E j ,  and E.

I t  e x h i b i t e d  t h e  b e s t  l i n e a r  c o r r e l a t i o n  when e r o s i o n  was e x ­

p r e s s e d  a s  e i t h e r  E o r ' E^ =  I h e n  s o i l  No. 16 was i n c l u d e d  i n  

t h e  a n a l y s i s ,  t h e  r  v a lu e s  were .8447  when E was u se d  and .7319 

when w a s .u s e d .  The r 2 v a lu e s  i n d i c a t e d  t h a t  a b o u t  71% o f  

t h e  v a r i a t i o n  i n  E and 54% o f  th e  v a r i a t i o n  i n  c o u ld  be a t ­

t r i b u t e d  t o  t h e  v a r i a t i o n  i n  MCE, The o m is s io n  o f  s o i l  No. 16 

r e s u l t e d ,  i n  an  im provem ent o f  th e  l i n e a r  c o r r e l a t i o n .  I n  t h i s  

case ^  th e  r  v a lu e s  were .94$0  and .9372 when E and were 

u s e d .  The r 2 v a l u e s  i n d i c a t e d  t h a t  90% o f  t h e  v a r i a t i o n  i n  E 

an d  88% o f  t h e  v a r i a t i o n  i n  c o u ld  be a t t r i b u t e d  t o  th e  v a r i ­

a t i o n  i n  MCE.'

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

s u r f a c e  a g g r e g a t i o n  r a t i o ,  3 /A , had  a  v e ry  s i g n i f i c a n t  e f f e c t  

on  b o th  E and E ^ , b u t  t h e  l i n e a r  c o r r e l a t i o n  was n o t  a s  good a s
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t h a t  e x h i b i t e d  by MGE when s o i l  No. I 6 was om itted®  The r  

v a lu e s  w ere  „#050 and ®7309 f o r  E and Ed r e s p e c t iv e ly ®  T hese  

v a l u e s  were n e a r l y  t h e  same a s  t h o s e  o b ta in e d  when MCR was u se d  

and  s o i l  No® 16 was i n c l u d e d .

I t  was fo u n d  t h a t  t h e  l i q u i d  l i m i t - p l a s t i c i t y  in d e x  r a ­

t i o  j LPRil d id  n o t  e x h i b i t  a s  good a l i n e a r  c o r r e l a t i o n  w i th  E 

o r  Ed a s  d id  MCR o r  S/A® I n  t h i s  c a s e ,  s o i l  No. 16 in c l u d e d ,  

t h e  r  v a lu e s  w ere  .7012  and .6530  f o r  E and Ed ® The a n a l y s i s  

o f  v a r i a n c e  f o r  r e g r e s s i o n  showed t h a t  LPR had a s i g n i f i c a n t  

e f f e c t  on E and Ed .

She p l a s t i c i t y  in d e x  r a t i o  had a  s i g n i f i c a n t  e f f e c t  on 

.E a t  t h e  1% l e v e l  when s o i l  No. 16 was i n c l u d e d ,  b u t  t h e  r  

v a lu e  was o n ly  .5921® The m o d if ie d  d i s p e r s i o n  r a t i o  a l s o  e x ­

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

v a lu e  i n  t h i s  c a s e  was =5575 when Ed was u se d  w i th  s o i l  No®

16 o m i t t e d  = ' The a n a l y s i s  o f  v a r i a n c e  i n d i c a t e d  t h a t  BR2Q had 

a s i g n i f i c a n t  e f f e c t  on Ed , s o i l  16 o m i t t e d ,  a t  t h e  5% l e v e l .

A f t e r  r e v ie w in g  th e  above a n a l y s e s ,  a  m u l t i p l e  l i n e a r  ■ 

r e g r e s s i o n  a n a l y s i s  was ru n  t o  d e te rm in e  th e  e f f e c t s  o f  f o u r  

o f  t h e  r a t i o s , MGR, S / a , LPR, and  DR20, and  s e v e r a l  combi­

n a t i o n s  o f  t h e s e  r a t i o s , on e r o s i o n .  I t  was fo u n d  t h a t  th e  

MCR was r e s p o n s i b l e  f o r  a lm o s t  a l l  o f  th e  l i n e a r  c o r r e l a t i o n ,  

an d  t h e  i n c l u s i o n  o f  S/k's LPR,. and DR20 d id  v e ry  l i t t l e  to  

im prove  t h i s  c o r r e l a t io n ®

The g ra p h s  and e q u a t io n s  f o r  e r o s i o n  e x p re s s e d  a s
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f u n c t i o n s  o f  MGR and S/A a r e  shown i n  f i g u r e s  9 th r o u g h  14«

F o r  th e  d en se  c o n d i t io n *  t h e  r e s u l t s  o f  t e s t s  on s o i l  16 

w ere  r e p r o d u c i b l e « E x a m in a t io n  o f  f i g u r e s  10 and 13 w i l l  show 

t h a t  s o i l  16 d o e s  n o t  a p p e a r  t o  f o l lo w  th e  g e n e r a l  t r e n d  shown 

by t h e  o t h e r  s e v e n te e n  so i ls®

As m en tioned  b e f o r e  * th e  E i  v a lu e  f o r  s o i l  16 sh o u ld  be 

c o n s i d e r e d  t o  be a minimum value® I f  t h i s  v a lu e  w ere  t o  be i n ­

c r e a s e d  by 50% t o  2230 g ram s, t h e  r e s u l t a n t  v a lu e  o f  E would be 

434 g r a m s o T h is  would r a i s e  s o i l  16 above i t s  l o c a t i o n  a s  

shown i n  f i g u r e  9 and  would  r e s u l t  i n  a  b e t t e r  d e g re e  o f  l i n e a r  

c o r r e l a t i o n ®

The e v id e n c e  t h a t  an  o c c a s i o n a l  s o i l  e x h i b i t s  an  c r e ­

d i b i l i t y  w h ic h  d e v i a t e s  w id e ly  from  t h a t  p r e d i c t e d  by i n d i r e c t  

i n d i c a t o r s  l e n d s  f u r t h e r  s u p p o r t  t o  t h e  a rgum en t t h a t  a  d i r e c t  

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

i f i c a t i o n  system®

DISCUSSION

The g ra p h s  o f  e r o s i o n  a s  m easu red  i n  t h e  l a b o r a t o r y  v e r ­

s u s  t h e  s u r f a c e  a g g r e g a t i o n  r a t i o  and  t h e  m o d if ie d  c l a y  r a t i o  

show t h a t  e r o s i o n  i n c r e a s e s  a s  th e  r a t i o s  in c re a se®  These ob­

s e r v e d  r e l a t i o n s h i p s  f o l l o w  th e  same t r e n d  a s  th e  r e l a t i o n ­

s h i p  b e tw een  e r o s i o n  m easured  i n  th e  f i e l d  and e s s e n t i a l l y  th e  

same two r a t i o s  a s  o b s e rv e d  by A ndersoh  (3) and  Bouyoucos ( 6 ) .

The m o d if ie d  d i s p e r s i o n  r a t i o  seemed t o  show v e ry  l i t t l e  

c o r r e l a t i o n  w i th  e r o s i o n  a s  i t  was m easured  i n  t h e  la b o ra to ry ®



T h is  i s  n o t  i n  a g re em e n t  w i th  t h e  f i n d i n g s  o f  M id d le to n  ( 1 5 ) ,  

b u t  i t  d o e s  a g r e e  w i th  t h e  f i n d i n g s  o f  Adams ( I )  and P e e I e , 

e t  a I ,  ( 2 1 ) .  Bouyoucos s u g g e s te d  t h a t  h i s  c l a y  r a t i o  m ight be a  

b e t t e r  e r o s i o n  i n d i c a t o r  t h a n  t h e  d i s p e r s i o n  r a t i o o T h is  has  

b e e n  shown t o  be d e f i n i t e l y  so i n  t h i s  s tu d y .

At t h e  b e g in n in g  o f  t h i s  s tu d y  i t  was h y p o th e s iz e d  t h a t  

t h e  P I  would c o r r e l a t e  w e l l  w i th  e r o s i o n  and c o u ld  th e n  be u se d  

a s  an  e r o s i o n  i n d i c a t o r .  The P I s a s  su c h ,  showed v e ry  poor c o r ­

r e l a t i o n  w i th  e ros ion®  However, t h e  p l a s t i c i t y  in d e x  r a t i o  

showed a f a i r  c o r r e l a t i o n  w i th  e r o s i o n .  The l i q u i d  l i m i t - p l a s -  

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

e r o s i o n  th a n  d id  th e  p l a s t i c i t y  in d e x  r a t i o .  However, n e i t h e r  

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

t h a t  was shown by t h e  MCE and S/A r a t i o s .

The c o r r e l a t i o n  o f  l a b o r a t o r y  e r o s i o n  w i th  e s s e n t i a l l y  

t h e  same f a c t o r s  t h a t  have  been  shown by o t h e r s  t o  c o r r e l a t e  

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

t e s t  i s  f u r n i s h i n g  r e s u l t s  w h ich  compare q u a l i t a t i v e l y ,  a t  

l e a s t ,  w i th  f i e l d  e r o s i o n .  T h is  s u g g e s t s  t h a t  th e  l a b o r a t o r y  

e r o s i o n  t e s t  c an  be u se d  t o  d e te rm in e  t h e  r e l a t i v e  e r o d i b i l i t y  

o f  s o i l s ,  o r  i n  o t h e r  w o rd s ,  t o  c l a s s i f y  s o i l s  d i r e c t l y  as  t o  

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

I t  i s  t h e  w r i t e r f s b e l i e f  t h a t ,  by u s in g  t h e  s t a n d a r d  

e r o s i o n  t e s t , o r  some s i m i l a r  d i r e c t  e r o s i o n  t e s t ,  t o  m easure  

t h e  e r o d i b i l i t y  o f  t h e  f i n e  g r a i n e d  s o i l  i n  q u e s t i o n ,  t h e
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e n g i n e e r  o r  l a n d  m anager w i l l  have a  b e t t e r  and more d e p e n d a b le  

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

i f  he u t i l i z e d  th e  s u r f a c e  a g g r e g a t i o n  r a t i o ,  c l a y  r a t i o ,  o r  

some o t h e r  i n d i r e c t  e r o s i o n  in d ic a to r ®

Ut i l i z a t i o n  o f  th e  L a b o r a to r y  E r o s io n  T e s t

I t  i s  p ro p o se d  t h a t  th e  r e s u l t s  o f  th e  l a b o r a t o r y  e r o ­

s i o n  t e s t  be u s e d  t o  d e te rm in e  an  e r o s io n  number f o r  any  p a r ­

t i c u l a r  s o i l .  T h is  number i s  e x p re s s e d  a s  EN = The EN

w ould ra n g e  from  0 t o  50 o r  more ( 4 6 .4  was th e  l a r g e s t  o f  t h e  

13 e r o s i o n  numbers d e te rm in e d  i n  t h i s  i n v e s t i g a t i o n ) , .w ith  0 

i n d i c a t i n g  no e r o d i b i l i t y  and 50 o r  more i n d i c a t i n g  e x tre m e ly  

h ig h  e r o d i b i l i t y .  The e r o s i o n  numbers o f  th e  s o i l s  s t u d i e d  i n  

t h i s  i n v e s t i g a t i o n  a r e  g iv e n  i n  T a b le s  Y I I I  and  XI® The e r o ­

s i o n  number i s  b e l i e v e d  t o  p r o v id e  a b e t t e r  m easure  o f  r e l a t i v e  

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

su ch  a s  s u r f a c e  a g g r e g a t i o n  r a t i o ,  c l a y  r a t i o ,  d i s p e r s i o n  r a t i o ,  

o r  e r o s i o n  i n d e x ,

As an  exam ple o f  how t h e  e r o s i o n  number i s  u sed  to  

c l a s s i f y  s o i l s ,  c o n s i d e r  s o i l s  5 , 10 and 18« The e r o s i o n  num­

b e r s  f o r  t h e s e  t h r e e  s o i l s ,  w hich  a r e  2 2 .4 ,  1 5 .2 ,  and  5»9,  show 

5 t o  be a b o u t  f o u r  t im e s  a s  e r o d i b l e  a s  18 , and s o i l  10 t o  be 

a b o u t  t h r e e  t im e s  a s  e r o d i b l e  a s  18 . These s o i l s  a r e  a l l  

c l a s s i f i e d  a s  CL u n d e r  t h e  U n i f i e d  S o i l  C l a s s i f i c a t i o n  System . 

E r o s i o n  i n d i c e s  f o r  t h e s e  t h r e e  s o i l s  w ere  c a l c u l a t e d  a c c o r d in g  

to  t h e  method i l l u s t r a t e d  on page 9« A l l  t h r e e  o f  th e  i n d i c e s



f e l l  t inder  t h e  same e r o s i o n  c l a s s „

The e q u a t i o n s  f o r  e r o s i o n  w h ic h  have been  d e v e lo p e d  

c o u ld  be u se d  i n  l i e u  o f  t h e  a c t u a l  e r o s i o n  t e s t  t o  g e t  a ro u g h  

e s t i m a t e  o f  t h e  e r o s i o n  number.  The b e s t  e s t i m a t e  would be ob­

t a i n e d  by d e t e r m i n i n g  t h e  MGR and u s i n g  th e  e q u a t i o n  EU =

21;. /  ^S(MGR) f  10 .  T h is  e q u a t i o n  c a n n o t  be c o n s i d e r e d  a p p l i ­

c a b l e  t o  a l l  s o i l s , - b u t  i t  w i l l  p ro d u c e  a r e a s o n a b l e  e s t i m a t e  

o f  EN when a p p l i e d  t o  s o i l s  s i m i l a r  t o  t h e  s o i l s  upon  which  t h e  

e q u a t i o n  i s  b a s e d .  The u se  o f  t h e  e q u a t i o n  would n o t ,  o f  c o u r s e ,  

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

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

I t  was fo u n d  t h a t  a l l  b u t  one o f  th e  s o i l s  t e s t e d  e ro d e d  

more i n  t h e  d r y  l o o s e  t e s t  t h a n  i n  t h e  dense  t e s t .  Th is  s u g ­

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

s i g n i f i c a n t  e f f e c t  on s o i l  e r o d i b i l i t y .  B o r s t  and Woodburn ( 7 ) ,  

and F r e e  (1 2 )  found  t h a t  a w e t ,  s l i g h t l y  compacted s o i l  e ro d e d  

more t h a n  a l o o s e  d r y  s o i l .  I n  t h e i r  e a s e ,  th e  l o o s e  d ry  s o i l  

a p p a r e n t l y  a b s o r b e d  most  o f  th e  a p p l i e d  m o i s t u r e .  T h is  would 

r e d u c e  t h e  amount o f  o v e r l a n d  f lo w  and  t h e r e b y  d e c r e a s e  th e  

e r o s i v e  a c t i o n  o f  th e  w a t e r .  I n  t h i s  i n v e s t i g a t i o n ,  a eompara-.  

t i v e l y  l a r g e  f lo w  o f  w a t e r  was a p p l i e d  t o  t h e  s o i l .  The s h a l lo w  

d e p t h  o f  s o i l  §nd t h e  a b i l i t y  o f  t h e  c o m p a r a t i v e l y  l a r g e  f lo w  

r a t e  t o  t r a n s p o r t  t h e  s o i l  was r e s p o n s i b l e  f o r  t h e  h i g h  e r o s i o n  

r a t e  o f  th e  l o o s e  a i r - d r y  s o i l s *  '

The c o h e s i o n  o f  t h e  s o i l  i n  t h e  m o is t  d en se  c o n d i t i o n
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a e c o u n te d  f o r  t h e  c o m p a r a t i v e l y  low e r o s i o n  r a t e s  o f  t h e  s o i l s  

i n  t h i s  c o n d i t i o n o

The r a t i o s  o f  E i ji which  a r e  t a b u l a t e d  i n  T a b le  V I I I , f o r  

e a c h  s o i l  were examined and were f o u n d  t o  r a n g e  be tw een  0 ,6 9  

and 9*88* The a v e r a g e  v a l u e s  f o r  a l l  o f  t h e  s o i l s  t e s t e d  was 

Ij.,4.6. T h is  means t h a t ,  on t h e  a v e r a g e /  t h e ■ s o i l s  were a b o u t  

t im e s  a s  e r o d i b l e  i n  th e  l o o s e  a i r - d r y  s t a t e  as  th ey  were  

i n  t h e  den se  m o i s t  s t a t e .

The w r i t e r  f e e l s  t h a t  t h e  r a t i o  o f  ^ l  h a s  some v a lu e  i n
Ed

p o i n t i n g  o u t  t h e  i n f l u e n c e  o f  com pact ion-  and m o i s t u r e  .on c r e d i ­

b i l i t y *  T h is  r a t i o  c o u ld  be u se d  by e n g i n e e r s  t o  e s t i m a t e  th e  

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

p u r p o s e s . V a lues  o f  n e a r  I  i n d i c a t e  t h a t  n o t h i n g  would be
Ed

g a in e d  by c o m p a c t in g  t h e  f i l l  s l o p e s ,  w h i l e  a v a l u e  o f  10 i n d i ­

c a t e s  t h a t  c o m p a c t io n .w o u ld  be  h i g h l y  d e s i r a b l e .  I t  i s  s i g n i ­

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

t i o n  had a v a l u e  o f  E1 g r e a t e r  t h a n  I .
Ed

Comparison  w i t h  P a c k e r ’ s T e s t  R e s u l t s

The s i x  s o i l  t y p e s  w h ich  were  s t u d i e d  by  P a c k e r  and were 

i n c l u d e d  i n  t h i s  s t u d y  a r e  l i s t e d  i n  Tab le  IX by number ,  sample 

name, and s o i l  t y p e .

S o i l  5  was t a k e n  f r o m ' t h e  o v e rb u r d e n  a t  t h e  t o p  o f  a 

r o a d  c u t  t h r o u g h  b a s a l t . I t  i s  p o s s i b l e  t h a t  t h i s  s o i l  d i f f e r s  

f rom  t h a t  s t u d i e d  by  P a c k e r .  S o i l  9 was t a k e n  f r o m  a s i t e  w h ic h  

was a  c o n s i d e r a b l e  d i s t a n c e  f rom  P a c k e r ’ s s i t e ,  and t h e r e  i s  no
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a s s u r a n c e  t h a t  t h i s  s o i l  i s  s i m i l a r  t o  t h e  s o i l  a t  h i s  s i t e „ 

• TABLE lit SOILS STUDIED BI PACKER AND HOGAN

SOIL NO. SOIL NAME EN SOIL TYPE

I BITT #21 2 8 .5 GRANITIC •
5 CLEAR #6 2 2 .5 BASALTIC '
6 CLEAR #13 3 7 .5 LOESSIAL
7 FLAT #13 1 0 .2 GLACIAL SILT
9 GALL #2 3 8 . 9 ANDESITIC

10 LOLQ #18 ‘ 1 5 .2 HARD SEDIMENTARY

T ab le  I l i s t s  t h e  s o i l s ,  d e s c r i b e d  i n  T ab le  IX i n  t h e  o r ­

d e r  o f  i n c r e a s i n g  e r o d i b i l i t y  a s  d e te r m in e d  by P a c k e r  and Hogan. 

W ith  t h e  e x c e p t i o n  o f  t h e  g l a c i a l  s i l t ,  t h e  a g re em e n t  i s  p r o ­

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

ed b e lo w .

TABLE X: COMPARISON OF RELATIVE SOIL ERODIBILITY
AS DETERMINED BI PACKER AND HOGAN

PACKER THIS STUDY
SOIL TYPE SOIL TYPE EROSION NO., EN

Hard S e d im e n ta ry G l a c i a l  S i l t 1 0 .2
B a s a l t i c Hard S e d im e n ta ry 1 5 .2
G r a n i t i c B a s a l t i c 2 2 .5G l a c i a l  S i l t G r a n i t i c PA.5
A n d e s i t i c L o e s s i a l 3 7 .5L o e s s i a l A n d e s i t i c 3 8 .9

The s i t e s  w h ich  P a c k e r  s t u d i e d  were a c t u a l  ro ad  bed 

c r o s s - s e c t i o n s , some o f  which  c o n t a i n e d  l a r g e  amounts  o f  c o a r s e  

r o c k  p a r t i c l e s  l a r g e r  t h a n  t h e  No. 4 s i e v e  s i z e .  The e r o s i o n  

t e s t  was c o n d u c te d  on m a t e r i a l  w h ich  p a s se d  t h e  No. 4 s i e v e ,  and 

c o n s e q u e n t l y  t h e  e r o s i o n  r e t a r d i n g  e f f e c t  o f  t h e  c o a r s e
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p a r t i c l e s  was n o t  i n c l u d e d  i n  t h e  t e s t  r e s u l t s . T h i s  may be 

t h e  c a u s e  o f  some o f  t h e  l a c k  o f  a g reem en t  a s  shown i n  T ab le  X 9

S o i l s  5j 6 ,  and  9 were t a k e n  f rom  t h e  g e n e r a l  a r e a  o f  

P a c k e r f S t e s t  s i t e s ,  and i t  i s  q u i t e  p o s s i b l e  t h a t  t h e s e  s o i l s  

a r e  e n t i r e l y  d i f f e r e n t  f rom  t h e  s o i l s  which  occupy t h e  a c t u a l  

t e s t  s i t e s .  T h i s  c o u ld  a c c o u n t  f o r  some o f  t h e  l a c k  o f  a g r e e ­

ment shown a b o v e .

There  i s  a l s o  t h e  p o s s i b i l i t y  t h a t  P a c k e r ' s  t e s t  s i t e s  

w ere  s u b j e c t e d  t o  d i f f e r e n t  am ounts  o f  p r e c i p i t a t i o n  o r  snow­

m e l t  r u n o f f  w h ich  c o u ld  a l s o  a c c o u n t  f o r  some o f  t h e  d i s a g r e e ­

ment e v i d e n t  i n  T ab le  X.

G e n e r a l  O b s e r v a t i o n s

The c o n d i t i o n s  u n d e r  which  t h e  l a b o r a t o r y  t e s t  was r u n  

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

1 .  No ground  c o v e r  a t  a l l .

2 .  F in e  g r a i n e d  s u r f a c e  l a y e r  o f  s o i l .

3 • No p h y s i c a l  o b s t r u c t i o n s  i n  t h e  p a t h  o f  e r o d i n g  w ater .

4» A t h i n  l a y e r  o f  s o i l  ( I g n ) o v e r  an  impermeable  
s t r a t u m  w hich  m igh t  be b e d ro c k  o r  f r o z e n  s o i l .

The above  c o n d i t i o n s  a p p ro x im a te  t h e  w o r s t  c o n d i t i o n s  

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

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

An i n c r e a s e  i n  g round  c o v e r ,  p e r c e n t a g e  o f  c o a r s e  p a r t i c l e s ,  

number o f  o b s t r u c t i o n s ,  and  t h i c k n e s s  o f  s o i l  l a y e r  a r e  e x ­

p e c t e d  t o  d e c r e a s e  th e  e r o d i b i l i t y  o f  t h e  s o i l s ®



CHAPTER V

SUMMARY AND CONCLUSIONS 

SUMMARY OF TEST RESULTS

A p r a c t i c a l  and s im p le  l a b o r a t o r y  e r o s i o n  t e s t  f o r  de=: 

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

b een  d e v e l o p e d .  The r e s u l t s  o f  t h i s  e r o s i o n  t e s t  have been 

c o r r e l a t e d  w i t h  s e v e r a l  p h y s i c a l  s o i l  c h a r a c t e r i s t i c s 9 two o f  

which  a r e  t h e  m o d i f i e d  c l a y  r a t i o  and  t h e  s u r f a c e  a g g r e g a t i o n ;  

r a t i o , The c l a y  r a t i o  and  s u r f a c e  a g g r e g a t i o n  r a t i o  have b een  

found  by o t h e r s  t o  c o r r e l a t e  w e l l  w i t h  a c t u a l  f i e l d  e ros ion®

I t  h a s  b een  fo u n d  t h a t  t h e  l a b o r a t o r y  e r o s i o n  t e s t  r e s u l t s ,  a s  

w e l l  a s  f i e l d  e r o s i o n  m ea su re m e n ts ,  d i s p l a y  an  i n c r e a s e  i n  e r o ­

d i b i l i t y  w i t h  an  i n c r e a s e  i n  e i t h e r  r a t i o ®

The d i s p e r s i o n  r a t i o  and  two o t h e r  r a t i o s  b a sed  on t h e  

l i q u i d  l i m i t  and  p l a s t i c i t y  i n d e x  were  a l s o  i n v e s t i g a t e d ;  how­

e v e r ,  t h e  c o r r e l a t i o n  w i t h  e r o s i o n  was q u i t e  p oor .

S e v e r a l  e q u a t i o n s  were d e v e lo p e d  t o  e x p r e s s  t h e  l a b o r a ­

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

MCRf o r  t h e  s u r f a c e  a g g r e g a t i o n  r a t i o ,  S/A® The e q u a t i o n s  

w h ic h  w i l l  most  s a t i s f a c t o r i l y " d e s c r i b e  t h e s e  i n t e r - r e l a t i o n ­

s h i p s  a r e :

E = 24 /  56(MCR), o r  EN = 2 . 4  /  5.6(MCR) ( I )
E = 29 /  1 7 4 ( 5 /A ) ,  or EN = 2 . 8  /  1 7 . 4 ( S / A ) ( 2 )

I n  t h e s e  e x p r e s s i o n s ,  t h e  e r o s i o n ,  E, f o r  a  g i v e n  s o i l  

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



a t  t h e  end o f  a  t h r e e  m in u te  t e s t  on t h e  s o i l  i n  t h e  lo o s e ,  a i r -

d r y  c o n d i t i o n .  The e r o s i o n  number, ENs i s  m ere ly  — >
10

E q u a t i o n  ( l )  showed t h e  b e s t  l i n e a r  c o r r e l a t i o n ,  and t h e  

MCR was fo u n d  t o  have t h e  most  s i g n i f i c a n t  e f f e c t  on t h e  e r o -  

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

CONCLUSIONS

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

t e s t $ when e x p r e s s e d  a s  a n  e r o s i o n  number,  ENs p r o v i d e  a b a s i s  

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

t i v e  e r o d i b i l i t y o  The m o d i f i e d  c l a y  r a t i o ,  MGR, and t h e  s u r ­

f a c e  a g g r e g a t i o n  r a t i o , S/A, c o r r e l a t e  q u i t e  w e l l  w i t h  s t a n d a r d  

l a b o r a t o r y  e r o s i o n .  Both  o f  t h e s e  r a t i o s  i n c r e a s e  w i t h  an i n ­

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

The l i q u i d  l i m i t  and p l a s t i c i t y  i n d e x ,  when e x p r e s s e d  a s  

LPR o r  PIR,  and t h e  m o d i f i e d  d i s p e r s i o n  r a t i o  do n o t  c o r r e l a t e  

w e l l  w i t h  s t a n d a r d  l a b o r a t o r y  e r o s i o n .

RECOMMENDATIONS

I t  i s  recommended t h a t  t h e  p ro p o se d  s t a n d a r d  l a b o r a t o r y  

e r o s i o n  t e s t ,  o r  some s i m i l a r  t e s t ,  be u se d  t o  c l a s s i f y  f i n e  

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

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

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

t i o  be d e t e r m i n e d  f o r  t h e  s o i l  i n  q u e s t i o n .  The e r o s i o n  num­

b e r  may be e s t i m a t e d  by u s i n g  t h e  f o l l o w i n g  f o r m u l ai

EN = 2 . 4  /  5 . 6  (MCR)
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I t  i s  em p h a s ize d  t h a t  t h e  u se  o f  th e  f o r m u la  i s  an  a l ­

t e r n a t e  method and w i l l  n o t  e v a l u a t e  EN a s  a c c u r a t e l y  a s  t h e  

a c t u a l  p e r fo rm a n c e  o f  t h e  t e s t .  The above e q u a t i o n  i s  a p p l i ­

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

o n  w h ich  t h e  e q u a t i o n  i s  based®

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

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

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

p u r p o s e  o

RECOMMENDATIONS FOR FURTHER STUDY

I t  i s  recommended t h a t  t h e  n e x t  s t e p  i n  t h e  f u r t h e r  d e ­

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

g a t i o n  o f  t h e  e f f e c t s  o f  c o a r s e  m a t e r i a l  on e r o d i b i l i t y » The 

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

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

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

e f f e c t s  o f  c o a r s e  m a t e r i a l  which i s  l a r g e r  t h a n  c o a r s e  sand .  

T h e n 2 f i e l d  t e s t  s i t e s  sh o u ld  be e s t a b l i s h e d  and e r o s i o n  on 

t h e s e  s i t e s  m easured  and compared t o  t h e  e r o s i o n  a s  p r e d i c t e d  

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

l a r i t y  i n  t r e n d s  o r  r e s u l t s  be tw een  l a b o r a t o r y  and  f i e l d  e r o ­

s i o n  would  v e r i f y  t h e  v a l i d i t y  o f  t h e  t e s t .  I t  w i l l  t h e n  be 

n e c e s s a r y  t o  d e v e lo p  t r a n s f e r  c o e f f i c i e n t s  which w i l l  d i r e c t l y  

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

The d en se  m o i s t  phase  o f  t h e  e r o s i o n  t e s t  i s  c o m p l i c a t e d
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a n d  t im e  consum ing  and a p p e a r s  t o  be a s e r i o u s  d i s a d v a n t a g e  

o f  t h e  p r o p o s e d  s t a n d a r d  t e s t *  I t  i s  recommended t h a t  th e  u s e  

o f  a m o is t  l o o s e ,  o r  l i g h t l y  com pacted  s o i l  c o n d i t i o n ,  i n  p l a c e  

o f  t h e  d e n se  m o i s t  s o i l  c o n d i t i o n ,  be i n v e s t i g a t e d .  I f  r e s u l t s  

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

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

s i m p l i f i e d ,  and t h e  t im e  r e q u i r e d  t o  p e r fo rm  t h e  t e s t  would be 

g r e a t l y  r e d u c e d .

I t  i s  f u r t h e r  recommended t h a t  t h e  a p p a r a t u s  be used  t o  

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

d i f f e r e n t  s o i l  t r e a t m e n t s ,  d i f f e r e n t  s o i l  c o n d i t i o n s ,  and v a r y ­

i n g  amounts  o f  g ro u n d  cover®
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APPENDIX. A

PROPOSED STANDARD EROSION TEST PROCEDURE 

The s p e c i a l  a p p a r a t u s  n e c e s s a r y  f o r  t h e  p e r fo rm an c e  o f  

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

6 i n  t h e  t e x t .

Sample

O b t a in  a p p r o x i m a t e l y  100 pounds  o f  d i s t u r b e d  s o i l  from 

t h e  f i e l d  and  s p r e a d  i t  o u t  t o  a i r  dry" i n  t h e  l a b o r a t o r y .

A f t e r  t h e  s o i l  h a s  become t h o r o u g h l y  a i r - d r i e d ,  s e t  a s i d e . a  

r e p r e s e n t a t i v e  sa m p le ,  a bou t  15 p o u n d s ,  w h ic h  w i l l ' b e  u se d  f o r  

t e s t s  o t h e r  t h a n  t h e  e r o s i o n  t e s t ,  •

S i e v e  t h e  r e m a in d e r  o f  t h e  sample  o v e r  t h e  No, 4 S i e v e 9 ' 

B re a k  up t h e  a g g r e g a t i o n s  which  a r e  l a r g e r  t h a n  t h e  No, 4 s i e v e ,  

w i t h  a r u b b e r  m a l l e t  and s i e v e  t h e  m a t e r i a l  a g a i n .  Repeat  t h i s  

p r o c e s s  u n t i l  o n ly  c o a r s e  g r a v e l  and  ro c k  p a r t i c l e s  rem a in  on 

t h e  s i e v e ,  .D isc a rd  t h e  o v e r s iz e  m a t e r i a l .  The a g g r e g a t i o n s  

s h o u ld  be r e d u c e d  i n  s i z e  so t h a t  t h e y  w i l l  j u s t  p a s s  t h r o u g h  

t h e  No* 4 s i e v e .  I t  i s  n o t  n e c e s s a r y  o r  d e s i r a b l e  t o  r e d u c e  

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

c o m p r i s e d .  P e r fo rm  t h e  s t a n d a r d  Aa SHO M o i s t u r e - D e n s i t y  Re­

l a t i o n s h i p  t e s t  (AASHO D e s i g n a t i o n  T99-57,  Method. A) on a r e p ­

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

T e s t  P r o c e d u r e

P l a c e  a p p r o x i m a t e l y  12 pounds o f  t h e  a i r - d r y  s o i l ,  which  

h a s  b een  p r e p a r e d  a s  d e s c r i b e d  a b o v e ,  l o o s e l y  i n  t h e  s t e e l
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c h a n n e lo  S c re e d  t h e  s o i l  s u r f a c e  o f f  l e v e l  w i t h  t h e  t o p  o f  t h e  

c h a n n e l .

A d j u s t  t h e  s o i l  bed  s u p p o r t  t o  a  50$ s l o p e , P l a c e  t h e  

s o i l  bed  on t h e  s u p p o r t  and a d j u s t  t h e  r e s e r v o i r  b o th  v e r t i c a l l y  

and l a t e r a l l y  so t h a t  t h e  l o w e s t  e x t r e m i t y  o f  t h e  s t a n d a r d  o r i ­

f i c e  i s  7 n above  a p o i n t  on t h e  s o i l  bed which  i s  3 Ott from t h e  

dow nstream  end and c e n t e r e d  be tw een  th e  s id e - b o a r d s ®

P l a c e  t h e  s p l a s h  p r o t e c t o r  a t  t h e  u p p e r  end o f  t h e  

c h a n n e l  and p l a c e  t h e  d i v e r s i o n  c h u te  b e n e a t h  t h e  o r i f i c e .  Ad­

j u s t  t h e  w a t e r  t e m p e r a t u r e  t o  70° F £ I 0 and a d j u s t  t h e  head  

f o r  a d i s c h a r g e  o f  700 ± 5 m l / m i n u t e .

P l a c e  a 1000 m l,  c y l i n d e r  be low  t h e  r u n o f f  c h u te  and r e ­

move t h e  d i v e r s i o n  c h u t e .  Note t h e  t im e  t o  f i r s t  r u n o f f  and 

chan g e  c y l i n d e r s  a t  one m inu te  i n t e r v a l s  t h e r e a f t e r  f o r  t h r e e  

m i n u t e s .

I f  t h e  s o i l  i s  h i g h l y  e r o d i b l e ,  i t  i s  p o s s i b l e  t h a t  t h e  

1000 m l ,  c y l i n d e r s  w i l l  n o t  be s u f f i c i e n t  t o  c o n t a i n  a l l  o f  t h e  

r u n o f f  w a t e r  and e ro d e d  s e d i m e n t , I n  t h i s  c a s e ,  t h e  r u n o f f  c an  

be c o l l e c t e d  f o r  t h e  e n t i r e  t h r e e  m in u te s  i n  a l a r g e  c o n t a i n e r  

s u c h  a s  a p a i l .

D e te rm ine  t h e  t a r e  w e ig h t s  o f  e ac h  o f  t h e  c y l i n d e r s  t o  

t h e  n e a r e s t  0 , 1  gram. D e te rm ine  t h e  t o t a l  volume and w e igh t  

o f  t h e  combined s e d im e n t  and w a t e r  i n  e a c h  o f  t h e  t h r e e  c y l i n ­

d e r s  t o  t h e  n e a r e s t  m i l l i l i t e r  and  n e a r e s t  0 , 1  gram r e s p e c t i v e ­

ly® Compute t h e  d r y  w e i g h t  o f  t h e  sed im en t  a s  f o l l o w s s
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Wg -  o  (Wt -  V tT f* ).
G - I

Mg = d r y  w e ig h t  o f  sed im en t

Wt = combined w e ig h t  o f  s e d im e n t  and w a t e r

Vt -  t o t a l  volume o f  s e d im e n t  and w a t e r  

= u n i t  w e ig h t  o f  w a t e r

G = s p e c i f i c  g r a v i t y  o f  t h e  s o i l  p a r t i c l e s  

E r o s i o n  i s  t h e n  e x p r e s s e d  a s  t h e  c u m u la t iv e  Wg a t  th e  end o f  

t h r e e  m i n u t e s . ' I f  a  l a r g e  c o n t a i n e r  i s  u sed  t o  c o l l e c t  t h e  s o i l  

r u n o f f ,  d e t e r m i n e  t h e  t o t a l  w e ig h t  o f  t h e  combined se d im e n t  and 

w a t e r ;  p o u r  th e  m ix t u r e  i n t o g r a d u a t e d  c y l i n d e r s  and  d e te r m in e

th e  t o t a l  volume t o  t h e . n e a r e s t  m i l l i l i t e r .
■; ' :

At. l e a s t  two l o o s e  e r o s i o n  t e s t s  sh o u ld  be  made on each  

s o i l .  Run a t h i r d  t e s t  i f  th e  r e s u l t s  o f  t h e  f i r s t  two t e s t s  

v a r y  more t h a n  1$% a b o u t  t h e i r  mean. E r o s i o n ,  E]_, i s  t h e n  e x ­

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

N e x t ,  p e r f o r m  p h a se  two o f  t h e  t e s t .  T h is  p h a se  i s  p e r ­

formed e x a c t l y  as  d e s c r i b e d  above e x c e p t  f o r  t h e  p l a c e m e n t  o f  

t h e  s o i l  i n  t h e  s o i l  bedb

Add enough w a t e r  t o  a b o u t  I 6 pounds o f  t h e  p r e p a r e d  a i r -  

d r y  s o i l  t o  b r i n g  i t  up to  i t s  optimum AASHO w a t e r  c o n t e n t .  ' Mix 

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

i n  one u n i f o r m  l i f t .  ' Compact t h e  s o i l  w i t h  339 u n i f o r m l y  

d i s t r i b u t e d  b lows o f  a s t a n d a r d  5<>5> l b .  AASHO c o m p ac t io n
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hammer» Remove t h e  s i d e - b o a r d s  f rom  t h e  c h a n n e l ,  s c r e e d  t h e  ex­

c e s s  m a t e r i a l  o f f  ev en  w i t h  t h e  t o p  o f  t h e  c h a n n e l ,  and r e p l a c e  

t h e  s i d e - b o a r d s o Check t h e  w a t e r  c o n t e n t  o f  t h e  s o i l  by t a k i n g  

a sample  o f  t h e  e x c e s s  m a t e r i a l  which  h a s  been  s c r e e d e d  o f f « 

P l a c e  t h e  s o i l  bed on t h e  s o i l  bed s u p p o r t  and  p r o c e e d  a s  d e ­

s c r i b e d  a b o v e .

I f  t h e  r e s u l t  o f  two r e p e t i t i o n s  o f  t h e  d e n s e  t e s t  v a ry  

more t h a n  15$ a b o u t  t h e i r  mean, r e p e a t  t h e  t e s t  a t h i r d  t i m e .  

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

r e s u l t s .

The f i n a l  r e s u l t s  o f  t h e  l a b o r a t o r y , e r o s i o n  t e s t s  a r e  

e x p r e s s e d  a s  a n  e r o s i o n  number w h ich  i s :

EN s  OolEd /  0 . 0 1  E1 =



APPENDIX B
-' . «'f, ■

TABLE X I ,  SOIL GLASSIFIGATICM

SOIL
NAME

CLASSIFICATION ' EROSION
iNti o LL

Jp i \ AASHO L UNIFIEB
NO.
EN

i BITT #21 31.0 9 .5  > A-4 (3) CL, SC .■ 28.5.
2 BfeAGKETT GE. 39 o 8 19 .4 A-6 (10) CL 11.6
3

-M -V-
. BRIBG-ER 40.2 19.1 A-6,A -7  

: (11) '
CL , , 14.8

GARB #1 28.25 5 .1 A-4 (8) ML 46.4
* 5 ..CLEAR #6 . 39.8 16 .4 A-6 (9) CL . 22.5

CLEAR #13, 30 o 8 7 .4 A—2—4 - 
(O)

SM 37.5

7 FLAT #13 .... 25,35 , 5 .5 A -4 . (8) ML-CL 10.2
8. GALL #1. .. ■'50,4 25.5 A-7-. .6 

(15)
GL-CH 17.8

. 9 GALL #2 52.6 12 .4 A -7-5
( H )

IE 38.9

IO LOLO #18-.- 30.4 10 .8 A-4 (8 ) CL 15.2
11 MOOSE GRo

'
62.4 38.5 A -7-6

(16)
CH 13.1

12 . MOOSE #2 70.7 46 © 4 A -7-6
(20)

GE 8.9

\..jL3 . Eo FK= BRACKETT 38.1 20.0 A-6 (12) GL 6.4
...1 4 ." .ORGHIB GR0 . 48.5 27.1 A -7-6

(17)
CL 7.5

15 RAT LAKE 52.9 18.7 A -7-5
(7)

SM, MH 28.6.

16 SQ1UAW GR0 27.4 2.7 A -2-4
(O)

SM 35.9

17. . TAYLOR FORK 47.5.
 ̂ , •

20.3 A -7-6
(13)

ML-GL 13.9

18 TAYLOR #2 . .4 8 4 28 .5 A—7—6 
(17) .

CL 5.9



APPENDIX C

EROSION TEST RESULT’S



TABEE XIT -  XBOSIDH TEST BESOEES

— SOIL 
HO,

-UOHDo
LOOSEs
DENSE

TiMBs
— Hlifie

n m  NBMBER
AjSGUMOLATIOrE SOIL RUNOEF „ GMS0

" - - TOTAL AVERAGE

V. I  ' -V 2 3 4

I . 1266? 109.2 130.6 366.5 122.2
2 257.7 231.8 313.1 > 802.6 267.5

L 3 403.3 375.6 516.6 1295.5 431.8
I . . 4 553.1 581.9 645.4 1778.4 592.8

.. .5  _ . I  .600.2 740.4 852.6 2193.2 731.1
6 678.8 983.4 1210.1 2872.3 957.4
I 103.6 96.2 v 199.8 99.9
2 175.2 169.9 / ! 545.1 172.5
3 248.7 234.3 483.0 241.5

■ B . - 4 ...... 303» 3 292.1 595.4 297.7
5 377.8 354.6 732.4 366.8

- ■ — 6 445.7 416.3 /872.0 436.0
I 126.8 147.8 i 274.6 137.3

- 2 307.3 328.4 635.7 317.9
___L- .3 464.1 467.3 931.4 465.7

4 577.8 598.1 ; 1175.9 587.9
5 698.8 721.0 1419.8 709.9
6 804.2 834.7 I 1638.9 819.4

2 I 33.9 41.0 = 73.0 36=9
2 43.0 50.7 93.7 46.8

B 3 63.-5 74.9 . 138.4 69.2
4 74.0 85 .4 159,4 79.7
5 89.7 97.1 i 186.8 93 .4
6 110.6 119.4: ' 250,0 115.0

.-s'



TABLE X I I I  -p EROSION TEST RESULTS

SOIL
NO.

GONDr 
LOOSE9 

. .  .DENSE . .

TIME9
-—min.

Rt
AOCUMULAm

E  NUMBER
rE SOIL RUNOFF, GMS.

TOTAL AVERAGE

I 8 3 4 -

. .  I 134.3 159.0 159.0 452.3 150.8
• -  — —  2 . . . . . . . . . . . . .  249.6 304.6 279,2 833.4 277.8

—  .  X i -S-. . . . . . . . . -  ._3S5<^3 . 438.8 401.9 1226.0 408.7
•4,- . -511 .3 , . . • .580.4 507.6 1599.3 533.1

.. ... .. 5.. .  - ....... -541,-6 771.7 770.6 2183.9 724.6
-  —  - —  - .. . . . . . . . . 6_ - . . . . . . . . . . . . . 1026.5...... -.13 52 .7 1291.6 2318.2 1159.1

- — .. . . . . . . . - I  ■- . , -- - - - - -£ 7 -  0 - 4 -  r- • . . .  48.2 95.6 47 .8
----  -  - —  - J B - -  6 l8 * 1 73.7 141.8 70.9

-  D — 3 . . -  -100.2 114.3 214.5 107.2
.4 . . 130.6 142.0 272.6 136.3

- 5 . .  170.3 174.4 344.7 172.3
6 218.8 284.6 443.4 221.7
I 79.4 56.2 71.7 207.3 69.1

. .  . 2 . 175 . 8 . 153.8 164.4 493.4 164.5
. . .. . .. . X i  - • - — - 3 - ■ • .  „ .  „ 5 4 1 .8 .. . 291.0 262.0 894.8 298.3

. .  — . -.4 . . . . . . . . . . . . . . . . . .5.90 o  4 404.8 486.6 J 1481.8 493.9
5. 917.4 517.0 610.2 2044.6 681.5

4 .6 1314.9 803.2 755.9 2874.0 958.0
I 150.7 131.7 282.4 141.2

. 2 284.9 260.9 545.8 272.9
-D .3 423.9 444.2 868.1 434.1

4 553.4 600.5 1153.9 576.9
5 . 681.2 748.0 1429.2 714.6
6 816.2 982.5 1798.7 899.3



TABLE-X W  ~ EROSION TEST RESULTS

SOIL
NOb

GONDb 
LOOSE9 . 

...DENSE
T M E 9 
. min.

RUN NUMBER 
ACCUMULATIVE SOIL RUI'IQEF9 GMS.

TOTAL AVERAGE

I 2 3 4

. . .  _ __I  .... ....... 138 .3 124.6 262V9 131.5
, . . 2 .. 5A2 o 3 336.6 678.9 . 339.4

...... L ....... .527o 7 ... ... .-... 525.8 1053.5 526.7
.... 4,--.. ......... -SSSol ■ ■ .7 .48.3 1431.3 715.6

. _ ..........97.3.0 1095.3 2068.3 1034.1
5. .. ...... S- .. - —-—1229 o-7-. 1307.8 2537.5 1268.7,

.. . I . .9 1 .5  , .. 73.2 70.1 234.8 78.3
..... Z .. 156.9 108.4 100.4 365,7 121.9

D -S 230.2 150.2 1 3 5 .0 ~ 515.4 171.8
'4 286.1 184.0 155.7 625.8 208.6
5 353.6 219.2 178.2 751.0 250,3
6 423.0 254.9 210.6 888.5 296.2
I 266.0 221.4 236.0 723.4 241.1
2 526.0 518.9 501.0 1545.9 515.3

L 3 1092.0 1062.9 955.0 3109.9 1036.6
4 1483.5 1516.9 1377.0 4377.4 1459.1
5 1767.5 1932.9 1639.1 5339=5. 1779.8

6 6 2073.5 2475.9 2051.1 6600.5 2200.2
I 141.4 129.6 134.0 405.0 135.0
2 211.6 184.9 216.6 613.1 204.4

D 3 276.8 239.7 297.6 813.2 271.1
4 335.1 278.3 349.3 962.7 320.9

. 5 397.1 322.3 452.0 1171.4 390.5
6 467.3 376=3 505.5 1349, d I 449.7



. ,.TABLE XJ - EROSION TEST RESULTS

SOIL
NO.

CQiNDo 
LOOSE8 
DENSE..

TIEE8 
min.. -

RUN NUMBER 
ACCUMULATIVE SOIL RUNOEF9 QMS.

TOTAL AVERAGE

I 2 3 4

.. I 85.7 71.0 156.7 78.3 .
__—2. - . ........... 175.3 153.5 328.8 164.4
____3 .... ......— 283'. 6. 285.2 568.8 284.4

— . -A:- ■ . - 390.5 409.2 799.7 399.9
. 5 ........... 482.6 513.4 996.0 498.0

7 ___ £  . - ....... -580 .4 615.8 1196.2 598.1
. . .  I 37.0 32.5 69.5 34.7

.2 ... .............52.4 57.6 110.0 55.0
, B 3 74.4 72.8 147.2 73.6

.. 4 . .. 87.5 87.7 175.2 87.6
5 ■ 107.2 105.8 213.0 . 106.5
6 129.7 132.2 262.0 131.0

, . I ..... - - -107.7 . . 187.2 205.0 185.0 685.3 171.3
2 313.7 367.2 425.0 513.9 1619.8 405.0

L 3 740.7 729.2 774.0 824.9 3068.8 767.2
4 1098.7 1037.7 1034.0 1179.9 4350.3 1087.6
5 1344.2 1453.7 1211.6 . 1551.5 5561.0 1390.2

8 6 1532.8 1798.7 1360.1 1976.0 6 6 6 7 .6 1666.9
I 56.7 45.0 101.7 50.9

. 2 83.2 65.0 148.2 74.1
D 3 113.6 89.3 202.9 101.5

4 138.0 103.4 241.4 120.7
5 165.1 124.0 289.1 144.5
6 .1 9 3 .8 145.7, 339.5 160.8

/



..-.TABLE ZVI - EROSION TEST RESULTS

SOIL CONBe RUN NUMBER TOTAL' \  AVERAGE
NO, LOOSE, TIME, 5 0 1E SOIL RUNOFF9 GRAMS

- DENSE min. I 2 3 4 J

I 112,6 112.2 89.0 313.8 104.6
- 2 260.1 285.0 2 4 6 . 2 791.3 263,8

L 3 4 3 6 . 1 422.3 5 6 6 . 8 1 2 2 5 . 2 408.4
4 595,3 588.7 460.7 1644.7 548.2
5 890,8 880.7 644.6 2416.1 8 0 5 . 4

9 6 1176.3 1059.2 973.6 5209.1 1069.7
.. I 110.2 108.6 2 1 8 . 8 109.4

. .2 2 2 1 . 5 2 3 0 . 1 451.6 225.8
D 3 349.2 5 4 7 . 3 6 9 6 . 5 348.2

4 4 9 6 . 7 459.0 955.7 477.9
5 6 2 9 . 0 578.8 1207.8 605.9
6 ■ 773.7 697.5 1471.2 735.6
I 7 8 . 1 • 77.5 155.6 77.8
-2. . .175.4 170.9 350.3 175.1

L . .....  3 ,._29-2.4 304.4 596.8 298.4
.. .4 .369.6 396.1 7 6 5 . 7 382.8

.5  • 439.1 487.4 9 2 6 . 5 463.3
-.10 ■ .6  . 510,4 576.6 1087.0 5 4 3 . 5

I 56.2 50.1 106.3 53.1
2 81.6 79.9 161.5 80.7

D 3 126.5 117.1 243.6 1 2 1 . 8
4 154.0 1 5 2 . 8 306.8 153.4
5 183.1 174.1 357 * 2 178.6
6 218.5 204.7 - 423.2 ■ 211.6



TABLE XVII - EROSION TEST RESULTS

SOIL
NO.

GOND.
LOOSE,
DENSE

TIME,
min.

I
accumulat:

IUN NUMBER
CVE SOIL RUNOFF. GM3

TOTAL AVERAGE'

i 2 3 4

I 132.0 131.0 136.7 5 9 9 . 7 1 3 3 . 2 "
2 . 271.3 291.1 2 7 2 . 3 834.7 2 7 8 . 2

-L- .... 3 .4 0 2 .8 . . .484.7 409.5 1297.0 432.3
- 4 ....... 641.8 7 4 8 . 2 684.7 2074.7 691.6

....~-5 ..— 868.8 9 1 3 . 8 856.2 2 6 3 8 .8 879.6
11 .6 973.0 1288.8 1064.8 3 3 2 6 . 6 1108.9

I 38.1 33.6 71.7 35.8
2 57.4 55.1 112.5 56.2

D 3 86.5 88.6 — .175.1 87.5
' 4 106.2 110.4 2 1 6 . 6 1 0 8 . 3

5 130.7 135.7 266.4 133.2
6 161.6 1 6 3 . 2 324.8 1 6 2 . 4
I  ' 58.5 69.1 127.6 63.8
2 1 4 8 . 7 167.4 316.1 158.1 '

L 3 258.4 285.0 5 4 3 . 4 271.7
4 357.6 391.5 7 4 9 . 1 374.5
5 448.3 4 7 8 . 2 9 2 6 . 5 463.2

12 6 536.6 555.2 1091.8 545.9
I 1 9 . 7 19.4 3 9 . 1 19.5
2 5 5 . 6 35.9 71.5 3 5 . 8

B 3 6 0 . 9 62.8 123.7 6 1 . 8
4 7 9 . 8 76.0 155.8 7 7 .9
5 100.9 93.6 194.5 9 7 . 2
6 116.8 112.8 2 2 9 . 6 114.8

-0
8



.TABLE XVJII - EROSION TEST RESULTS

SOIL GOND. RUN NUMBER TOTAL AVERAGE
NO. LOOSE8 TIME8 ACCUMULATIVE SOIL RUNOFE„ GMS. ■

DENSE min. I 2 3 4

I 85.5 84.2 169.7 8 4 . 8
2 137.1 136.4 273.5 136.7

X . 3 . 203.0 194.7 ~ _ 397.7 1 9 8 . 8
4 . . . .257.8 245.4 503.5 251.7 ■

.......5.. . .. -3 3 2 .1 297.2 629.3 314.6
13 . 6 402.0 365.9 767.9 383.9

I 23.5 18 .4 41.9 20.9
2 30.3 23.4 53.7 26.8

B . 3 . 49.2 38.7 87.9 43.9
4 56.0 43.9 99.9 50.0

- . . 5 - 6 3 .1 48.0 111.1 55,5
6 8 0 . 4 63.9 144.3 72.1

. I 101.7 81.8 1 8 5 . 5 91.7
.. -2 ......... -232.5 2 4 1 . 8 4 7 4 . 7 237.3

' L 3 370.3 370.2 740,5 370,2
4 468.9 463.9 932.8 466.4
5 564.1 566.3 1130.4 565.2

.14 6 670.4 662.6 1333.0 666.5
I 13.2 14.2 27.4 13,7
2 20.7 24.2 44.9 22,4

D 3 37.1 39,3 76.4 38.2
4 40.0 44.3 84.3 42,1
5 48 .8 50.6 99.4 49,7
6. . . 66.9 74.6 141.5 70,7



TABLE XIX - EROSION TEST RESULTS

SOIL
NO,

CGNDc
LOOSE,

—DENSE.
TIME,

..— mine

RUN... NUMBER
ACCUMULATIVE SOIL RUNOFF., GRMG .

TOTAL AVERAGE

.1 ......  2 3 4

. . 141.0 127.7 268.7 134.3
.2. .293.5 294.4 587.9 293.9

.L . .. .......3 ...... 5.9 Se 5 605.4 1198.9 599.4
..4 .. .......  854»5 891.9 1746.4 873.2

5 ....1152.0 1228.9 2360.9 1180.4
15 , — —. —6 . ____0597.. O 1476.2 3073.2 1536.6

.....- I - J-OleO 94.5 195.5 97.7
... 2 .. .. 166.6 149.5 316.1 158.1

-D ___ 3 . ... ...... 236.9 215.3 452.2 226.6
4. . .. .297i 6 275.2 572.8 286,4

.. .. ...5 ,363.5 330.4 693.9 346.9
, 6 -.427.6 393.3 820.9 , 410.5

I  . . . .. 165.0 A l l  of 67.2 232.2 116.1
2 : .. 709 i Q s o il 610.2 1319.2 659.6

L .3 1276.5 slumped 1691.2 2967.7 1483.9
4 1513.5 out by Slti 2632.2 4145.7 2072.9
5 1882.5 50s® No

16 6 229 7.5 mens, made
I 101.4 105.5 206.9 103.4

' 2 146.8 154.4 301.2 150.6
D 3 204.8 217.2 422.0 211.0

4 260.2 266.7 526,9 2 6 3 . 4
■ . . . 5 299.8 317.4 617.2 308.6

6 360.8 372.0 7 3 2 . 8 366.4



..TABES XX -- EROSION TEST RESULTS

SOIL
NO.

OOND= 
LOOSE, 

.-DENSE ... -
TIME9

- -...-minv.

.. .. RUN NUMBER
ACCUMULATIVE SOIL RUNOTT9 CMS=.

' TOTAL AVERAGE

I 2 3 4

I 75=5 55=2 130.7 65.3
.2 173=7 162=5 336=2 168=1

— Ju 3 . 259.5 251=9 511=4 255,7
4 . .311=5 308.5 620 = 0 310 = 0
5 .377=8 358.7 736.5 368.2

. J.7 6 435.6 425.5 861.1 430.5
- ■ I - . 57=0 ■ 61.0 118=0 59 = 0

2 77.5 89 = 7 167.2 83=6
..B . 3. . 105 = 8 . .121=0 . . . . . _ 226.8 113.4

.4 .. ..........121 = 9 142=6 264.5 132=3
.5 137 = 2 163=5 300=7 150 = 3
6 158.1 188.0 346=1 173=1
I 68=2 . 57.6 ’ 125.8 62.9

. 2 192.5 142 = 9 335=4 167.7
. ... -L 3 321=1 269 = 1 590=2 295.1

-  ..  -  - - 4 442=1 335.9 798=0 399.0
5 547.9 429.9 977.8 488 = 9

..... 18 - 6 644.1 508=2 1152=3 576.1
I 9 = 0 11 = 5 20 = 5 10.2
2 11 = 8 ' 15 .8 27.6 13=8

D 3 27 = 5 32,3 59 = 8 29 = 9
4 29.2 36=9 66=1 33=1
5 36=1 48.1 84=2 42.1
6 52=6 65.7 118 = 3 59 = 1
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GRAPHICAL PRESENTATION OF EROSION
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APPENDIX E

GRAIN SIZE ACCUMULATION CURVES
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U.5. SIEVE SERIES

LU 3 0

.074 .10 .147
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3 oil  Mo. P I
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APPENDIX F

ANALYSIS OF VARIANCE TABLES
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TABLE XXI - ANALYSIS.OF. VARIANCE. EOR REGRESSION - MGR

EROSION SOURCE OE d f . SUM OE MEAN E* VARIATION \ SQUARES SQUARE

#16 REGRESSION . I. . 19-4v9.78.il 194,978.11 3 9 .8 6 **
ABOUT REG. ■ .16 78,268.99 4,891 .81

IN TOTAL n I? 273.247.10
E (a) r  = .8447 r ^ s ' .7135..

-
REGRESSION I ....222.^113.18 . .222;113.12 133i 21**

#16 ABOUT REG. ■ ..,.15 . 25.011.03 1.667.40
OUT TOTAL 16 247,124.15
(b) r  -  ■ . 9480. r*=  .8987..

REGRESSION. .. I .-.118.j,615,..21.. 118,615.21 1 8 .4 6 **
#16 ABOUT..REG,. - -16 -102.807 .13 6.245 .45 >
IN TOTAL ~ 17 221.422.54

Ed " (c) r  = .7319..- Tti= . 5356..- -

REGRESSION.. ..................._.1 _ - -191,.37.5.05 
126,470.38

191,575.05 108 .45 **
#16 ABOUT REG.- -15 1,764.69
OUT TOTAL o 16 217„845i 43
(a) r  -  . 9.3V2. . . ..r~" .8784.,.

REGRESSION I . ,949.,-491. 0.4 -949,491.04 18 .91 **
#16- .ABOUT- REG. . -1 6 -803,855.40 50,205.46
IN TOTAL 17 1 ,752 ,746 .44

% (e) r  = .7360... T i i -  ,».5417

REGRESSION..'.. I- • !(.14,515.80 114,515.80 2,89
#16 ABOUT REG. . .15 . . ,593 „839 „90 ■39„589.33
OUT .. .TOTAL .... 16 ' 708,-355 „70
( f ) r  = .4020 TtiS .„1616

* *  -  S ig n ific a n t-a t- 0.5% -le v e l.

EQUATIONS? (a ) E-= 74 .-9 -/ 3 6 ,3 (MGR)
(b) E = 2 4 v 0  /  5 6 .4 (MCR)
-(c) Ed^ -53.8 /  2 8 .3 (MGR)
(d) Eds "7 .1  /  5 2 .3 (MCR)
(e ) Ei= 210.4 /  8 0 .2 (MCR) 
( f } Not s ig n ific a n t



"111-

TABLE ZXII ANALYSIS OF VARIANCE EOR-SESRlSSIGffif - s / A

EROSION SOURCE OF df . SUM OF MEAN F
VARIATION ■SQUARE . SQUARE- .

#16
REGRESSION I- 177 ,1 0 0 .0 1 1 7 7 ,1 0 0 .0 1 29.47**
ABOUT RES.. .,.16 96 .147 .09 6 ,0 0 9 .1 9

IN TOTAL 3 17 273 .2 4 7 .1 0
E (a) r  s  .8050 „6481..

#16
REGRESSION I 1 6 3 ,8 9 8 .2 0 '1 6 3 ,8 9 8 .2 0 29.54**
ABOUT RES. • -15 "83 .'225 „‘9 5 .......

OUT TOTAL - -  16 247 ,124 .15
Cb) r  = 0 8143... thr „6632-

REGRESSION. . . .  I ....1-18.,-288.50 ■118,288.50 18.35**
#16 ABOUT RES,..- ........... 1 6 .4 0 3 ,1 3 3 .8 4 6 ,4 4 5 .8 7
IN TOTAL 17 221„422 „34

Ed ' (e ) r  = .7309 .... ,. -r^s. .5 3 4 2  - ......

REGRESSION.. ' ... .1. ■ ... ..-148.,29.7-. 52 .148 ,297 .52 31.98**
#16 ABOUT REG. .15 '6 9 ,5 4 7 .9 1 4 ,6 3 6 .5 3
OUT TOTAL 1 „ 16 217 ,8 4 5 .4 3
Cd) r  s  „8250. r &= .„.680.7.- . . .  . . . .

#16
REGRESSION . 1 . _ .5 9 5 . ,0 9 8 .5 7 .5 9 5 ,0 9 8 .5 7 8 .22*
ABOUT.REG.. 1 ,1 5 7 ,6 4 7 .9 0 72 ,352 .99

IN TOTAL 17 I , 752 ,746 .47
E1 (e) T  = .5826 ■ r 2-s. „ 5395- . . . . . . .

.*..1-r\ii ■
' regressio n . ... I ... . 3 9 , 0 7 2 . 4 3 3 9 ,0 7 7 ,4 3 S

#16..... ABOUT REG.. -15- .6 6 9 ,2 7 8 .2 8 4 4 ,6 1 8 .5 5
OUT TOTAL « ,  16 708 ,355 .71
Cf) r  = .2348 Pti-  .0551

** -  S ig n ific a n t.-a t-Q0^  - level5 * -  S ig n ific a n t a t 2«5% level

EQUATIONS;....Ca)-- E ? 50.-2 / - 1 4 4 .4 (S /a ) '
. "  ... (b.) i  =. -27.fi / .1 7 3 a;7 (S/A)

(c ) Ed= ,.28a3 /.-118=0(S/A)
(d) Eds =7.6 /  165.2CS/A)

. Ce) E1= 212.,6 /2 6 4 .7 (S/A)
■--(£' ) Not S ig n ific a n t

I



”112
TABLE X K II I  -  ANALySIB,-QE.-,-¥ARIMGE. SOR-REGRESSIOH -  LER

EROSION SOURCE OF 
VARIATION

df SUM- OF 
.....SQUARES .

MEM
SQUARE ^

F

E-

#16 :
IN
(a)

REGrRESSION. . 
ABOUT .REG-.,.. ..,„16

.434 e 14 
. ..138.938.66

134,434.14
8-683.67

15.48*4

TOTAL 17 275,372.80
r  •" .7012 . . ,491-7..,

REGRESSION., I . 114 ,25 2 ,12 114,252.12 ‘ 12 .90M
#16 ABOUT REG... . ,13 2 .8 7 2 .0 3 8 r 8 5 8 1 4
OUT TOTAL p 16 247124 .15
(b) r  = .6799 r y.”.- .4623-. • "r

REGRESSION ■ I .  .  r  Il/'. -9-4 p44L* 04 94,441.04 11.90v*
#16 ABOUT REG. .....-16 .. 126-981.31 7 .936 .33
IN TOTAL p 17 221-422.34

Ba (c) r  s .6550 r y” .4265 - -

, REGRESSION I .116,847.71 I l B j  8 4 7 1 1 17^35**
#16 ABOUT REG. -.15 ,100-997.72 6 .7 3 3 1 8
OUT TOTAL 16 217.845.40' ;

(a) r  = :7525 ,5363—

#16 REGRESSION.. .  ,  I... 352,548,.01 352,548.01 4.03
H . ABOUT REG* 16 ... I r400r198>40 87r512.40
Ce) TOTAL

P  1 7
1-752,746.41

Bi r  =  .4484... • r #  . s o n

REGRESSION . . . .  -  VVr I . , I , , ..416,..48 1 ,416 .48 0.03
#16 . _  .. .ABOUTrRMji:., ,15 . .  .706,939 o  23 47,129 .28
OUT TOTAL '1 6 708-355.71
( f ) p = .0447 Py-  ,002 Z  '

,0,5% le v e l

EQUATIONS (a)
( b )
(c)

Iil
( f )

E = 37.9 •f -62,9 (LPR) 
E = 16 .7  /  75 .S(LPR) 
%= IB eA V B B eS(LPR)t 
Ea= ”2 8 ,5 ../ 74.1 (!PR) 

" Not sign ificaiit . 
2 Not significant

i



-1 1 3 -
/

TJfflLE XXIV - ANALYSIS OF VARIAMGE- FQR -HEaRESSIQH.^ PIR

EROSION. SOURCE ,,-OE 
VARIATION

df SUM OE 
. SQUARES

MEAN
SQUARE,

E

#L,6
REGRESSION 
ABQUTiREG.. ... 16

:__ .96,629^.96
178o958.05

96,629.96  
11„184.88

8 .6 4 **

IN . TOTAL i -  17 275„588„01 ,

E
(a) r  = .5921. . . .3506... ................. -

#16
■ REGRESSION.. 
ABOUT REG... .

I
15

; 71 ,.656.03 
177„660.96

7 1 ,656.o Q4 
11,844.06

6.05

OUT TOTAL 1 6 . 249 „616 o.99
•M (b) r  5... .5361.-. r 2“ • o.287.A....

#16
REGRESSION ,. 
ABOUT -REG. ' -

I
'■—16

.,...65,249.o80
-158„172.54

63,249.80
9„885.78

6 .40*

IN . -TOTAL . p 17 221„422.34

■O’
(c) r  -  . 534.4 . r4s o 2856 . - -

Jid

#16:
REGRESSION . 
.ABOUT-REG... • ... -1<5

- -73,-931.66 
143„913.78

75,931.,6.6 
9 ,594 .25

-7.71*

OUT TOTAL 16 ' 217„845.44
(a> J?.= 0.5825.. Tfi1-"- o'3393 - \

-
#16.

REGRESSION . 
ABOUT.-REGo --

I-
. .16 .

—340,024» 76 . 
1,412,721.70

340,024.76
88,295.11

3.85

IN ...TOTAL p 17 1„752„746.46 i
(e) v — .4404. . . r tis 0.1939-...

E1

#1.6
REGRESSION 
ABOUT REX}.

■ ■ • f I  •
-15

.......S-JfOOB. 71
,705,353.00

3,002.71
47,023 ,53

.06

OUT TOTAL 16 708,355.71
( f ) .

* *  ” -SlgniflearLt..,.at-,,.l%,leT.el.';.:-* .^..Significajxt.-at. „ 9% le v e l .

EQUATIONS;. 4 aJ  E = ..Ipa0I  /  12 5 .6 (PIR)
. (h j....Noi.... s ig n ifie a iit
(o) Eds 78bl ■£ i0 1 .6 (P lR )
(d) . Ed= ^9.3 ^ 139 .0(PIR)-
(e) Not s ig n ific a n t
( f ) Not s ig n ific a n t



■= 1 1 4 =

TABLE XXV ANALYSIS OF VARIANCE- FOR -REGRESSION BR2Q
EROSION SOURCE OF d f . StJM OF MEAN F

VARIATION SQUARES- SQUARE

#16
REGRESSION. .. . I -63.g399.oll 63,399.11 4 .83 *

, ABOUT REG. ■ ■■ . -.16 ...209 „ 9 73’. 69 13,123.36
IN TOTAL 17 273„372„80

E
(a) r  s o4815 Pasis- ... 2319 . .

REGRESSION : I .57,158.77 57,138.77 4.51
#16 ABOUT REG0 15 189,985.38 12,665.69
OUT TOTAL 16 247„124*15
■(b) r  =. «,4808 Pa= o2312

\
-REGRESSION I 55,509.62 55,509.62 5 .55 *

#16 .... ■ABOUT REGo 16 165.912.72 10,369.55
IN ■TOTAL ~ 17 221.422.34

Ed
(c) r  s „5006 pfs o 25GI6

REGRESSION I 67,711.21 67,711.21 6.7 7 **
#16 ABOUT REG. 15 150„134.22 10,008.95
OUT TOTAL 16 .217.845.43
(d ) r  *  o5575 P3S „3108 I

REGRESSION I 15,568.45 15,568.45 ,143
#16. . ABOUT .REG0 ■ 16 I „737„178.00 108.575.62
IN  . TOTAL 17 I „752„746.45
(e) r  S' .’0942 r as .0088

Ei
REGRESSION I 44,644.86 44 9 „644 o 86 1 .01

#16 ABOUT REG. 15 663,710.84 44,247.39
OUT TOTAL 16 708.„355o70
( f ) T  s „2510 p3s „0630

* *  .^.-.Significant a t 2<,5$> le v e l  ̂ *  -  S ig n ific a n t a t Wjo Ie v e l0

EQUATIONS: (a ) . E =
(b) Not
(c) Eds
(d ) Ed=
(e) Not
( f )  Not

2815 j  366o0(DR20) 
si'gnif leant 

0o3 /  331o8(DR20) 
-2 9 .2  /  379.6(DR20) 
s ig n ific a n t  
s ig n ific a n t



LITERATURE CITED

1» Adams9 Jo h n  E o 9 D0 Kirkham 9 and W» H* S c h u l t e s 9 " S o i l  
E r o d i b i l i t y  and O th e r  P h y s i c a l  P r o p e r t i e s  o f  Some Iowa 
S o i l s 9" Iowa S t a t e  C o l le g e  J o u r n a l  o f  S c i e n c e , V» 32-4 :  
4 3 5 - 5 4 0 , -May, 1953 .

2 o _________ __ 9 1961 Book o f  ASTM S t a n d a r d s , P a r t  4 ,  Cement ,
Lime9 Gypsum, M o r t a r , C o n c r e t e , M i n e r a l  A g g r e g a t e s , B i = 
tu m in o u s  M a t e r i a l s , S o i l s . A m erican  S o c i e t y  f o r  T e s t i n g  
and M a t e r i a l s ,  P h i l a d e l p h i a ,  P a ,

3 .  A n d e rso n ,  H* " C u r r e n t  R e s e a r c h  on S e d i m e n t a t i o n  and 
E r o s i o n  i n  C a l i f o r n i a  W i l d l a n d s , "  E x t r a c t  o f  P u b l i c a t i o n  
No 0 59 o f  t h e  I 0-AoSoHo9 Commission o f  Land E r o s i o n 9 pp .
1 7 3 -1 3 2 .

4» ___________"An I n t r o d u c t i o n  t o  t h e  F o r e s t  S o i l s  o f  t h e
D o u g la s = F i r  R eg io n  o f  t h e  P a c i f i c  N o r t h w e s t , "  W es te rn  
F o r e s t r y  and  C o n s e r v a t i o n  A s s o c i a t i o n ,  P o r t l a n d , O regon ,
1957 .

5, A n d r e 9 J a E 09 and H, W. A n d e r s o n 9 " V a r i a t i o n  o f  S o i l  E r o d i  
b i l i t y  w i t h  G e o lo g y , G e o g rap h ic  Zone,  E l e v a t i o n ,  and Vege­
t a t i o n  T y p e ,"  J o u r n a l  o f  G e o p h y s i c a l  R e s e a rc h ,  V. 66:
3 3 5 1-3353 ,  1961 .

6. B o uyoucos , G= J 0, "The C lay  R a t i o  a s  a C r i t e r i o n  o f  Sus­
c e p t i b i l i t y  o f  S o i l s  t o  E r o s i o n , " J o u r n a l  o f  American  
S o c i e t y  o f  A g r o n o m i s t s , V, 27 ,  PP- 733,  1935.

7« B o r s t 9 Ho L o 9 and R0 Woodburn9 "R a in  S i m u l a t o r  S t u d i e s  o f  
t h e  E f f e c t  o f  S lo p e  on E r o s i o n  and R u n o f f , "  U. S . Dept* o f  
A g r i c u l t u r e ,  S o i l  C o n s e r v a t i o n  S e r v i c e $ T e c h n i c a l  P u b l i ­
c a t i o n  No0 36 ,  Augo9 1940»

3 .  C rad d o ck ,  G„ W0, and C0 K. P e a r s e 9 " S u r f a c e  R u n o f f  and
E r o s i o n  on G r a n i t i c  M oun ta in  S o i l s  o f  Id a h o  a s  I n f l u e n c e d  
by Range C o v e r 9 S o i l  D i s t u r b a n c e , S l o p e ,  and P r e c i p i t a t i o n  
I n t e n s i t y , "  U* S . Dept * o f  A g r i c u l t u r e , C i r c . No. 432®

9 .  E c k e r n 9 P.  Co9 " R a i n f a l l  I n t e n s i t y  a s  a M easure  o f  Storm 
E r o s i v i t y 9" S o i l  S c i e n c e  S o c i e t y  o f  America  P r o c e e d i n g s , 
p p .  2 1 2 -2 1 6 ,  A p r i l ,  1954°

1 0 .  E c k e r n 9 P. C . , " R a in d ro p  Im pac t  a s  t h e  F o rc e  I n i t i a t i n g  
S o i l  E r o s i o n , "  S o i l  S c i e n c e  S o c i e t y  o f  Am erica  P r o c e e d ­
i n g s  , Vo 1 5 ,  1950o



“ 116=

11» E l l i s o n 5, tf o D . , ” R a in d r o p  E nerg y  and S o i l  E r o s i o n ,n. Empire  
J o u r n a l  o f  E x p e r i m e n t a l  A g r i c u l t u r e „ I0 1 9 -2 0 : 01^97.
1 9 5 1 -5 2 .

1 2 . F r e e „ George R . , " S o i l  Movement by R a i n d r o p s , "  A g r i c u l t u r a l  
E n g i n e e r i n g  J o u r n a l , V. 33$, Aug= s 1952«

13® G a r d 5 L= E . , and C= A= Van D o re n 5 " S o i l  L o sse s  a s  A f f e c t e d  
by Cover ,  R a i n f a l l  and S l o p e , "  S o i l  S c i e n c e  S o c i e t y  o f  
America  P r o c e e d i n g s „ V. 14 ,  1949°

14° K id d , W= J o 5 J r = 5 " S o i l  E r o s i o n  C o n t r o l  S t r u c t u r e s  on Sk id  
T r a i l s , "  U» S= Dept= o f  A g r i c u l t u r e , F o r e s t  S e r v i c e ,  
I n t e r m o u n t a i n  F o r e s t  and Range Exp= S t a ®, Ogden5 U tah ,
S p p «

15° M i d d l e t o n ,  H= E=, " P r o p e r t i e s  o f  S o i l s  Which I n f l u e n c e  
E r o s i o n , "  U= S= Dept= o f  A g r i c u l t u r e  T e c h n i c a l  B u l l e t i n  
No. 178,  March,  1930=

16= M u s g ra v e 5 G= W=, "The I n f i l t r a t i o n  C a p a c i t y  o f  S o i l s  i n  
R e l a t i o n  t o  t h e  C o n t r o l  o f  S u r f a c e  R u n o f f  and E r o s i o n , "  
J o u r n a l  o f  t h e  American  S o c i e t y  o f  Agronomy-= p p .  336-345 ,  
1935 .

1 7 ° N e a l 5 J e s s e  H=, "The E f f e c t  o f  t h e  Degree o f  S lo p e  and 
R a i n f a l l  C h a r a c t e r i s t i c s  on Runoff  and S o i l  E r o s i o n , "  
M i s s o u r i  A g r i c u l t u r a l  Exp= Sta= R e s e a rc h  B u l l .  # 280 ,  p p .
1 -4 7 .

1 8 ® P a c k e r ,  P a u l  E . ,  " S tu d y  P l a n  f o r  t h e  D evelopm ent  o f  C r i t e r i a  
F o r  L o c a t i n g  and C o n s t r u c t i n g  Roads on F o r e s t  W a te r s h e d s  t o  
C o n t r o l  S o i l  E r o s i o n  and P r e v e n t  S e d i m e n t a t i o n  o f  S t r e a m s , "  
U n p u b l i s h e d  r e p o r t ,  I n t e r m o u n t a i n  F o r e s t  and Range E x p e r i ­
ment S t a t i o n ,  F o r e s t  S e r v i c e , U= S= D ep t ,  o f  A g r i c u l t u r e , 
Ogden, U ta h ,  May, 1958=

19.  P a c k e r ,  P a u l  E=, S tu d y  No. 102 ,  U n p u b l i sh e d  R e p o r t ,  from 
"L in e  P r o j e c t  R e p o r t  f o r  Year  E n d in g  A p r i l  30, 1 9 6 3 ,"  U=S= 
D ep a r tm en t  o f  A g r i c u l t u r e , F o r e s t  S e r v i c e ,  I n t e r m o u n t a i m  
F o r e s t  and Range E x p e r im e n t  S t a t i o n ,  Ogden, U ta h .

20= P e e l e , T= C=, "The R e l a t i o n  o f  C e r t a i n  P h y s i c a l  C h a r a c t e r ­
i s t i c s  t o  t h e  E r o d i b i l i t y  o f  S o i l s , "  S o i l  S c i-enc-e S o c i e t y  
o f  America  P r o c e e d i n g s = VIIs 9 7 - 1 0 0 ,  1937°

2 1 .  P e e l e , T= C=, E= E= Latham, and 0= W= B e a le ,  " R e l a t i o n  o f  
t h e  P h y s i c a l  P r o p e r t i e s  o f  D i f f e r e n t  S o i l  Types t o  E r o d i -  
b i l i t y , "  So= C a r o l i n a  Ag= Exp. S ta^  B u l l .  # 3 5 7 ,  May, 1945=



“1X7-

2 2 o R o s e ? Go W=, " S o i l  Detachment  Caused by R a i n f a l l sw S o i l  
S c i e n c e , V* 39$ I 9 6 0 .

23» S o w e r s 8 G= Bo8 and  G= F = S o w e rs8 I n t r o d u c t o r y  S o i l  Mecha­
n i c s  and  F o u n d a t i o n s , The MacMillan  C o . ,  New York, 1961°

24° S t e e l 8 Ro G= D . , and  J= H= T o r r i e 8 P r i n c i p l e s  and P r o -  " 
c e d u r e s  o f  S t a t i s t i c s , McGraw-Hil l  Book Co =, 8 I n c . 8 New 
I o r k 8 I 9 6 0 o

25 c W a l l i s 8 James Ro8 "Log t o  P r e s e r v e  W ate r  Q u a l i t y , " W es te rn  
C o n s e r v a t i o n  J o u r n a l ,  V0 2 0 - 2 ,  pp = 57 and 62 ,  M a r c h - A p r i l , 
WSTo

260 Z i n g g 8 Ao Wo8 " D e g r e e  a n d  L e n g th  o f  L a n d  S lo p e  a s  i t
A f f e c t s  S o i l  Loss i n  R u n o f f , "  A g r i c u l t u r a l  E n g i n e e r i n g ,
Vo 2 1 ( 2 ) ;  5 9 -6 4 ,  F e b r u a r y ,  1940°



MONTANA STATE UNIVERSITY LIBRARIES

3  1 7 6 2  1001 4341 9


