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ABSTRACT 

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

i n  s o i l  under  l aminar  f low c o n d i t i o n s  i s  developed from t h e  Hagen- 

P o i s e u i l l e  and  Kozeny-Carman t h e o r i e s .  

Th is  p rocedure  was s u b s t a n t i a t e d  by use  o f  gamma r a y  s cann ing  

t e chn iques .  A c h a r t  is p r e s e n t e d  by means of which t h e  f i n a l  d e p o s i t  

r a t i o  may b e  computed from t h e  i n i t i a l  p o r o s i t y  and t h e  f i n a l  h y d r a u l i c  

c o n d u c t i v i t y .  A s e r i e s  o f  exper iments  on l a b o r a t o r y  s o i l  columns was 

conducted t o  e v a l u a t e  t h e  p rocedure  and t h e  r e l a t i o n s h i p s  between t h e  

c h a r a c t e r i s t i c s  o f  t h e  sediment  and t h e  s o i l  media.  



NOTATIONS AND DEFINITIONS 

(1) - A s u b s c r i p t  d e n o t i n g  d a t a  o b t a i n e d  d u r i n g  s e d i m e n t a t i o n .  

c - A s u b s c r i p t  meaning "con ta iner" .  

d - Diameter o f  g r a n u l a r  s o i l ,  dimension = L 

D - I n t e r n a l  d i a m e t e r  of p i p e ,  dimension = L 

f - F r i c t i o n  f a c t o r ,  d imension,  none 

-2 
g - G r a v i t y  a c c e l e r a t i o n  dimension = LT 

h - Loss o f  head i n  p i p e  f low,  dimension = L 

I - I n t e n s i t y  of t r a n s m i t t e d  beam, d imens ion less  ( c o u n t i n g  number) 

I - I n t e n s i t y  o f  i n c i d e n t  beam, d i m e n s i o n l e s s  ( c o u n t i n g  number) 
0 

k - Shape f a c t o r ,  a d i m e n s i o n l e s s  p a r a m e t e r  which depends on t h e  
geometry o f  p o r e  s p a c e  b u t  n o t  on s i z e ,  d i m e n s i o n l e s s .  

K - P e r m e a b i l i t y ,  d imension = L ~  

L - Length,  t h e  d i s t a n c e  between two p o i n t s  i n  a porous  medium, 
dimension = L 

N - An assumed number of c a p i l l a r y  t u b e s  i n  t h e  s o i l ,  d i m e n s i o n l e s s .  

NR - Reynolds number, d i m e n s i o n l e s s  pa ramete r .  

-2 
P* - P i e z o m e t r i c  p r e s s u r e ,  t h e  q u a n t i t y  p + yh,  d imension = F L 

R - H y d r a u l i c  r a d i u s  - f o r  t u b e s  of uniform c r o s s  s e c t i o n ,  t h e  c r o s s -  
s e c t i o n a l  a r e a  d i v l d e d  by t h e  w e t t e d  p e r i m e t e r .  F o r  t u b e s  o f  
non-unifo-rm c r o s s - s e c t i o n ,  r h e  a v e r a g e  h y d r a u l i c  r a d i u s  i s  
assumed t o  be  t h e  volume of  t h e  t u b e  d i v i d e d  by i t s  i n t e r n a i  
s u r f a c e  a r e a ,  d imension = L 

s - A s u b s c r i p t  n e a n l n g  " s o i l " .  

a 
- S a t u r a t i o n  - t h e  r a t i o  o f  t h e  volume of w e t t i n g  f l u i d  t o  t h e  

volume of i n t e r c o n n e c t e d  p o r e  s p a c e  i n  a b u l k  e lement  o f  t h e  
medium, d i m e n s i o n l e s s .  

S - S p e c i f i c  s u r f a c e  - t h e  s u r f a c e  a r e a  o f  t h e  s o l i d  p o r e  b o u n d a r i e s  
p e r  b u l k  volume of  medium, dimension = L- '  



Sr - The residual saturation - a saturation at which the theory 
assumes the effective permeability of the wetting phase 
is zero and the effective permeability of the non-wetting 
phase is a maximum. 

T - Tortuosity - the ratio (L~/L)~, in which Le is effective 
length traversed by differential fluid elements in moving 
between two points in a porous medium, dimensionless. 

-1 
U - Mean velocity of pipe flow, dimension = LT 

- 1 
V - Macroscopic velocity, dimension = LT 

V - The total velocity vector - the vector sum of u, v and w 
the components of fluid velocity in the x, y and z 
coordinate direction respectively, dimension = LT- 

1 

w - A subscript meaning "water". 

X - Thickness of absorbing material, dimension = L 

Z - Atomic number of absorber. 

+ - Volume porosity - the ratio of the voids volume of bulk 
volume, dimensionless. 

+L - Linear porosity - porosity considered one direction only, 
dimensionless. 

-2 
p - Dynamic viscosity, dimension = FTL 

p - Mass density, dimension = - F T ~  

L 
~2 v - Kinematic viscosity p/p, dimension = - T 

- 1 
pR - Linear absorption coefficient, dimension = L 

u,(a) - Mass absorption coefficient - p /p, dimension = FL-* 
R 

A - Wavelength, dimension = L 

o - Deposit ratio, ( volume of deposit per unit volume 
of porous medig, dimensionless. 

V - Denotes the gradient operator. 

A - Denotes a difference. 



The Hagen-Poiseu i l l e  law f o r  l o s s  of head w i th  l amina r  f low and 

t h e  Kozeny-Carman e q u a t i o n  f o r  p e r m e a b i l i t y  a r e  o u t l i n e d  and two e q u a t i o n s  

were de r i ved  from t h e s e  t h e o r i e s  f o r  measur ing t h e  d e p o s i t  r a t i o  f o r  

s ed imen ta t i on  du r ing  f low i n  s a t u r a t e d  porous media. A method of  u s ing  

gamma r a y  a t t e n u a t i o n  t o  measure b u l k  d e n s i t y  of s a t u r a t e d  s o i l  columns 

was developed and a n  e q u a t i o n  f o r  measur ing t h e  d e p o s i t  r a t i o  o f  sed iment  

i n  s o i l  was de r i ved .  

A s e r i e s  o f  exper iments  were conducted t o  ana lyze  t h e  r e l a t i o n s h i p  

between t h e  sediment  s i z e  and t h e  p a r t i c l e  s i z e  o f  t h e  media and t h e  o t h e r  

c h a r a c t e r i s t i c  of t h e  sed iment  and t h e  s o i l  media. Sediment o f  2  - 5p 

s i z e  was found t o  be most e f f e c t i v e  i n  reduc ing  t h e  h y d r a u l i c  c o n d u c t i v i t y  

of 50 - 150p s o i l  media i n  comparison wi th  <2p and 5 - l o p  sed iments  f o r  

t h e s e  c o n d i t i o n s ;  i n i t i a l  f low r a t e  9.50 m l / m i n .  (volume f l u x  0.1775 cm/min.) 

and 500 ppm sediment  c o n c e n t r a t i o n .  The r e s u l t s  o f  t h e  c a l c u l a t i o n  f o r  t h e  

d e p o s i t  r a t i o  i n  expe r imen t a l  columns showed a  s a t i s f a c t o r y  agreement 

between v a l u e s  c a i c u l a t e d  u s ing  ac e q u a t i o n  based on t h e  h y d r a u l i c  conduc- 

t i v i t y  and v a l u e s  measured by gamma r a y  t e chn iques .  Other  media s i z e  were n o t  

t e s t e d  because  b a c t e r i a  growth on t h e  s o i l - w a t e r  i n t e r f a c e  i n  t h e  s o i l  

column cou ld  n o t  b e  c o n t r o l l e d .  S o i l  column s t e r i l i z a t i o n  w i t h  p ropylene  

ox ide  was a t t emp ted  ana  t o luene ,  phenol ,  xy lene  w i t h  e m u l s i f i e r ,  and 

commercial i n s t rumen t  germic ide  were  used t o  i n h i b i t  t h e  m i c r o b i a l  growth 

i n  t h e  s o i l  dur ing  t h e  exper iments .  The number o f  b a c t e r i a  p e r  u n i t  gram o f  

t h e  s o i l  c aus ing  a  r e d u c t i o n  i n  h y d r a u l i c  c o n d u c t i v i t y  o f  1 cmlday was 

determined.  



CHAPTER I 

INTRODUCTION 

Since  wate r  was f i r s t  t ran! ;por ted from one  p l a c e  t o  a n o t h e r  by 

means o f  c a n a l s ,  l o s s  of  w a t e r  due t o  seepage  through t h e  c a n a l  bed 

ha s  been a  problem of  c o n s i d e r a b l e  magnitude.  Th is  i s  p a r t i c u l a r l y  

t r u e  i n  r e g i o n s  where much of t h e  s o i l  through which t h e  c a n a l s  a r e  

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

pe rv ious  t o  water. Many t ypes  of  c a n a l  l i n i n g s  have been developed f o r  

t h e  purpose  o f  reduc ing  seepage  l o s s e s  i n  c a n a l s  t o  a r e a l i s t i c  v a l u e .  

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

r e s i n  l i n i n g s ,  P o r t l a n d  cement m o r t a r  o r  c o n c r e t e  l i n i n g s ,  e a r t h  l i n i n g s  

and chemical  t r e a tmen t s .  Exper imental  s t u d i e s  of  e a r t h  c a n a l s  s e a l e d  

w i t h  b e n t o n i t e  and s i l t  su spens ions  have been made i n  many i n s t a l l a t i o n s  

bo th  p u b l i c  and p r i v a t e .  Most o f  t h e s e  have been s u c c e s s f u l  i n  r educ ing  

seepage. I t  i s  known t h a t  a c l a y  o r  s i l t  cake formed on t h e  s u r f a c e  of  

t h e  c a n a l  bed w i l l  r educe  seepage  c o n s i d e r a b l y ,  however, t h e  l i n i n g  i s  

s u s c e p t i b l e  t o  e r o s i o n ,  t o  c r a c k i n g  a f t e r  an  i n i t i a l  p e r i o d  o f  d ry ing ,  

o r  t o  damage by c a t t l e  and o t h e r  an ima l s .  F u r t h e r  s t udy  and improvement 

have been encouraged. I n  some c a n a l s  e f f e c t i v e  r e d u c t i o n  of s eepage  can b e  

ob t a ined  by app ly ing  s ed imen t s  t o  t h e  c a n a l  subgrade  where they  p r e c i p i t a t e  

i n  t h e  vo id s  2nd r e n d e r  t h e  subgrade  l e s s  permeable t o  water. It i s  

impor t an t  t o  s e l e c t  t h e  sed imenrs  s m a l l  enough t o  p e n e t r a t e  i n t o  t h e  s o i l  

i n  dep th .  



2. 

A t  l e a s t  t h r e e  t h e o r e t i c a l  equa t ions  have been der ived  from 

d i f f e r e n t  t h e o r i e s  f o r  c a l c u l a t i n g  t h e  amount of  t he  sediment remaining 

a t  d i f f e r e n t  l a y e r s  i n  t h e  s o i l  column a t  any time du r ing  t h e  sediment 

run. 

I n  t h i s  s t udy ,  experiments  des igned  t o  s imu la t e  a  range o f  f i e l d  

c o n d i t i o n s  u s ing  a  l o c a l  cana l  sand and a  mi l l ed  f i r e  c l a y  f o r  t h e  s o i l  

column and sediments  r e s p e c t i v e l y  were conducted t o  eva lua t e :  

1. The r e l a t i o n s h i p  between t h e  s i z e  of t h e  sediment and t h e  

bed m a t e r i a l  on t h e  r e d u c t i o n  of seepage l o s s  due t o  t h e  

p e n e t r a t i o n  of t h e  sediment.  

2. The amount of t h e  sediment r e t a i n e d  i n  t h e  s o i l  column a t  

d i f f e r e n t  dep ths  a t  any t ime dur ing  t h e  sediment r u n  and 

t h e  r educ t ion  o f  h y d r a u l i c  c o n d u c t i v i t y  and pe rmeab i l i t y .  

3. The v a l i d i t y  of  t h e o r e t i c a l l y  de r ived  equa t ions ,  p a r t i c u l a r l y  

t h e  d e p o s i t  r a t i o  volume of  sediment d e p o s i t  pe r  u n i t  volume 

of s o i l  medium by comparing exper imenta l  r e s u l t s  w i t h  

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



CHAPTER 11 

REVIEW OF LITERATURE 

The m a t e r i a l s  i n  t h i s  chapter  a r e  inc luded  under t h r e e  headings:  

(1) Flow i n  Cap i l l a ry  Tubes, (2) Kozeny-Carman Equation f o r  Pe rmeab i l i t y ,  

and (3) Radia t ion .  A b r i e f  summary i s  made of  t h e  known in fo rma t ion  and 

the  theo -q  e s s e n t i a l  t o  an understanding of t h e  b a s i c  concepts  involved  

i n  t h e  s tudy .  

A. Flow i n  a  C a p i l l a r y  Tube 

The l o s s  of head due t o  p ipe  f r i c t i o n  fo l lows  c e r t a i n  g e n e r a l  laws 

based upon obse rva t ion  and experiment.  These laws b r i e f l y  s t a t e d  a r e :  

1. F r i c t i o n a l  l o s s  i n  t u r b u l e n t  f low gene ra l ly  i n c r e a s e s  

wi th  the  roughness o f  t he  p ipe .  But when t h e  f low is 

laminar  t h e  f r i c t i o n a l  l o s s  i s  independent of t h e  rough- 

nes s .  

2. F r i c t i o n a l  l o s s  is  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  a r e a  of 

t h e  wet ted  s u r f a c e .  

3 .  F r i c t i o n a l  l o s s  v a r i e s  i n v e r s e l y  a s  some power of  t h e  

p ipe  d iameter .  

4. F r i c t i o n a l  l o s s  v a r i e s  a s  some power o f  t h e  v e l o c i t y .  

5. F r i c t i o n a l  l o s s  v a r i e s  a s  some power o f  t he  r a t i o  of  

v i s c o s i t y  t o  dens i ty  of t h e  f l u i d .  
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Hagan-Poiseui l le  cons idered  t h a t  a  c i r c u l a r  c y l i n d e r  of f l u i d  

moving i n  a  p i p e  w i t h  s t e a d y  laminar  motion is  i n  e q u i l i b i r u m  between 

t h e  p r e s s u r e  d i f f e r e n c e  a t  bo th  s i d e s  and t h e  s h e a r  r e s i s t a n c e  e x e r t e d  

by t h e  sur rounding  f l u i d  on t h e  curved s u r f a c e  of t h e  c y l i n d e r ,  and  

de r ived  a mathematical  s t a t emen t  of what is  known a s  t h e  Hagan- 

P o i s e u i l l e  (12) l a w  f o r  l o s s  of head w i t h  l amina r  f low which is :  

32LvU h e -  

gD2 

This  e q u a t i o n  can be rear ranged  by m u l t i p l y i n g  numerator and denominator 

by 2U and r e p l a c i n g  DU/v, t h e  Reynolds number, by NR thus :  

from which i t  i s  e v i d e n t  t h a t  f o r  l aminar  f low 

The l o s s  of head w i t h  l amina r  f low is  seen  t o  b e  independent  o f  t h e  

degree  of roughness of t h e  condui t  s u r f a c e .  



B. Kozeny-Cannan Equa t ion  f o r  Pe rmeab i l i t y  

For  t h e  c a s e  of f u l l y  s a t u r a t e d  porous media c o n t a i n i n g  po re s  

which a r e  uniform i n  s i z e  and n o t  t oo  e c c e n t r i c  i n  shape,  a shape  f a c t o r  

of 2.5 and a  t o r t u o s i t y  o f  2.0 i s  assumed. The average  v a l u e  o f  t h e  

h y d r a u l i c  r a d i u s  R is  g iven  by t h e  r a t i o  o f  t h e  p o r o s i t y  t o  t h e  

s p e c i f i c  s u r f a c e  S  which is  de f ined  a s  t h e  s u r f a c e  a r e a  of t h e  s o l i d  

po re  boundar ies  p e r  bu lk  volume of  medium. The p e r m e a b i l i t y  e q u a t i o n  is  

approximated by 

which is known as t h e  Kozeny-Carman e q u a t i o n  (5). 

Camp (3 )  p r e s e n t s  t h e  r e s u l t s  of s t u d i e s  by S t e i n  on t h e  n a t u r e  of 

t h e  c logg ing  p roce s s .  From t h e  o b s e r v a t i o n  of t h e  exper iments ,  S t e i n  

found t h a t  removal of t h e  f l o c  w i th  a bed was accomplished p r i m a r i l y  by 

11 c o n t a c t "  of t h e  i r o n  f l o c  p a r t i c l e s  w i th  t h e  s u r f a c e  o f  t h e  g r a i n s ,  o r  

w i th  f l o c  a l r e a d y  d e p o s i t e d ,  and adherence  ' t h e r e t o .  Contac t  w a s  brought  

about  p r i n c i p a l l y  by t h e  convergence of  s t r e a m l i n e s  a t  c o n t r a c t i o n s  i n  

t h e  po re  channe ls  and i n  t h e  v i c i n i t y  of curved s u r f a c e s  o f  t h e  g r a i n s .  

Sed imenta t ion  and c o a g u l a t i o n  w i t h i n  t h e  po re s  were of minor s i g n i f i c a n c e .  

Assuming c logging  was by means of a s h e a t h  on  each  g r a i n ,  a n  e q u a t i o n  was 

de r i ved  f o r  computing t h e  d e p o s i t  r a t i o  which i s  de f i ned  as t h e  volume of 

d e p o s i t  pe r  u n i t  volume of  s o i l  media a t  any t ime  du r ing  t h e  sediment  run .  



j k2v 
i n  which K = V 

(P and d  denote t h e  p o r o s i t y  and g r a i n  s i z e  a t  t h e  s t a r t  of t h e  run ,  

u and i rep resen t  t h e  depos i t  r a t i o  and t h e  hydrau l i c  g rad ien t  a t  any 

time du r ing  t h e  run. The dimensionless  cons t an t  j i s  t h e  r e c i p r o c a l  

of t h e  cons tan t  i n  Kozeny's equat ion .  k  i s  t h e  shape f a c t o r ,  V 

r e p r e s e n t s  t h e  approach v e l o c i t y  o r  r a t e  of i n f i l t r a t i o n .  v  r e p r e s e n t s  

t he  k inemat ic  v i s c o s i t y  of t he  f l u i d  o r  t h e  a b s o l u t e  v i s c o s i t y ,  and g  

symbolizes t h e  g r a v i t y  c o n s t a n t .  

S t e i n  a l s o  assumed t h a t  K d i d  no t  change during a  run ,  and t h a t  

i r o n  con ten t  of t h e  depos i t ed  f l o c  remained t h e  same throughout a  run .  

The above equat ion  was expressed a s  t h e  r a t i o  of i t o  i t h e  i n i t i a l  
0 , 

hydrau l i c  g r a d i e n t ,  t hus  e l i m i n a t i n g  t h e  e f f e c t  of d  and K,  a s  fo l lows:  



C. Radia t ion  ' 

An i o n i z a t i o n  chamber can be used t o  s tudy t h e  p e n e t r a t i n g  

l a b i l i t y  of X-rays (13) .  The X-rays a r e  co l l imated  by s l i t s  and passed 

through an absorbing m a t e r i a l ,  then  t h e i r  i n t e n s i t y  can be measured by 

the  i o n i z a t i o n  chamber. I f  we vary t h e  th ickness  of t he  absorbing 

m a t e r i a l  and measure t h e  i n t e n s i t y  a t  t h e  d i f f e r e n t  t h i cknesses ,  t h e  

r e s u l t  of t he  p l o t  of t ransmi t ted  i n t e n s i t y  a g a i n s t  th ickness  looks  l i k e  

an exponential  decay curve.  The equat ion  express ing  t h i s  curve i s :  

where I i s  t h e  i n t e n s i t y  of t h e  t r ansmi t t ed  beam, I is the  i n t e n s i t y  
0 

of t he  i n c i d e n t  beam, x i s  the  th ickness  of absorbing ma te r i a l  and u R  

i s  usua l ly  c a l l e d  the  l i n e a r  abso rp t ion  c o e f f i c i e n t .  

The va lue  of 
uR depends on t h e  X-ray wave l eng th  (A) and t h e  

absorbing ina ter ia i .  The b a s i c  v a r i a t i o n  of l~ with  A is  t h a t  
9, lJ P. i s  

very nea r ly  p ro?or t iona i  t o  A 3 ,  b u t  t h i s  b a s i c  v a r i a t i o n  i s  profoundly 

inf luenced  by the  n a t u r e  o f  t h e  absorbing m a t e r i a l .  

The express ion  p R x  can be w r i t t e n  



where p is the mass density of the absorbing material, the quantity 

pQ/p is called the mass absorption coefficient, urn or a. In these 

terms, the exponent of equation (3) becomes -umxp 

Although variation of the mass absorption coefficient is far less 

than the linear coefficient, it is still far from constant. Platerial with 

large atomic numbers absorb X-rays more readily than the lighter element. 

varies approximately as the atomic number cubed. Combin- In general, 
"m 

ing this empirical fact with the dependence on A, we can say approximately 

that 

where c is nearly constant and Z is the atomic number of the absorber. 

Gamma rays (A) emitted from radioactive substances are photons 

whose energy range overlaps that of X-rays and extends to several million 

electron volts (mev). When gamma rays pass through matter, they are ab- 

sorbed exponentially. Both the linear and mass absorption equation for 

X-radiation are valid for gamma rays although the absorption coefficients 

for ganma rays are ususally much less than they are for X-rays, 

Gardner and Calissendorff (8) studying gamma-ray neutron attenua- 

tion in the measurement of soil bulk density and water content determined 

that the attenuation of gamma radiation in matter involves both the chem- 

ical composition and concentration of matter and varies'with gamma ray 
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energy. For soil of unchanging chemical composition it is possible to 

infer overall density from attenuation measurement where the mass attenua- 

tion coefficient is known for the gama energy used. If the soil is dry 

then the density inferred is the bulk density of tile soil. If, on 'the 

other hand, the bulk density remains constant and attenuation is known 

for dry soil at this bulk density, then water content may be inferred 

from attenuation measurement. If the chemical properties, apart from 

changes in water content and soil bulk density, remain constant, and 

when the relationship between the attenuation coefficient for soil and 

water differs appreciably at two gamma energies, it is possible to infer 

both bulk density and water content by concurrent measurement of two 

different gamma energies, 



CHAPTER I11 

Theory of Removal of Suspended Material 

Several possible removal rnechanisn~s have been studied by various 

investigators in considering the flow of clays, silts, or bacteria, in 

suspension through a porous matrix. Iwasaki (10) explained that the time 

rate of change of the deposit ratio at a particular depth and time in a 

filter is proportional to the rate of infiltration and the corresponding 

rate of decrease in volumetric concentration of floc in the water. In 

other words, if the volume of the floc particles does not change signifi- 

cantly as the particles pass from above the filter into the bed and are 

deposited on the grains to remain throughout the run, the volwne removed 

from the water is equal to the volume deposited in the bed. Behnke (2) 

suggested that clogging is a surface sealing process and clogging is 

caused by two processes, gravitational settling and interstitial strain- 

ing, If turbid suspensions have a range of grain size, gravitational 

grading initiates clogging, As the deposited layer becomes progressively 

more graded, the uppermost pores become small enough to strain out most 

of the remaining particles. At this point straining is the predominate 

clogging process. Corey and Filmer (7) studied albumin molecules used 

to simulate viruses being transported by water during steady downward 

flow through soils. They concluded that albumin retention by soil was 

probably due to an absorption inechanism, 

Regardless of the mechanism postulated for removal, we know that 

porosity is the most important parameter affecting head loss or hydraulic 

conductivity or permeability during a sediment run. The deposit ratio is 



r e l a t e d  t o  t h e  change of  p o r o s i t y  and should  b e  some f u n c t i o n  of i n i t i a l  

p o r o s i t y ,  head l o s s ,  flow r a t e  and hydrau l i c  conduc t iv i t y  o r  pe rmeab i l i t y .  

The fo l l owing  theory  i s  p re sen t ed  f o r  t h e  measurement of t h e  d e p o s i t  r a t i o ,  

volume of  d e p o s i t  pe r  u n i t  volume of  porous media, a t  any depth  du r ing  t h e  

sediment run. 

A. Hydraul ic  'I'heory 

Flow through porous medium is a complex phenomena and a f f e c t e d  by 

va r ious  p r o p e r t i e s  of t h e  f l u i d  and t h e  porous mat r ix .  Many a t t empt s  

have been made t o  d e r i v e  t h e  exper imenta i  law of f low,  t h e  Darcy formula,  

from b a s i c  hydrodynamic o r  h y d r a u l i c  c o n s i d e r a t i o n s  us ing  v a r i o u s  p h y s i c a l  

o r  mathematical  models. I n  t h i s  s t udy ,  a  model has  been developed t o  

i n v e s t i g a t e  t h e  amount of sediment r e t a i n e d  i n  t h e  s o i l  dur ing  a  sediment 

run. 

I n  t h e  model, i t  i s  assumed t h a t  t h e  f low through porous media 

between two p l ancs  cons i s t s  o f  many c a p i l l a r y  tubes ,  s t r a i g h t  o r  t o r t u o u s ,  

round o r  i r r e g u l a r  i n  shape. A f i c t i t i o u s  c a p i l l a r y  tube i s  cons idered  

t o  have a n  average  diameter, D, and a n  average  l eng th ,  L,  and t o  

r e p r e s e n t  a l l  of  t he  tubes  i n  t h e  porous medium. The f l u i d  f lowing 

through t h e  porous medium between two p l anes  i s  then  cons idered  t o  be  

t he  sum of t h e  f low through a l a r g e  number (N) of t h e  f i c t i t i o u s  tubes .  

Assumptions : 

1. The porous medium is  homogenous and i s o t r o p i c .  

2.  Darcy's law i s  v a l i d  f o r  t h e  flow. 

3 .  The porous medium i s  f u l l y  s a t u r a t e d .  



4. The temperature  v a r i a t i o n  during t h e  t e s t  i s  n e g l i g i b l e .  

5. The s o i l  s t r u c t u r e  i n  t h e  porous medium i s  s t a b l e  and no 

o t h e r  f a c t o r  a f f e c t s  t h e  hyd rau l i c  conduc t iv i t y  o t h e r  

than  t h e  sediment remaining i n  t h e  porous medium. 

Applying equa t ion  (1) t o  a  f i c t i t i o u s  tube  i n  porous medium, t h e  head 

l o s s  between t h e  two p lanes  is: 

where NR i s  Reynolds number 

U is average pore  v e l o c i t y .  

S u b s t i t u t i n g  V/@ f o r  U, equa t ion  (5) can be r e w r i t t e n  f o r  any t i m e  

per iod  1 
v1 2 

The r e l a t i o n  between volume p o r o s i t y  and l i n e a r  and a r e a l  p o r o s i t y  i s  

d i f f i c u l t  t o  determine.  Zaslavsky (14) s t a t e s  t h a t  i f  t he  l i n e a r  and 

a r e a l  p o r o s i t i e s  of  every l i n e  and p l ane  i n  every  d i r e c t i o n  a r e  equa l  

t o  volume p o r o s i t y ,  t h e  porous medium is s a i d  t o  be randomly a r ranged  

i n  terms of pore  geometry. Therefore ,  i f  t h e  s o i l  column is packed s o  

t h a t  t h e  pores  can be assumed randomly a r ranged ,  then  t h e  r e l a t i o n  be- 

tween D ( t h e  i n i t i a l  pore  d iameter )  and Dl ( t h e  e f f e c t i v e  pore  diam- 

eter a f t e r  sediment accumulation) can be expressed  by 



Substituting Dl and = O - a into equation (6) and assuming that 

the change of length of the average flow path during the run is very 

small, i.e. L = Ll, the following proportional relation is obtained, 

Simplifying the above equation, the deposit ratio will be 

The viscosity of a water-sediment mixture can be changed by varia- 

tion in water temperature or in concentrations of fine sediment. The 

relationship between the viscosity of distilled water and water tempera- 

ture is accurately known. The relationship between the viscosity of 

distilled water and sediment concentration is difficult to determine, 

however. According to Colby (6) in natural channel investigations, if 

the sediment concentration is high, above 10,000 ppm, the viscosity will 

be affected. Below 10,000 ppm the affect is negligible, In this study, 

the sediment concentration is very low (500 ppm) and the room tempera- 

ture is nearly constant; therefore, both the affect of sediment concen- 



,..;;ion and of temperature variation on viscosity are disregarded, 1f 

viscosity is assumed constant during the run and 

, ;,5s tituting equation (8) into equation (7) , then 

;: tne initial porosity of the porous medium, , the head loss, ~ h ,  

..i nacroscopic velocity V are known at initial time and at any time 

. r i n g  the sediment run, the deposit ratio, a, may be computed by 

' ~:?ns of equation (9). 

.' . Permeability - Porosity Theory in Pleasurement of Sediment 
According to Kozeny and Carman, if the flow through porous medium 

saturated flow and the porous medium is homogeneous and isotropic, the 

;theability is 



where S i s  t h e  s u r f a c e  a r e a  of t he  s o l i d  pore boundaries  pe r  bu lk  

volume of medium. I f  i t  i s  assumed t h a t  t h e  g r a i n s  i n  t h e  medium a r e  

s p h e r i c a l ,  then 

where d i s  t h e  g r a i n  d iameter ,  S u b s t i t u t i n g  equat ion  (10) i n t o  Kozeny- 

Carman's equat ion  g ives  K f o r  any time period 1, a s ,  

and a r a t i o  of t h e  pe rmeab i l i t y  a t  t ime 1 t o  t h e  i n i t i a l  pe rmeab i l i t y ,  

0 f  

where d and d l  a r e  t h e  e f f e c t i v e  g r a i n  diameter  be fo re  and du r ing  t h e  

sediment run. I f  i t  i s  assumed t h a t  t h e  sediment i s  depos i ted  o r  absorbed 
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i n  a  shea th  around the  g r a i n s ,  t h e  d  and dl r e l a t i o n  can b e  computed. 

Assume a  u n i t  s p h e r i c a l  volume of d iameter  g, i n  which t h e r e  is  

only one s p h e r i c a l  g r a i n  of d iameter  d  

The u n i t  volume = ~ 1 3  

The volume of g r a i n  = Bd3 

The p o r o s i t y  

Therefore  t he  p ropor t i on  of  g r a n u l a r  d iameter  w i l l  be  

S u b s t i t u t i n g  equa t ion  (13) i n t o  equa t ion  (12) and s imp l i fy ing  

Fu r the r ,  s u b s t i t u t i n g  = 0 - a i n t o  equa t ion  (14) and s i m p l i f y i n g  

the depos i t  r a t i o  w i l l  be  



If t h e  i n i t i a l  p e r m e a b i l i t y ,  K, t h e  i n i t i a l  p o r o s i t y ,  @, a r e  known 

and t h e  pe rmeab i l i t y  a t  any t ime  du r ing  t h e  sediment  run ,  K1, i s  

measured, t h e  d e p o s i t  r a t i o ,  a ,  may be  computed by means o f  e q u a t i o n  

(15) u s ing  a  t r i a l  and e r r o r  p rocedure .  The d e p o s i t  r a t i o ,  a ,  

is t h e  volume o f  sediment  d e p o s i t  p e r  u n i t  volume o f  porous medium, and 

i s  num er i ca l l y  very  small s o  t h a t  i t  i s  p o s s i b l e  t o  c o n s i d e r  t h e  l as t  

term e q u a l  t o  1 and e q u a t i o n  (15) becomes 

The r e l a t i o n s h i p  exp re s sed  by e q u a t i o n  (16) i s  shown g r a p h i c a l l y  i n  

F igu re  1. Express ing  t h e  p e r m e a b i l i t y  i n  terms of v e l o c i t y  and head 

l o s s  a cco rd ing  t o  ~ a r c y ' s  law t h e  r a t i o  o f  K1 t o  K i s  

K1 AhV 

s u b s t i t u t i n g  e q u a t i o n  (17) i n t o  e q u a t i o n  (16) g i v e s  





Equat ions  (18) and (9)  a r e  i d e n t i c a l  a l t hough  de r i ved  u s i n g  two d i f f e r e n t  

hypotheses .  Th is  r e l a t i o n s h i p  i s  g r e a t l y  s i m p l i f i e d  from t h a t  of S t e i n  

a s  i n d i c a t e d  by Camp (3)  f o r  computing t h e  amount o f  sediment  du r ing  t h e  

run,  however, i t  may be  a s  v a l i d  a s  any o t h e r .  

C. Gamma Ray Theory i n  Measurement of Sediment 

Gamma r a y s  a r e  quan ta  of e l e c t romagne t i c  wave energy s i m i l a r  t o  

bu t  of much h i g h e r  energy t h a n  o r d i n a r y  X-rays. When t hey  p a s s  th rough  

any subs t ance ,  some amount of r a d i a n t  energy w i l l  be absorbed o r  t r a n s -  

formed i n t o  h e a t .  The a b s o r p t i v e  power o f  m a t e r i a l  v a r i e s  w i t h  t h e  

c h a r a c t e r  of t h e  s u b s t a n c e  and t h e  wave l e n g t h  o f  t h e  i n c i d e n t  energy.  

I f  
I. 

is  t h e  o r i g i n a l  ( i n c i d e n t )  i n t e n s i t y  o f  t h e  gamma r a y ,  I 

is  t h e  i n t e n s i t y  o f  t h e  g a n m  r a y  p a s s i n g  through a  m a t e r i a l  of t h i c k n e s s ,  

x ,  p i s  t h e  d e n s i t y  o f  t h e  abso rb ing  m a t e r i a l ,  and a  i s  t h e  mass 

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

-axp 
I 

0 I = I e  o r  I n  - - - 
I axp . 

0 

1 The term on t h e  r i g h t  may b e  expanded t o  i n c l u d e  a combinat ion of 

1 abso rbe r s ;  f o r  i n s t a n c e ,  s o i l ,  w a t e r  and t h e  w a l l s  of t h e  c o n t a i n e r .  

I Equat ion (19) t hen  becomes 

I 
0 I n -  = a x 

I s s 'bs ' 'w Xw 'w ac Xc 'c 



where t h e  s u b s c r i p t s ,  s, w, c ,  and b s  denote  s o i l ,  wa te r ,  c o n t a i n e r  

m a t e r i a l  and bu lk  d e n s i t y  of t h e  s o i l  column. The t o t a l  t h i cknes s  of  

water  i n  t he  porous medium is  x and i s  equa l  t o  l i n e a r  p o r o s i t y ,  
W @L, 

m u l t i p l i e d  by a  s o i l  t h i cknes s  (x = 0 x  . I f  t h e  po re s  i n  t h e  porous 
W L  s 

medium a r e  randomly a r ranged ,  t h e  l i n e a r  p o r o s i t y  i s  equa l  t o  volume por- 

o s i t y ,  (0 = 0 .  During sediment runs ,  t h e  sediment  w i l l  be r e t a i n e d  

i n  t h e  s o i l  column non-uniformly w i t h  t h e  d e n s i t y  and p o r o s i t y  be ing  

changed correspondingly.  I f  t h e  s u b s c r i p t  "111 is used t o  exp re s s  t h e  

d a t a  dur ing  t h e  run ,  equa t ion  (20) w i l l  b e  

The r e l a t i o n s h i p  between t h e  p o r o s i t y  and d e n s i t y  is  

where P s is  s o i l  p a r t i c l e  d e n s i t y  s o  t h a t  

,The d e n s i t y  du r ing  t h e  sediment  run ,  
PbSl ' can b e  c a l c u l a t e d  from equa- 

t i o n  (23) and 01 c a l c u l a t e d  from equa t ion  (22). Then the  d e p o s i t  r a t i o  

is equa l  t o  0  - 01. 
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By scanning  a  s o i l  column b e f o r e  a  s ed imen ta t i on  r u n  and a f t e r  o r  

dur ing  t h e  run ,  t h e  d e p o s i t  r a t i o  can be  c a l c u l a t e d  a s  f o l l o w s .  S u b s t i -  

t u t i n g  ( 1  - O)ps f o r  p  i n  e q u a t i o n  (21) t h e  gamma r a y  i n t e n s i t y  
b s  

through t h e  s o i l  column p r i o r  t o  s ed imen ta t i on  is 

and a f t e r  s ed imen ta t i on  i s  

The r a t i o  1/11 is g iven  by 

and 

Equat ion (24) is  more convenien t  t o  u s e  t han  equa t i on  (23) s i n c e  

s e v e r a l  c o n s t a n t s  have been e l im ina t ed .  Neve r the l e s s ,  b e f o r e  u s ing  t h e s e  

equa t i ons ,  t h e  mass a b s o r p t i o n  c o e f f i c i e n t  f o r  a l l  m a t e r i a l s  used and t h e  

O r i g i n a l  i n t e n s i t y  o f  gamma r a y  s o u r c e s  must b e  known. The a b s o r p t i o n  



c o e f f i c i e n t  depends on t h e  r a d i o a c t i v e  energy sou rce  and v a r i e s  wide ly  

w i t h  d i f f e r e n t  m a t e r i a l s .  T h i s  c o n s t a n t  is  complete ly  independent  of 

t h e  env i ronnen t , . chemica l  combinat ion,  p r e s s u r e ,  o r  t empera ture .  Orig-  

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

By scanning  s e v e r a l  p i e c e s  of t h e  same m a t e r i a l  whose d e n s i t y  and dimen- 

s i o n s  a r e  known and p l o t t i n g  I n  I ,  coun t i ng  number, a g a i n s t  x, t h i ck -  

n e s s  of m a t e r i a l ,  s t r a i g h t  l i n e s  w i th  s l o p e s ,  -a, a r e  produced. A l l  

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

which i s  z e r o  t h i c k n e s s .  T h i s  v a l u e  of I i s  t h e  o r i g i n a l  i n t e n s i t y ,  

I O '  
of t h e  r a d i a n t  s o u r c e  a t  a s e l e c t e d  coun t i ng  pe r i od .  I n  t h i s  s t u d y ,  

p i e c e s  of  p l e x i g l a s ,  aluminum and s t e e l  were s e l e c t e d  as materials t o  

e v a l u a t e  I ( s e e  Appendix A) .  
0 

D. C a l c u l a t i o n  of  Sediment Content  by Gamma Ray Scann ing  

Before  app ly ing  t h i s  t e chn ique  f o r  t h e  measurement of t h e  sed iment  

accumula t ion  du r ing  t h e  r u n ,  s t u d i e s  were c a r r i e d  o u t ,  u s ing  s m a l l  s h o r t  

p l a s t i c  columns c o n t a i n i n g  d r y  o r  s a t u r a t e d  s o i l  w i t h  o r  w i thou t  sediment  

t o  de te rmine  whether t h e  volume p o r o s i t y  cou ld  b e  s u b s t i t u t e d  f o r  l i n e a r  

p o r o s i t y  and whether  t h e  e q u a t i o n s  de r i ved  f o r  c a l c u l a t i o n  of t h e  amount 

of t h e  sediment  i n  t h e  s o i l  column w e r e  v a l i d .  Th i s  p rocedure  and re- 

s u l t s  a r e  o u t l i n e d  in .Appcndix  B. 



CHAPTER I V  

EXPERIMENTAL EQUIPMENT AND PROCEDURES 

Equipment 

The appa ra tu s  used c o n s i s t e d  of n i n e  permeameters equipped w i t h  

M a r r i o t t e  s i phon  cons tan t -head  wa t e r  s o u r c e s ,  magnet ic  s t i r r i n g  d e v i c e s  

f o r  t h e  wa t e r  and sediment  s o u r c e s ,  manometer board ,  gamma r a y  f a c i l i t y ,  

and s e v e r a l  i t ems  of  a u x i l i a r y  equipment.  A g e n e r a l  view i s  shown i n  
1 

Figu re  2. 

Permeamet e r s  

The permeameters were des igned  t o  measure h y d r a u l i c  c o n d u c t i v i t y  

under bo th  s a t u r a t e d  and p a r t i a l l y  s a t u r a t e d  f low.  Water and sed iments  

were i n t roduced  i n t o  t h e  columns from t h e  t o p .  Tensiometers  were used 

f o r  measuring t h e  p r e s s u r e  head and a  porous  p l a t e  was p l aced  a t  t h e  

bottom t o  p r even t  a i r  e n t r y  under t e n s i o n .  I n  t h i s  s t udy ,  u n s a t u r a t e d  

h y d r a u l i c  c o n d u c t i v i t y  was n o t  measured. 

The colulnns were c o n s t r u c t e d  a lmos t  e n t i r e l y  of  p l e x i g l a s  p l a s t i c  

m a t e r i a l .  Each column cons i s tec j  o f  t h r e e  s e c t i o n s ,  a  t op  cap ,  a  bottom 

cap, and a  c y l i n d e r .  The s e c t i o n s  were connected w i th  rubber  g a s k e t s  

and b o l t s .  l'he c y l i n d e r s  were 8-112 i n .  long  made of 3-114 i n .  i n t e r n a l  

d iamete r  c l e a r  p l a s t i c  w i r h  114  i n .  w a l l s .  Three 2.5 i n .  l ong ,  3 /16 i n .  

i n  d iamete r  t e n s i c m e t e r s  were i n s t a l l e d  a t  approx imate ly  2-518 i n .  

i n t e r v a l s  (F igu re  3 ) .  

Constant-Head Water Supply 

Twenty- l i t e r  g l a s s  carboys equipped w i t h  small g l a s s  a i r  and ou t -  

l e t  t ubes  were s e t  on magnet ic  s t i r r i n g  d e v i c e s  and used a s  constant-head 



Figure 2 General view of apparatus 



7 /64 "  Dia . ho l e s  ,?;"apart ,  \&'I Ilia., o u t l e t  
3 /  8"edges 

S c a l e  = 1 / 5  

F i g u r e  3 S o i l  column c o n s t r u c t i o n  



wate r  s u p p l i e s .  The a i r  tube  was connected t o  an a i r  f i l t e r  which con- 

s i s t e d  of a 1-3/4 i n .  d iamete r  p l a s t i c  tube  packed w i th  s t e r i l i z e d  c o t t o n  

and A s c a r i t e  (sodium hydroxide coa t ed  w i t h  a s b e s t o s )  a s  a C02 s c rubbe r .  

Gamma Ray F a c i l i t y  

The g a m a  r a y  f a c i l i t y  i nc luded  a ganma r ay  sou rce  ( I s o t o p e ,  

Am-241, 100 m i l l i c u r i e s ) ,  a d e t e c t o r  (?lode1 DS8-21, l iuclear-Chicago) ,  a 

coun t e r  (main p a r t :  Model 33-10B, an t i -walk ,  s i n g l e  channel  a n a l y z e r ,  

Rad i a t i on  In s t rumen t  Development Labora tory)  and an  a d j u s t a b l e  f rame t o  

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

housed i n  a c o n s t a n t  t empe ra tu r e  room (F igu re  4) .  

M a t e r i a l s  

Sand - 
Three s i z e  f r a c t i o n s  of sand were p repared  a s  porous  media, .I 

50p-150p f r a c t i o n  was ob t a ined  from a blow sand a r e a  n o r t h  of t h e  Snake 

R ive r  n e a r  Kimberly, Idaho  and 150p-350p and 3 5 0 ~ -  5 0 0 ~  f r a c t i o n s  o b t a i n e d  

from sand from t h e  "C" Canal  of  t h e  Minidoka I r r i g a t i o n  D i s t r i c t  n e a r  

Ruper t ,  Idaho,  The s i z e  f r a c t i o n s  were o b t a i n e d  by d r y  and wet s i e v i n g  

and t h e  m a t e r i a l  was t h e n  oven d r i e d  a t  110'~ f o r  t h r e e  days.  Gra in - s i z e  

d i s t r i b u t i o n  c u r v e s  from t h e  mechanica l  a n a l y s i s  a r e  shown i n  F igu re  5 ,  

The p a r t i c l e  d e n s i t y  of e ach  f r a c t i o n  was determined by pycnometer 

methods,  

Sediment 

A m i l l e d  f i r e  c l a y  ob t a ined  from t h e  Denver F i r e  Clay Company was 

used a s  t h e  sediment  f o r  t h i s  s t u d y ,  The m a t e r i a l  was f r a c t i o n a t e d  i n t o  

t h r e e  s i z e  f r a c t i o n s ,  <2p, 2p-5p, and 5p-lop, w i t h  an  e l u t r i a t o r  ( I ) ,  
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Figure 4 General view of gamma ray scanner.  





Procedure  

S o i l  Column Pack inq  

The p l a s t i c  columns were packed w i t h  sand u s ing  a  column packe r  

which u t i l i z e d  a  r o t a t i n g  f o o t  and v i b r a t i n g  base .  The colunln packer  i s  

s i m i l a r  t o  t h e  equipment d e s c r i b e d  by Jackson ,  Reginato  and Reeves (11) .  

The gnli'ina r a y  i n t e n s i t y  was measured a t  s e v e r a l  l a y e r s  throughout  t h e  

column t o  check f o r  uniform d e n s i t y .  Sometimes a  second packing w a s  

nece s sa ry .  The t en s iome te r s  were  i n s t a l l e d  a f t e r  packing.  

S o i l  Column S a t u r a t e d  u s ing  Carbon Dioxide (4)  A 

Carbon d i o x i d e  (GO2) was i n t roduced  i n t o  t h e  s o i l  columns from 

t h e  bot tom,  A f t e r  a l l  t h e  a i r  i n  t h e  c o l u m s  was d i s p l a c e d  by t h e  ca rbon  

d i o x i d e ,  t h e  o u t l e t  t u b e s  were clamped t empora r i l y .  D i s t i l l e d  w a t e r  was 

a l lowed t o  e n t e r  t h e  columns s lowly  from t h e  bottom t o  minimize t h e  

p o s s i b i l i t y  of t rapped  a i r  pocke t s  and channe l i ngs  i n  t h e  s o i l .  A f t e r  

t h e  carbon d i o x i d e  was comple te ly  d i s s o l v e d ,  w a t e r  was a l lowed t o  perco-  

l a t e  downward through t h e  s a t u r a t e d  s o i l  column the r eby  l e a c h i n g  o u t  t h e  

d i s s o l v e d  carbon d i o x i d e ,  

Measurement of Gamma Ray I n t e n s i t y  

The s o i l  co lu~nn  was s e t  i n  a  frame and t h e  gamma r a y  sou rce  was 

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  t o  t h e  d e s i r e d  l o c a t i o n .  The s canne r  

s e t t i n g s ,  w i n d o w , t h r e s h o l d ,  d i s c r i m i n a t o r ,  r ange ,  and coun t i ng  pe r i od  

were  s e l e c t e d  and f i x e d .  Gamma r a y  i n t e n s i t y  was measured a t  s e l e c t e d  

v e r t i c a l  i n t e r v a l s  throughout  t h e  columns and t h e  average  count  o r  in -  

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

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



30 

necessary to restrict the measurement to the highest energy peak of the 

gama ray source and to select longer counting periods if possible. 

Determination of Initial Hydr~ulic Conductivity 

The experiments were conducted in an approximately constant tem- 

perature room, 72'~ 22. The temperature and the humidity were continuously 

recorded by a hygrothermograph. To determine hydraulic conductivity, the 

effluent was collected in a graduated cylinder and manometer readings and 

elapsed tine were recorded for each determination. The electrical con- 

ductivity of the influent and effluent were measured. The discharge was 

increased by adjusting the level of the outlet until the differential be- 

tween any two adjacent tensiometers was sufficiently large to allow an 

accurate determination of hydraulic conductivity. 

It was observed that the sand surface started to seal periodically 

when the coimins were run with distilled water, This also occurred with 

solutions of toluene, phenol, and other chemicals, A disproportionately 

high loss of head across the surface was indicated clearly by the man- 

ometers and the soil surface had a gummy appearance. Soil samples were 

taken from the top soil surface of columns E and F and a series of micro- 

biological tests were performed (see the last two items in this chapter), 

The hydraulic conductivity measurements were continued until the 

hydraulic conductivity remained coilstant and the electrical conductivity 

of the influent and effluent were the sane, The last approximately con- 

stant hydraulic conductivity was used as the initial hydraulic conductivity, 

K .  



Sediment Run 

A f t e r  t h e  i n i t i a l  h y d r a u l i c  conduc t iv i ty  had been e s t a b l i s h e d ,  t he  

g l a s s  carboys were f i l l e d  wi th  a  s o l u t i o n  of 500 ppm of sediment i n  d i s -  

t i l l e d  water  wi th  growth i n h i b i t o r  added. The magnetic s t i r r i n g  d e v i c e  

maintained t h e  sediment i n  suspension.  Hydraul ic  conduc t iv i ty  measure- 

ments were made a t  f r equen t  i n t e r v a l s  and v i s i b l e  phenomena were noted .  

The i n i t i a l a e f f l u e n t  i n  runs  A and B appeared t u r b i d  s o  t h e  sediments  i n  

t h e  e f f l u e n t  were c o l l e c t e d  and sepa ra t ed  i n  a  c e n t r i f u g e  s o  t h a t  t o t a l  

sediment remaining i n  t h e  column could be  determined. The ex3eriments  

were cont inued u n t i l  t he  flow r a t e s  were lower than  1 ml/min. 

Determinat ion of F i n a l  Hydraul ic  Conduct ivi ty  

The procedure was s i m i l a r  t o  t h a t  f o r  t h e  i n i t i a l  de te rmina t ion  

us ing  d i s t i l l e d  water .  The purpose of t h i s  procedure was t o  observe t h e  

e f f e c t  on hydrau l i c  conduct iv i ty  of sediment mig ra t ion  i n  t h e  s o i l  a t  

t he  low f low r a t e .  The experiments were stopped a f t e r  a  few days observa- 

t i o n .  

Measurement of F i n a l  Gamma Ray I n t e n s i t y  

A f t e r  t h e  sedir,,ent runs,  g a m  ray  a t t e n u a t i o n  was measured i n  t h e  

s o i l  columns a t  t h e  same l o c a t i o n s  a s  t h e  i n i t i a l  measurements. 

Calcul .a t ion of t h e  Amount of Sediment by Gamma Ray Analysis  

The o r i g i n a l  i n t e n s i t y  of t h e  gamma r a y  source ,  lo, and mass 

abso rp t ion  c o e f f i c i e n t s ,  a ,  f o r  a l l  t h e  m a t e r i a l s  used were c a l c u l a t e d  

by us ing  equa t ion  (19) o r  F igure  6 and t h e  r e s u l t s  were a s  fol lows:  



Thickness in cm 

Figure 6 Graph of gamma ray transmission through materials 



I = 298,000 c o u n t s  ( c o u n t i n g  p e r i o d  1 0  seconds)  
0 

a f o r  p l e x i g l a s  = 0.15993 cm21gm 

a f o r  s t e e l  = 1.09612 crn2lgm 

a f o r  aluminum = 0.22007 cm21gm 

a f o r  d i s t i l l e d  w a t e r  = 0.16821 cm2/gm 

a f o r  s o i l  (sand)  = 0.23743 cm2/gm 

a f o r  d i s t i l l e d  w a t e r  w i t h  235 pprn t o l u e n e  = 0.18476 cm2/gm 

The d e p o s i t  r a t i o ,  a ,  i s  g i v e n  by e q u a t i o n  (24) a s  

i n  which t h e  cor responding  p a r a m e t e r s  f o r  t h e  e x p e r i m e n t a l  s o i l  columns 

were : 

a = 0.23743 cm2/gm f o r  s a n d  
S 

s 
= 2.7294 gm/cm3 f o r  5 0 ~ - 1 5 0 ~  sand  

a = 0.18476 cm2/gm f o r  d i s t i l l e d  w a t e r  w i t h  235 ppm t o l u e n e  
W 

= 0.99763 gm/cm3 f o r  d i s t i l l e d  w a t e r  a t  t e m p e r a t u r e  2 2 . 7 ' ~  

x = 8.255 cm 
S 

S u b s t i t u t i n g  t h e s e  c o n s t a n t s  i n t o  t h e  above e q u a t i o n  and s i m p l i f y i n g ,  
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In the experimental columns the intensity, I, prior to the sediment run 

was measured as well as the intensity, 11, after the sediment run. Sub- 

stituting these values in the above equation, tile amount of the sediment 

remaining in the soil at any depth was calculated. 

Pore-Size Distribution of Soils 

Three representative soil colunins 3-114 cm long and 8-114 cm in 

diameter were packed with media of the sane size and density as the three 

experimental columns. Capillary pressure head as a function of saturation 

was determined and is shown in Figure 7. Details of the procedure for 

determining the ca$illary pressure-saturation characteristics are given in 

Appendix C. Figure 8 is effective saturation as a function of capillary 

pressure head. 

Microhiolo~ical. Accivity at the Soil Surface 

For the purpose of minimizing the nicrobiological activity in the 

soil during the sediment run, several growth inhibitors were used in the 

distilled water. Growth still occurred on the soil surface as i~ldicated 

by higli head loss across the soil-water interface, Saniples were taken 

from the soil surface of colunn E and column F for microbiological tests. 

Tests were made for bacteria and algae. Soil samples of 0.2 gm from 

column E and 0.15 gn froni colucn F wcrc added to water blanks and three 

dilutions, 1/10,000, 1/100,000, and 1/1,000,000 were obtained. Three 

nutrient agar plates were made from each ciilution. The media were in- , 

0 
cubated at a temperature of 34 C for one week. Bacteria nui~ibers and 

other data are shown in Table 1, 



(1) S a d  50~-150~ 

(2)  Sand 1 5 0 ~ - 3 5 0 ~  

(3) Sand 350U-500U 

F igu re  7 C a p i l l a r y  p r e s s u r e  head as a  i u n c t i o n  of  s a t u r a t i o n  1 
f o r  t h e  sands  used  as porous media. 



F i g u r e  8 E f f e c t i v e  s a t u r a t i o n  a s  a f u n c t i o n  o f  c a p i l l a r y  
p r e s s u r e  head  For  t he  s a n d s  used  as p o r o u s  med ia .  
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The number of bacteria per unit gram of soil necessary to cause 

the reduction in hydraulic conductivity of 1 cm/day is: 

Colum1 E 

Column F 

Preliminary measurements indicate that all of the growth is 

bacterial. In these two columns the number of bacteria per unit gram of 

soil necessary to cause the reduction in hydraulic conductivity of 1 cm/day 

are nearly equal. 

In the study of flow-associated reduction in the hydraulic conduc- 

tivity of quartz sand by Gupta and Swartzendruber ( 9 ) ,  major reductions 

in hydraulic conductivity aid not occur for nu~ibers of bacteria below 

400,000 per gram of sand. Above this nuinber, drastic reduction did occur 

and, within a range of 400,000 to 700,000 bacteria per unit gram of soil, 

the ratio of hydraulic conductivity (K  final/^ initial) dropped sharply 

from near unity to nearly zero, Usually this ratio was formed by using 

K, (first layer near inlet) and K23456 (the rest of the column); Ka 

(total coluri~n) was never used. Following their results using an initial 

K1 value of 1.2 cn~jrnin. the number of bacteria causing a reduction in 

hydraulic conductivity of 1 cm/day is calculated as; 
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The r e s u l t s  show t h a t  0.1Z phenol  s o l u t i o n  i s  n o t  e f f e c t i v e  f o r  

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

tempera tu re  7 2 ' ~  and d i s t i l l e d  w a t e r .  h i g h  l o s s  a c r o s s  t h e  s o i l - w a t e r  

i n t e r f a c e  i s  caused by m i c r o b i a l  growth and abou t  1 ,755 b a c t e r i a  p e r  u n i t  

gram of  s o i l  c a u s e  a  r e d u c t i o n  i n  h y d r a u l i c  c o n d u c t i v i t y  of 1 cm/day, 

l ledia  e s p e c i a l l y  p repared  f o r  a l g a e  showed no growth i n  t u b e s  

which had been i n c u b a t e d  f o r  one month. 

Study of S t : c r i l i z a t i o i l  of  S o i l  Columns 

S e v e r a l  methods f o r  s t e r i l i z i n g  s o i l  columns and i n h i b i t i n g  m i -  

c r o b i a l  growth i n  t h e  s o i l  were t e s t e d  i n  t h e  s t u d y ,  such a s  p r o p y l e n e  

oxi.de under  vacuum and p r e s s u r e  t r e a t m e n t ,  0.0235% t o l u e n e  s o l u t i o n ,  

0.1% phenol  s o l u t i o n ,  0.2% x y l e n e  w i t h  e m u l s i f i e r  and 0.2% commercial  

i n s  trurnerlt ge rmic ide .  The propyle.ne o x i d e  t r e a t m e n t  was used t o  s ter- 

i l i z e  t h e  s o i l  column b e f o r e  t h e  r u n ,  T h i s  p r o c e d u r e  of s t e r i l i z a t i o n  

i s  o u t l i n e d  i n  Appendix D. The r e s u l t s  of e x p e r i m e n t s  w i t h  o t h e r  chem- 

i c a l s  t o  i n h i b i t  m i c r o b i a l  growth a r e  o u t l i n e d  i n  t h e  n e x t  s e c t i o n .  

RESULTS 

S i z e  f r a c t i o n s  of c a n a l  sand and m i l l e d  f i r e  c l a y  were used a s  

t h e  porous  media and t h e  sediment  i n  t h e  e x p e r i m e n t s ,  Three  s i z e  r a n g e s  

of sand and t h r e e  s i z e  r a n g e s  of sediment  were used f o r  a  t o t a l  o f  n i n e  

exper iments  a s  l i s t e d  i n  T a b l e  2 ,  



TABLE 2. T e s t  Arrangement 

S e r i e s  Sediment Other  m a t e r i a l s  used 
Sand 

Xo. <b 3 ~ - 5 v  5v-lop i n  s t e r i l i z a t i o n  

I 50p-150~1 A B C Toluene 

I I 150~-35Op D E F Phenol ,  xy l ene  w i t h  
e m u l s i f i e r  

I11 350p-5OOp G €i I Germicide 

Hydrau l i c  c o n d u c t i v i t y  of t h e  columns was measured over  f o u r  l a y e r s  

from t h e  t op  t o  t h e  bottom: t h e  f i r s t  l a y e r  was t h e  top  2 cm of t h e  column, 

t h e  second and t h i r d  l a y e r s  were about  6 cm t h i c k ,  and t h e  f o u r t h  l a y e r  con- 

s i s t e d  of 2 cm of s o i l  and t h e  porous  p l a t e  (F igu re  9 ) .  

S e r i e s  1: R e s u l t s  of t h e s e  exper iments  a r e  g iven  i n  t h e  s m a r y  Tab l e s  3 

through 5 and i n  F i g u r e s  10  through 1 7 ,  

Run A: The f l ow  r a t e  p r i o r  t o  t h e  i n t r o d u c t i o n  of sediment  was 

6.30 ml/min. T u r b i d i t y  appeared i n  t h e  e f f l u e n t  du r ing  t h e  e a r l y  hou r s  

and i n d i c a t e d  t h a t  t h e  sediment  p e n e t r a t e d  bo th  t h e  s o i l  and t h e  porous  

p l a t e  which was p laced  a t  t h e  bot tom of t h e  column. A f t e r  seven h o u r s  

t h e  f low r a t e  decreased  t o  1.30 ml/min. and a t  t h i s  t i n e  t he  e f f l u e n t  

appeared c l e a r  i n d i c a t i n g  no sediment  p a s s i n g  through t h e  porous  p l a t e .  

When t h e  f low r a t e  was low (about  1 ml/min. o r  l ower ) ,  t h e  c a l c u l a t i o n  

of h y d r a u l i c  c o n d u c t i v i t y  was n o t  p o s s i b l e  a s  a lmos t  t h e  e n t i r e  l o s s  of 

head occur red  a t  t h e  s o i l  s u r f a c e  and a t  t h e  bottom a c r o s s  t h e  po re  

p la tes ,  and t h e  d i f f e r e n c e  of p r e s s u r e  head a c r o s s  t h e  second and t h i r d  



Figure 9 View of saturated s o i l  column with 
tensiometers i n s t a l l e d .  



*-Y Top l a y e r  2 . 1  cm t h i c k  

0-0 Second l a y e r  6 .5  cm t h i c k  

A-A Thi rd  l a y e r  6 .5  cm t h i c k  

O m  Whole column 15.1 cm t h i c k  

i o o  200 300 4'00 5'00 600 

Accumulative p o r e  volume e f f l u e n t  Q t / V +  

F i g u r e  10 .  V a r i a t i o n  o f  h y d r a u l i c  c o n d u c t i v i t y  w i t h  accumulated 
p o r e  volume e f f l u e n t  - S e r i e s  I Run A .  



Accumulative pore volume effluent Qt/V$ 

Figure 11. Variation of hydraulic conductivity with accumulated 
pore volume effluent - Series I Run B. 



Figure 12. Variation of hydraulic conductivity with accumulated 
pore volume effluent - Series i Run C. 



o.,. O Run A 

X * Run B 

8 Run C 

Accumulative t ime  i n  hrs . 
F i g u r e  13. Comparison o f  h y d r a u l i c  c o n d u c t i v i t y  r e d u c t i o n  between 

t h r e e  e x p e r i ~ l ~ e n t a l  s o i l  columns a f t e r  s e d i m e n t a t i o n .  



Accumulative voluine of d i s c h a r g e  i n  103rnl. 

F igu re  1 4 .  V a r i a t i o n  of h y d r a u l i c  c o n d u c t i v i t y  w i t h  acculnulated 
volume of  d i s c h a r g e  i n  s ed imen ta t i on  S e r i e s  I Run A 
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Accumulative v o l u n e  o f  d i s c h a r g e  i n  l o 3  r n l  . 
F i g u r e  1 5 .  V a r i a t i o n  o f  h y d r a u l i c  c o n d u c t i v i t y  w i t h  accumulated 

volume of  d i s c h a r g e  i n  s e d k n e n t a t i o n  S e r i e s  I Run B. 



Accumulat ive  volume o f  d i s c h a r g e  i n  l o 3  m l .  

F i g u r e  16. V a r i a t i o n  o f  h y d r a u l i c  c o n d u c t i v i t y  w i t h  accumula ted  
volume o f  d i s c h a r g e  i n  s e d i m e n t a t i o n  S e r i e s  I Run C.  



Or S o i l  s u r f a c e  

Depos i t  r a t i o  (a)  sediment o f  d e p o s i t  p e r  u n i t  v o l  

of  media 

ume 

F i g u r e  1 7 .  D i s t r i b u r i o n  of  t h e  sediment  r e t a i n e d  i n  s o i l  
columns by gamma r a y  a n a l y s i s .  



l a y e r s  becake n e g l i g i b l e .  high l o s s  of head occurred a t  t h e  s u r f a c e  and 

t h e  bottom i n d i c a t i n g  t h a t  most of t he  sediments  were r e t a i n e d  a t  t h e  

s o i l  s u r f a c e  and porous p l a t e .  Af t e r  t h e  sediment run ,  c l e a r  d i s t i l l e d  

water was run through f o r  s e v e r a l  days. No i n d i c a t i o n  of sediment migra- 

t i o n  i n  t h e  s o i l  was p o s s i b l e  because t h e  head l o s s  a c r o s s  t h e  second and 

the  t h i r d  l a y e r s  was nea r  zero ,  and no sediment migra t ion  showed a t  t he  

top l aye r .  

Run B: The i n i t i a l  f low r a t e  was 9.42 ml/min. The e f f l u e n t  

appeared t u r b i d  u n t i l  t h e  f low r a t e  decreased  down t o  5.4 ml/min., approxi-  

mately 3 hours  from s t a r t i n g .  I t  appa ren t ly  i n d i c a t e d  t h a t  dur ing  h igh  

f low r a t e  some sediments s t i l l  pene t r a t ed  both  t h e  s o i l  and the  porous 

p l a t e .  During low f low r a t e s  no c a l c u l a t i o n  of hydrau l i c  c o n d u c t i v i t y  

was p o s s i b l e  because of low head d i f f e r e n t i a l s .  High l o s s  of head s t i l l  

occurred a t  t h e  su r f ace  and the  bottom of t h e  s o i l ,  bu t  t h e  l o s s  of head 

ac ros s  t h e  porous p l a t e  and t h e  bottom 2 cn of s o i l  was no t  a s  h igh  a s  i n  

Run A ,  which i n d i c a t e d  t h a t  sediments r e t a i n e d  a t  the  p l a t e  were much l e s s  

than  i n  aun A.  During t h e  d i s t i l l e d  water  run,  t h e  hydrau l i c  conduc t iv i ty  

a t  t h e  top  l a y e r  increased  s l i g h t l y  i n d i c a t i n g  t h a t  some sediments  o r i g -  

i n a l l y  retained i n  t h i s  layer w e r e  m ig ra t i ng  down. A t  t h i s  t i m e ,  t h e  

f low r a t e  was appa ren t ly  l a r g e  enough t o  produce shea r  f o r c e s  s u f f i c i e n t  

t o  d i s lodge  some sediments and t r a n s p o r t  them along t h e  column. No ob- 

s e r v a t i o n  was p o s s i b l e  i n  t h e  second and t h i r d  l a y e r s  because t h e  head 

l o s s  a c r o s s  t hese  l a y e r s  was too  smal l .  

Run C: The i n i t i a l  f low was 9.53 ml/min. The e f f l u e n t  remained 

c l e a r  a t  a l l  t imes dur ing  t h e  run ,  i n d i c a t i n g  no sediment pass ing  through 

t h e  porous p l a t e .  A s  i n  runs  D and C ,  h igh head l o s s  occurred a t  t h e  
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surface. Head loss across the porous plate remained constant, proportional 

to the flow rate indicating no sediment retained at the plate. During the 

distilled water run, the hydraulic conductivity in the whole colunln in- 

creased slightly indicating some sedinlent migration in the soil. 

All columns in Series I1 except Run D and in Series I11 were diffi- 

cult to sterilize so sediment was not introduced into these columns. The 

results of sterilization for all of these columns are briefly described as 

follows : 
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TABLE 5.  Gamma Ray Data 

S e t t i n g s  o f  gamma r a y  s c a n n e r :  Window 0.00,  Thresho ld  035, Range 5  x l o 5  
D i s c r i m i n a t o r  5 .00,  Count ing p e r i o d  100 seconds .  

Counts (gamma r a y  i n t e n s i t y )  = Average o f  1 0  c o u n t i n g  p e r i o d s .  
0 

Room tempera tu re  = 22.7 C 

Run 

sand  (PI  

Sediment (p ) 

Dis tance*  
(em) 

Sediment r u n  
B e f o r e  A f t e r .  

Sediment run 
B e f o r e  A f t e r  

Average count  o f  
t o t a l  c o l m n  42526 41468 43304 41108 

Sediment r u n  
Before  A f t e r  

jrThe d i s t a n c e  i s  measured below t h e  s o i 3  s u r f a c e  i n  t h e  column. 
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1. Toluene solution: With 0.0235% toluene solution, the top 

approxinlate 1.5 m layer of soil would become gurnrny in appearat1c.e and the 

hydraulic conductivity at this layer would gradually decrease. It seened 

that toluene could not conlpletely be dissolved in the water and remained 

a thick solution at the surface. The remaining layers of the colurrin seemed 

all right and hydraulic conductivity remained constant (see Figure 18). 

2. Phenol solution: With 0.1% phenol solution, the results were 

the sane as with the toluene solution. The hydraulic conductivity of the 

surface layer decreased gradually, but the rate of decline was more rapid. 

It seened that 0.1% phenol solution did not eliminate the n~icrobiological 

activity at the surface for the conditions of room temperature 72'~ 22' 

and running with distilled water (see Figure 19). A total count of 

bacteria in the surface of this column was performed. 

3. Xylene with emulsifier solution: Irrigation Districts in this 

region use the herbicide,'xylcne for moss control in canals and laterals. 

In this experiment, 0.002% xylene with emulsifier solution was tested. It 

caused both the surface and the bottom layer to gradually seal up. The 

reasons might be the same as the possibility mentioned for the phenol 

solution (see Figure 20). 

4. Germicide solution: Hospitals usually use gernlicide to ster- 

ilize surgical and dental instruments, so 0.2% germicide solution was 

introducad in this experiment for sterilization, Hydraulic conductivity 

of the soil remained constant, but high head loss occurred across the 

porous plate. It is possible to use this chemical if the porous plate 

is not used in the bottom of the soil column. (see Figure 21) 
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Pore volume effluent Qt /V+ 

Figure 19. Ilydraulic conductivity with phenol and calcium 
sulfate solution Series 11 Run E 



Accumulative pore volume effluent Qt/V+ 

Figure 20. Hydraulic conductivity with Xylene - 
Series I1 Run F 
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5. Dilute toluene solution: Based on the above experience, another 

attempt to improve the sterilization procedure with dilute toluene solutions 

was attempted by decreasing the toluene concentration from 0.0235% to 0.01%. 

This test was conducted on column /ID. The results were satisfactory in that 

hydraulic conductivity at any layer in the soil column and head loss across 

the porous plate remained constant. Although the test was not carried on 

as long as previous tests, no decrease in hydraulic conductivity or increase 

in head loss across the plate appeared (see Figure 22). 



s-r Top l a y e r .  2 . 1  cm t h i c k  

0-0 Second l a y e r  6 .5  cm t h i c k  

A-o T h i r d  l a y e r  6 .5  cm t h i c k  

a-m Whole column 1 5 . 1  cm t h i c k  

S o l u t i o n :  
0.01% t o l u e n e  
d i s t i l l e d  w a t e r  

Temperature :  
7 2 ' ~  +2 

*Constant  head l o s s  a c r o s s  porous  p l a t e .  

Accumulat ive  p o r e  volume e f f l u e n t  Q t / V +  

F i g u r e  22.  H y d r a u l i c  c o n d u c t i v i t y  w i t h  d i l u t e  t o l u e n e  
s o l u t i o i ~  - S e r i e s  I1 Run D .' 



CHAPTER VI 

DISCUSSIOX 

In this study, attempts were made in all experiments to simulate 

a range of field conditions by using nearby canal sands for soil columns 

and a milled fire clay for sediments. The objective was to find out the 

relationship between the size of the soil and the sediment in reducing 

seepage loss in the laboratory for subsequent application in the field, 

Experimental columns were constructed and five tensiometers in- 

stalled at different locations within the columns, Hydraulic conductiv- 

ity was measured across the layers during the sediment run, then penetra- 

tion and the movement of sediments in the soil were observed and measured 

with a final distilled water run. A profile of sediment deposited was 

obtained as shown in Figure 17, The accumulated volume of effluent was 

chosen as a basis for comparing the penetration of sediment in each 

column, 

In run A, the sediment penetrated both soil and porous plate dur- 

ing high flow rates, When the flow rate decreased to below 3,00 ml/min., 

no sedinlent penetrated through the plate, Flow rate is clearly a pre- 

dominant factor in sediment penetration with high flow rate resulting in 

deeper penetration. As shown in Table 4, although about 75% of the 

applied sediment passed into the soil column only 0.94 gm was retained 

from 1 cm to 11 cm below the soil surface, This amount of sediment was 

sufficient to fill only 1.13% of the voids in this length of the colunln. 

The high head loss measured at the bottom of the soil colunn and porous 

plate, indicates that most of the sediment entering into the soil 
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p e n e t r a t e d  t o  t h e  bottom and was r e t a i n e d  above t h e  p l a t e .  I f  t h e  porous 

p l a t e  was e l i m i n a t e d ,  t h e  sed iments  would p a s s  comple te ly  through t h e  co l -  

umn. Dete rmina t ion  of t h e  sediment  d e p o s i t  r a t i o  by gamma r a y  a n a l y s i s  

shows t h a t  on ly  abcu t  h a l f  as much sediment was r e t a i n e d  i n  t h i s  s o i l  co l -  

umn as compared w i th  runs  B and C u s ing  l a r g e r  sediment .  Although t h e  

h y d r a u l i c  c o n d u c t i v i t y  of t h e  e n t i r e  s o i l  column w a s  reduced 95% from t h e  

i n i t i a l  v a l u e ,  most of t h e  r e d u c t i o n  was i n  t h e  s u r f a c e  l a y e r .  I n  F i g u r e  

14 ,  h y d r a u l i c  c o n d u c t i v i t y  of  t h e  top l a y e r  decreased  s i g n i f i c a n t l y  and 

t h e  ra te  of  d e c r e a s e  i s  g r e a t e r  t h a n  f o r  t h e  o t h e r  columns i n d i c a t i n g  t h a t  

t h i s  s i z e  sediment  accumula tes  more r a p i d l y  on t h e  s u r f a c e .  I n  t h i s  r un  

t h e r e f o r e  t h e  sediment  Lntroduced formed two main l a y e r s ,  one above t h e  

s o i l  s u r f a c e  and one a t  t h e  bottom above t h e  p l a t e .  The c2p sediment  i s  

t o o  s m a l l  f o r  p e n e t r a t i o n  and r e t e n t i o n  i n  t h e  p r o f i l e  f o r  t h e  5 0 ~ - 1 5 0 ~  

media. No m i g r a t i o n  of sed iments  was appa ren t  a t  t h e  t op  l a y e r  d u r i n g  

t h e  f i n a l  d i s t i l l e d  wa t e r  r u n ,  p robab ly  because  t h e  f l ow  r a t e  was t o o  low 

(0,200 ml/min.) t o  move t h e  sed iments  down. 

I n  r u n  B t h e  sediment  p e n e t r a t e d  t h e  porous  p l a t e  du r ing  t h e  e a r l y  

hours  and was r e t a i n e d  a t  t h e  s u r f a c e  and t h e  bottom t o  form two main 

l a y e r s  a s  i n  r un  A. I n  t h i s  r u n ,  however, t h e  s e d i n e n t  r e t a i n e d  above 

t h e  p l a t e  was niuch l e s s  t h a n  i.n r un  A ( see  Tab l e  4 ) .  S ince  t h e  i n i t i a l  

f low r a t e  i n  run  B was cons ide r ab ly  h i g h e r  than  i n  run A t h e  f i n e r  s e d i -  

ment may have f l u s h e d  o u t  th rough  t h e  p l a t e  l e a v i n g  t h e  c o a r s e r  sediment  

above t h e  p l a t e .  Larger  amounts of sediment  were r e t a i n e d  i n  t h e  s o i l  i n  

run  B than  i n  t h e  o t h e r  two columns and t h e  s e d i n e n t  d i s t r i b u t i o n  was v e r y  

uniform throughout  t h e  column a s  i n d i c a t e d  by t h e  comparison of t h e  d e p o s i t  

r a t i o s  c a l c u l a t e d  from t h e  ganma r a y  measurements. Approximately one-half  
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of t h e  a p p l i e d  sediment  e n t e r e d  t h e  s o i l  column and 2.16% of t h e  v o i d s  

were f i l l e d  i n  t h e  column between 1 cm and 11 cm below t h e  s u r f a c e .  The 

h y d r a u l i c  c o n d u c t i v i t y  of t h e  e n t i r e  column was reduced 97% from t h e  

i n i t i a l  v a l u e  and t h e  second l a y e r  w a s  reduced 51%. These i n d i c a t e  t h a t  

r e d u c t i o n  i n  h y d r a u l i c  c o n d u c t i v i t y  was caused by n o t  on ly  s ed imen t s  de- 

p o s i t e d  a t  t h e  s u r f a c e  bu t  sed i r i~en ts  r e t a i n e d  i n  t h e  s o i l  a t  t h e  second 

and t h i r d  l a y e r s .  The mig ra t i on  of sediment  from t h e  t op  l a y e r  d u r i n g  

t h e  f i n a l  d i s t i l l e d  wa t e r  r un  was e v i d e n t  from t h e  i n c r e a s e  of h y d r a u l i c  

c o n d u c t i v i t y  i n  t h i s  l a y e r .  Hydrau l i c  c o n d u c t i v i t y  a c r o s s  t h e  lower  two 

l a y e r s  of  t h i s  colunm could  n o t  be  measured when t h e  f low r a t e  was below 

1.70 ml ln in .  because t h e  d i f f e r e n c e  i n  manometer r e a d i n g s  was l e s s  t han  

1 mm. 

I n  run C ,  t h e  e f f l u e n t  remained c l e a r  a t  a l l ' t i m e s .  The head l o s s  

a c r o s s  t h e  bottom 2 cm of s o l 1  and t h e  porous  p l a t e  caused by sediment  

was n e g l i g i b l e  compared w i t h  t h e  h igh  l o s s  i n  t h e  o t h e r  two colunins 

(Table 4 ) .  Thi s  i n d i c a t e s  t h a t  sediment  n e i t h e r  p e n e t r a t e d  t h e  p l a t e  nor 

was r e t a i n e d  i n  t h e  bottom 2-1/2 cm of s o i l  abcve t h e  p l a t e .  Gamma r a y  

i n t e n s i t y  measure~nents  showed t h a t  some sediment  was r e t a i n e d  a t  11 cm 

below t h e  s o i l  s u r f a c e .  The dep th  of p e n e t r a t i o n  of 5p-lop sediment  i n t o  

50p-150p media was around 1 5  cm below t h e  s o i l  s u r f a c e  a t  t h i s  f l ow  r a t e  

c o n d i t i o n  a s  i n d i c a t e d  by h y d r a u l i c  c o n d u c t i v i t y  measurements,  Xost of 

t h e  sediment  e n t e r i n g  t h e  s o i l  was r e t a i n e d  around 9  cm below t h e  s u r f a c e .  

Only about  one- th i rd  of  t h e  a p p l i e d  sediment  e n t e r e d  t h e  s o i l .  The r e -  

d u c t i o n  of h y d r a u l i c  c o n d u c t i v i t y  by sediment  i n  t h e  e n t i r e  column was 93%. 

Some m ig ra t i on  of t h e  sediment  was e v i d e n t  du r ing  t h e  f i n a l  r u n  w i t h  d i s -  



6 5 

t i l l e d  wa t e r  i n  t h e  o v e r a l l  column. The t o t a l  amount of t h e  sediment  re -  

t a i ned  i n  t h e  s o i l  was more than  i n  r un  A b u t  less than  i n  r u n  B,  



CHAPTER V I I  

CONCLUSIOXS 

A l l  of t h e  r e s u l t s  i n  t h e  r educ t ion  i n  hyd rau l i c  c o n d u c t i v i t y ,  t h e  

percentage  of t h e  app l i ed  sediment e n t e r i n g  t h e  s o i l  column and t h e  d i s -  

t r i b u t i o n  o f  sediment r e t a i n e d  i n  t h e  s o i l  column, show t h a t  2p-5p s e d i -  

ment g i v e s  t h e  b e s t  r e s u l t s  f o r  t h e  5 0 ~ - 1 5 0 ~  s o i l  p a r t i c l e  medium f o r  

t h e s e  c o n d i t i o n s ;  i n i t i a l  f low r a t e  about  9.5 ml/min. (volume f l u x  0.1775 

cm/min.) and 500 ppm sediment concen t r a t i on ,  

Comparisons of t h e  d e p o s i t  r a t i o  c a l c u l a t e d  by equa t ion  (16) on a  

h y d r c u l i c  c o n d u c t i v i t y  b a s i s  and measured by gamma ray i n t e n s i t y  a t  c o r r e s -  

ponding l a y e r s  show good agreement,  Es t imates  of t h e  amount of sediment  

r e t a i n e d  i n  s o i l  dur ing  t h e  sed imenta t ion  by use  of equa t ion  (16) on f i e l d  

d a t a  should  be v a l i d ,  Deposi t  r a t i o s  were measured i n  volume pe r  u n i t  vo l -  

ume of t h e  media and used only f o r  a  comparison between columns i n  t h i s  

s t udy ,  

Depos i t  r a t i o s  were measured i n  volume pe r  u n i t  volume of t h e  media 

and then  transformed i n t o  t h e  weight of sediment r e t a i n e d  i n  t h e  s o i l ,  I n  

t h e s e  t h r e e  exper imenta l  columns, t h e  r e s u l t s  of t he  weight of sediment  

c a l c u l a t e d  by d e p o s i t  r a t i o s  a r e  l a r g e r  than  t h a t  of a c t u a l  measured v a l u e s ,  

b u t  t h e  p r o p o r t i o n  of t he se  two v a l u e s  a r e  approximately t h e  same f o r  a l l  

of t h e  columns, The r ea sons  f o r  t h e  gamma ray  i n t e n s i t y  dec rease  which 

caused h i g h e r  c a l c u l a t e d  d e p o s i t  r a t i o s  a r e  probably t h a t  t h c  columns were 

i d l e  f o r  f o u r  months a f t e r  t h e  f i r s t  measurement of gamma ray  i n t e n s i t y  

and t h e  coun te r  and d e t e c t o r  system could have d r i f t e d  dur ing  t h i s  p e r i o d ,  



The c a l c u l a t e d  w e i g h t s  of sediment  i n  Tab le  4 were based on sediment  d i s -  

t r i b u t i o n  c u r v e s  p l o t t e d  by g a m a  r a y  a n a l y s i s  ( s e e  F i g u r e  17)  and t h e  

measured weigh t  of sed iment  i n  column C which i n d i c a t e d  t h a t  a l l  s e d i -  

ments e n t e r i n g  t h e  s o i l  were r e t a i n e d  above 1 5  cm below t h e  s o i l  s u r f a c e  

d u r i n g  t h e  sediment  run .  

High head l o s s  a c r o s s  t h e  s o i l  s u r f a c e . d u r i n g  t h e  measurement o f  

i n i t i a l  h y d r a u l i c  c o n d u c t i v i t y  w i t h  d i s t i l l e d  w a t e r  and chemica l s  was 

caused by t h e  b a c t e r i a l  a c t i v i t y ,  Approximately 1755 b a c t e r i a  p e r  u n i t  

gram of s o i l  caused a  r e d u c t i o n  i n  h y d r a u l i c  c o n d u c t i v i t y  o f  1 cm/day a s  

i n d i c a t e d  i n  p r e l i m i n a r y  measurements,  D i s t i l l e d  w a t e r  w i t h  0,01% t o l u e n e  

w i l l  e l i m i n a t e  t h i s  r e d u c t i o n  i n  h y d r a u l i c  c o n d u c t i v i t y  th roughout  t h e  

column d u r i n g  t h e  r u n ,  



REFERENCES 

1. Beavers, A. M. and Robert L. Jones. Elutriator for Fractionating 

Silt. Soil Science Society of America Proceedings 30:126-128, 

1966. 

2. Behnke, Jerold J, Clogging in Surface Spreading Operations for 

Artificial Ground-Kater Recharge, Water Resources Research 

5(4):870-876, August, 1969. 

3, Camp, Thomas R. Theory of Water Filtration. American Society of 

Civil Engineers 9(SA4):1-30, August, 1964. 

4. Christiansen, J. E., M, Fireman and L, E. Allison. Displacement of 

Soil-Air by C02 for Permeability Tests. Soil Science 60:355-360, 

1964. 

5. Corey, A. T, Fluid Mechanics of Porous Solids. Agricultural 

Engineering Department, Colorado State University, 1965, 

6. Colby, Bruce R. Discharge of Sand and Kean-Velocity Relationships 

in Sand-Bed Streams. U, S. Geological Survey Professional Paper 

462-A, 1964. 

7. Filmer, R. W. and A. T. Corey. Transport and Retention of Virus-Sized 

Particles in Porous Media. Sanitary Engineering Papers No, 1, 

Colorado State University, June, 1965. 

8. Gardncr, Id. H. and C. Calisscndorff, Gamma-Ray and Neutron Attenua- 

tion in Measurement of Soil Bulk Density and Water Content, 

Research Report, Washington State University. 

9, Gupta, R. P. and Dale Swartzendruber, Flow-Associated Reduction in 

the Hydraulic Conductivity of Quartz Sand, Soil Science Society 

of America Proceedings 1:6-10, 1962. 



6 9 

10.  I w a s k i ,  Tomihisa.  Some Notes on Sand F i l t r a t i o n .  J o u r n a l  o f  t h e  

American Water Works A s s o c i a t i o n  29 (1951).  

11. J a c k s o n ,  K. D . ,  R. J .  Reg ina to  and W. E .  Reeves. A Mechanized 

Device f o r  Packing S o i l  Columns. A g r i c u l t u r a l  Research S e r v i c e ,  

Uni ted  S t a t e s  Department o f  A g r i c u l t u r e ,  ARS 41-52, A p r i l ,  1962.  

1 2 .  King,  H. W. e t  a 1  H y d r a u l i c s  5 t h  Ed. John Wiley and Sons,  New York. 

13. R i c h a r d s ,  J .  A. Jr . ,  F.  W .  S e a r s ,  M .  R. Wehr and M. W .  Zemansky. 

Modern C o l l e g e  P h y s i c s  (Textbook) ,  Addison-Wesley P u b l i s h i n g  

Company, I n c . ,  pp 756-831, Narch 1964. 

14. Zas lavsky ,  J .  and D .  Bear.  P h y s i c a l  P r i n c i p l e s  o f  Water P e r c o l a t i o n  

and  Seepage. P u b l i s h e d  by t h e  Uni ted  Nat ions  E d u c a t i o n a l ,  

S c i e n t i f i c  and C u l t u r a l  O r g a n i z a t i o n ,  1968.  



1, Anat, A., H. R. Duke and A. T. Corey. Steady Upward Flow from Water 

Tables .  Hydrology Papers  No. 7, Colorado S t a t e  Un ive r s i t y ,  June ,  

2. Anat, Arbhabhirama and Chanaphan Kridakorn. P r e s s u r e  D i s t r i b u t i o n  

During Steady Downward Flow Through a P a r t i a l l y  S a t u r a t e d  Medium. 

Techn ica l  Note No. 30, SEATO, Bangkok, Thai land.  J u l y ,  1967. 

3.  Baver, L. D. S o i l  Phys ics ,  3rd Ed., N e w  York, John Wiley and Sons, 

Inc .  March, 1963. 

4. Blackburn, W. C. A Review of t h e  Use of Chemical S e a l a n t s  f o r  Reduc- 

t i o n  of Canal Seepage Losses.  Bureau of Reclamation, A n a l y t i c a l  

Labora tory  Report No. CH-102. February,  1960. 

5. Bloomsburg, G ,  L. and A. T. Corey. Di.ffcsion of Entrapped A i r  f r o n  

Porous Media. Hydrology Papers  No. 5, Colorado S t a t e  Un ive r s i t y ,  

August, 1964, 

6. Brockway, C.  E.  and R. V .  Wors te l l .  Ground Water I n v e s t i g a t i o n  and 

Canal  Seepage S tud ie s .  P rog re s s  Report No. 2, Un ive r s i t y  of 

Idaho ,  Engineer ing Experiment S t a t i o n ,  June ,  1967. 

7. Brooks, R .  H. and A. T. Corey. Kydraul ic  P r o p e r t i e s  of Porous Media. 

Hydrology Papers  No. 3 ,  Colorado S t a t e  Un ive r s i t y ,  March, 1964. 

8. B r u t s a e r t ,  Wi l f r i ed .  The Pe rmeab i l i t y  of a Porous Medium Determined 

from C e r t a i n  P r o b a b i l i t y  Laws f o r  Pore S i z e  D i s t r i b u t i o n .  Water 

Resources Research 4(2):425-434, A p r i l ,  1968. 

9, Chahal, R. S. and R. H. Yong. V a l i d i t y  of t h e  Energy C h a r a c t e r i s t i c s  

of S o i l  Water Determined wi th  P re s su r i zed  Apparatus. '  Nature  

20 l (4925) : l l 80 - l l 8 l ,  March, 1964. 



. 
7 1  

10.  Corey,  G. L . ,  A.  T. Corey, and R. H. Brooks. S i m i l i t u d e  f o r  Non- 

S teady  Drainage of P a r t i a l l y  S a t u r a t e d  S o i l .  Hydrology P a p e r s  

No. 9 ,  Colorado S t a t e  U n i v e r s i t y ,  August ,  1965. 

11. Denson, Kenneth H . ,  Adnan S h i n d a l a  and C h a r l e s  D. Fenn. P e r m e a b i l i t y  

o f  Sand w i t h  D i s p e r s e d  Clay P a r t i c l e s .  Water Resources  Research 

4  (6)  :1276-1276. December 1968. 

12.  Dirmeyer, R. D . ,  J r .  and R. T. Shen. Sediment S e a l i n g  of I r r i g a t i o n  

Cana l s ,  Colorado STate  U n i v e r s i t y ,  J u l y ,  1960. 

13.  Edwards, D. M. and B. G. Gupta. The E f f e c t  of B i o l o g i c a l  A c t i v i t y  

Upon t h e  E l e c t r o k e n e t i c  P r o p e r t i e s  of Porous Media. American 

S o c i e t y  of A g r i c u l t u r a l  Engineers  Paper  No. 69-746, 1969. 

14. Gupta,  R. P. and Dale  Swartzendruber .  Entrapped A i r  Conten t  and 

H y d r a u l i c  C o n d u c t i v i t y  of Q u a r t z  Sand During Prolonged L i q u i d  

Flows. S o i l  S c i e n c e  S o c i e t y  of America Proceed ings  28 (1)  : 1-12, 

1964. 

15.  L a l i b e r t e ,  G. E. and R. Ii. Brooks.  I Iydrau l ic  P r o p e r t i e s  of D i s t u r b e d  

S o i l  M a t e r i a l s  A f f e c t e d  by P o r o s i t y .  S o i l  Sc ience  S o c i e t y  of 

Pmcrica Proceed ings  31: 451-454, 196 7. 

16 .  Newman, E. C. S e a l i n g  E f f e c t s  of D i s p e r s e d  and F l o c c u l a t e d  B e n t o n i t e  

Suspension i n  a Dune Sand. CER So.  57 ECN 19,  Colorado S t a t e  

U n i v e r s i t y ,  1957.  

17 .  R o l l i n s ,  PI. B. S e a l i n g  P r o p e r t i e s  of B e n t o n i t e  Suspension.  C lays  

and Clay M i n e r a l s  16:415-423, 1969. 

18 .  Thomas, R. D . ,  W. A. Schwartz  and T. W. Bendixen. S o i l  Chemical 

Changes and I n f i l t r a t i o n  R a t e  Reduct ion Under Sewage Spread ing .  

S o i l  S c i e n c e  S o c i e t y  of America Proceed ings  30:641-646, 1966.  



19. Wright, W. R. and J. E. Foss. Movement of Silt-Sized Particles in 

. . Sand Columns. Soil Science Society of America Proceedings 

3 2 : 4 4 6 - 4 4 8 ,  1968. 



A P P E N D I X  A 

GAMHA RAY TRAIVSMISS I O N  DATA 

Data f o r  Mass Absorption Coef f i c i en t  of N a t e r i a l s  

N a t e r i a l s  : 

1. Plex ig la s  

dens i ty :  1.16 gm/cm3 

dimension: 9.586 cm long,  6.556 cm wide 

2.  S t e e l  

dens i ty :  7.407 gm/cm3 

dimension: 0.328 cm t h i c k  (1 p iece )  

3. Aluminum 

dens i ty :  2.64 gm/cm3 

dimension: 0.625 cm t h i c k  (1 p iece )  

Gamma ray f a c i l i t y  s e t t i n g s :  

Window: 0.00 

Threshold: 035 

Discriminator:  5.00 

Counting period:  10  s e c .  

Counts (gamma ray  i n t e n s i t y ) :  Average of 10 counting per iods  

1. P lex ig la s  

x = 9.586 cm average count = 50499 

x = 6.556 cm average count = 88583 

2. S t e e l  

x = 0.328 cm average count = 20784 

x = 0.565 cm average count = 1451 

x = 0.984 cm average  count = 306 



3. Aluminum 

x = 1.25 cm average count = 135,597 

x = 1.875 cm average count = 94,309 

x = 2.50 cm average count = 63,308 

Data for Mass Absorption Coefficient of Soil 

Soil was packed in a small 7.7 cm long plexiglas column. Gamma 

ray intensity (counts) was measured at 0.5 cm vertical intervals through- 

out the column. The scanner settings were the same as for the steel, 

plexiglas and aluminum determinations. The following are the data for 

calculation: 

Internal diameter of column = 5.08 cm 

Volume of column = 157 -66 cm3 

Weight of dry soil (50 ~ 1 5 0  LI sand) = 268.15 gm 

Bulk density = 1.7008 

Porosity = 0.3752 

Counts (gamma ray intensity): Average 

.Vertical Scale Reading 

62.5 

62.0 

61.5 

61.0 

60.5 

60.0 

59.5 

59.0 

of 10 counting periods 

Average Count 

33952 

34507 

35090 

34795 

34504 

34346 

34822 

34910 

Average counts of total column = 34504 



Data f o r  Mass Absorp t ion  C o e f f i c i e n t  of  D i s t i l l e d  Water 

The s m a l l  7.7 cm long  p l e x i g l a s  column con t a ined  d i s t i l l e d  w a t e r  

on ly .  The dimensions  of t h e  p l e x i g l a s  column, t h e  p rocedure  o f  measure- 

ment of gamma r a y  i n t e n s i t y  and t h e  s c a n n e r  s e t t i n g s  were t h e  same as 

f o r  t h e  d e t e r m i n a t i o n  of t h e  mass a b s o r p t i o n  c o e f f i c i e n t  of  s o i l .  Room 

0 
t empe ra tu r e  was 22.7 C ,  s o  t h e  d e n s i t y  of  d i s t i l l e d  w a t e r  was 0.99763 

gm/cm3. 

Counts (gamma r a y  i n t e n s i t y ) :  Average of  1 0  coun t i ng  p e r i o d s  

V e r t i c a l  S c a l e  Reading Average Count 

62 .O 112,270 

Average count  o f  t o t a l  column = 113,164 



A P P E N D I X  B 

EXPERIHENTS FOR VALIDATIXG TIIE USE OF LINEAR POROSITY 
AND THE DERIVED EQUATIONS 

Equipment and H a t e r i a l s  

1. Radiant f a c i l i t y  

gamma ray  scanner  

2. P l e x i g l a s  column 

i n t e m a l  diameter  = 5.08 cm 

height  = 7.79 cm 

th ickness  of w a l l s  = 0.635 cm 

3.  S o i l  

washed sand ( 5 0 ~ - 1 5 0 ~ )  

4. Water 

c l e a r  d i s t i l l e d  water  

Experiments on Dry S o i l  Column 

1. Procedures : 

a .  Sand was manually packed i n  t h e  p l e x i g l a s  column and bulk  

dens i ty  was measured. 

b. The gamma ray  i n t e n s i t y  w a s  measured a t  0 .5  cm v e r t i c a l  

i n t e r v a l s  throughout the  l eng th  of  t he  column. 

c .  The s o i l  column was repacked w i t h  t h e  same weight of  sand 
. .  . 

and wi th  5 gm ( 2 ~ - 5 ~ )  of sediment d i s t r i b u t e d  uniformly 

throughout t h e  column. The i n t e n s i t y  was measured t h e  same 

a s  before .  

d. Bulk d e n s i t y  was c a l c u l a t e d  us ing  t h e  absorpt ion  equa t ion  

and was compared wi th  t h a t  of t h e  a c t u a l w e i g h t  measurement. 



2. Gamma ray da ta  of dry s o i l  column wi th  and without  sediment.  

The scanner s e t t i n g s  w e r e  t he  same a s  f o r  the  determinat ion of 

the  mass absorpt ion  c o e f f i c i e n t  of s o i l .  The average count was obtained 

by taking  t h e  average of 10  counting i n t e r v a l s .  The gamma ray i n t e n s i t y  

is a s  follows: 

Without Sediment With Sediment 

Volume of column (cm3) 157.66 157.66 

Weight of dry s o i l  (gm) 258.90 263.90 

Bulk d e c s i t y  (gm/cm3) 1.64212 1.67383 

Poros i ty  0.3967 0.3851 

V e r t i c a l  Scale  Reading 

62.5 

62.0 

61.5 

61.0 

60.5 

60.0 

59.5 

59.0 

58.5 

58.0 

57.5 

Average count of t o t a l  column 

Average Count 

36,451 

36,308 

36,855 

36,583 

36,577 

36,628 

36,938 

37,056 

36,532 

36,667 

36,252 

Average Count 



3. Calcu la t ion  and comparison 

Equation (23) f o r  dry s o i l  w i l l  be 

S u b s t i t u t i n g  t h e  average count of t h e  t o t a l  column and o t h e r  

cons tan t s  i n t o  t h e  above equat ion,  a  bulk dens i ty  of 1.67025 gm/cm3 was 

ca l cu la t ed .  Comparing t h i s  dens i ty  wi th  t h a t  of t he  a c t u a l  weight measure- 

ment, 1.67383 gm/cm3, t h e  d i f f e r e n c e  i s  only 0.00358 gm/cm3 (0.22%). 

Experiments on Sa tu ra t ed  S o i l  Columns 

1. Procedures: 

a. Sand wi th  sediment was manually packed i n  t h e  column and 

bulk  d e n s i t y  of t h e  s o i l  column was measured. 

b .  The s o i l  column was completely s a t u r a t e d  us ing  carbon 

d ioxide .  

c .  Average gamma ray  i n t e n s i t y  of t h e  e n t i r e  column was 

measured using the  same procedure a s  t h a t  of t he  dry s o i l  

column. 

d. Using t h e  der ived  equat ion ,  b u l k  d e n s i t y  was c a l c u l a t e d ,  

and a l s o  the  amount of sediment was obtained by comparison 

wi th  t h e  d e n s i t y  determined without  sediment i n  t h e  dry 

cond i t ion .  

e. Thc bu lk  dens i ty  and t h e  c a l c u l a t e d  amount of sediment 

were compared wi th  t h a t  of t h e  a c t u a l  weight measurement. 



2. Ga~.xia ray data: 

Voluiri? of colurin = 157.66 cm3 

Weight of soil = 267.03 gm 

Bulk density = 1,6937 gn/cn3 

Porosity = 0.3778 

Roon temperature = 22.7'~ 

Scanner settings = same as before, counting period 10 seconds. 

Vertical Scale Average Count Average Count* 

62.5 26,060 26,182 

62.0 25,431 25,624 

61.5 25,065 25,046 

61 .O 25,045 25,102 

60.5 25,273 25,382 

59.5 25,682 25,870 

59,O 25,362 25,463 

58.5 24,836 24,797 

58 ,O 24,652 24,605 

57.5 - 24,262 23,925 

Average count of column 25,189 25,238 

*The data taken on the following day, 

Substituting the gamia ray intensity of ttr~: entire colunin (two 

day's average counts) and the other constants intc equation (23), a 

bulk density of 1,6942 gm/cm3 was calculated. Comparing this value with 

that of the actual weight measurement, 1,6937 gm/crn3, the dikference was 

only 0.0005 gm/cm3, 



5 
r 3 

*lLc: ;i~..ol:~,t of ~~ii...e~lt in tile soil CO~U:.,I~ 1JdS ~aiculitc~ Tron: thc 

difference in bulk density of soil with sedinient and without sediment as 

follows : 

Weight of seditiient = A p - V  = 0.05208 x 157.6624 

= 8,211 gm 

Actual weight of sediment = 267.03 - 258.90 
= 8.03 gm 

The difference between the calculated and measured amounts of 

sediment = 8,211 - 8.03 = 0.181 gm 

Results : 

1. Comparing the calculated results from gamma ray data and 

weighed measurements, the difference in bulk density of 

the dry soil colum~ is 0,00358 gm/cm3 and of the saturated 

soil column is 0.0005 grn/cm3, and the difference in the 

amount of sediment in the saturated soil colum is only 

0.181 gm in a total of 8.0 gm sediment. Use of g a m a  ray 

techniques to determine bulk density and amounts of added 

sediment gives satisfactory results, 

2. The above approach uses volume porosity to replace linear 

porosity in the equation derived for calculating bulk 

density and sedinient. The result is satisfactory; therefore, 

volume porosity nay be substituted for linear porosity for 

the conditions of this study. 



APPENDIX C 

Desa tu ra t i on  Curves: 

Three 8-1/4 cm diameter ,  3-1/4 cm long  s o i l  columns w e r e  packed 

* 
with  media of  t h e  same p a r t i c l e  s i z e  and d e n s i t y  a s  t h e  exper imenta l  

columns and were ins t rumented  t o  determine t h e i r  s a t u r a t i o n - c a p i l l a r y  

p r e s s u r e  cu rves .  F igu re  23 i s  a  schematic  diagram of  t h e  appa ra tu s  

used i n  de te rmin ing  t h e  d e s a t u r a t i o n  cu rves .  

- .- . 

, so i l  column 

ry b a r r i e r  

R g u r e  23.  Schematic diagram of s a t u r a t i o n - c a p i l l a r y  p r e s s u r e  appa ra tu s .  

Procedures : 

1. The s o i l  column packed wi th  oven d ry  s o i l  was weighed, 

s a t u r a t e d ,  and weighed aga in  t o  de te rmine  t h e  t o t a l  

weight  of wa te r  i n  t h e  s a t u r a t e d  s o i l  column f o r  sub- 

sequent  c a l c u l a t i o n  of s a t u r a t i o n  du r ing  i n c r e a s i n g  I 

c a p i l l a r y  p r e s s u r e .  



2. The w a t e r  l e v e l  of t h e  r e s e r v o i r  was a d j u s t e d  t o  t h e  

same e l e v a t i o n  a s  t h e  s o i l  colucln and t h e  bubble  i n  

t h e  l e v e l  tube  was a d j u s t e d  t o  t h e  s t a r t i n g  p o i n t .  

3 ,  By lowering t h e  r e s e r v o i r  and r a i s i n g  t h e  column 

t h e  c a p i l l a r y  p r e s s u r e  i n  t h e  column i n c r e a s e d  and 

w a t e r  moved o u t  of t h e  column i n t o  t h e  t u b e .  A f t e r  

some f i n i t e  t ime ,  when t h e  bubble  had h a l t e d  and had 

j u s t  begun t o  r e c e d e ,  t h e  l o c a t i o n  o f  t h e  bubble  was 

recorded  from t h e  l e v e l  s c a l e ,  Then t h e  r e s e r v o i r  

and t h e  column were l o r ~ e r e d  and r a i s e d  a g a i n  respec-  

t i v e l y ,  

4 ,  From t h e  movement of t h e  bubble  a t  each  c a p i l l a r y  

p r e s s u r e ,  t h e  we igh t  of w a t e r  d r a i n e d  cou ld  be c a l -  

c u l a t e d  and t h e  s a t u r a t i o n  of t h e  s o i l  column a t  

cor responding  c a p i l l a r y  p r e s s u r e  was o b t a i n e d .  

5, T h i s  p rocedure  was f o l l o r ~ e d  u n t i l  r e s i d u a l  s a t u r a -  

t i o n  was reached ,  



TABLE 1 

Saturation-Capillary Pressure Curve 

Sand 350p - 500p 



TABLE 2 

Saturation-Capillary Pressure Curve 

Sand 1509 - 3509 
p = 1.618 h = 5.55 

@ = 0.3962 S = 0.20 
r 



TABLE 3 

Saturation-Capillary Pressure Curve 

Sand 50p-150p 

p = 0.670 ' 



APPEhQIX D 

, . < $ , - . < / ( a ,  

S t e r i l i z a t i o n  of S o i l  Column wi th  Proplyene Oxide 

Equipment : 

Pres su re  cooker,  vacuum pump, vacuum-pressure gauge, funne l  
,,~ ., ..! j.,, - 4 .  

hypodermic needle ,  s o i l  column and some proplyene oxide .  

S t e r i l i z a t i o n  procedure: 

The p re s su re  v e s s e l  was equipped w i t h  gauges and a  va lve  w i t h  a  

rubber  s toppe r  i n  i t .  A hypodermic need le  a t t a c h e d  t o  a  funne l  was 

used t o  i n t roduce  t h e  propylene ox ide  through t h e  s t o p p e r  i n t o  t h e  v e s s e l .  

The column was p laced  i n  t h e  p r e s s u r e  v e s s e l  and t h e  v e s s e l  s e a l e d .  

'It was then evacuated t o  -25 inches  mercury p r e s s u r e .  A t  t h i s  vacuum, t h e  

hypodermic needle  was p l aced  i n  t h e  s t o p p e r  and t h e  funne l  was f i l l e d  w i th  

propylene ox ide  which was a t  a  r a t i o  of 100 m l  p e r  kilogram of s o i l .  The 

va lve  was then opened and t h e  l i q u i d  was in t roduced  i n t o  t h e  p r e s s u r e  

cooker which had been prehea ted  t o  2 0 0 ' ~  f o r  20 minutes .  The vacuum de- 

creased r a p i d l y  t o  -6 inches  mercury p r e s s u r e  by t h e  t ime i n j e c t i o n  was 

f i n i s h e d .  This  vacuum disappeared  and a  maximum p r e s s u r e  of 6.6 p s i  was 

a t t a i n e d .  The gauge read  -11 inches  of mercury p r e s s u r e  a f t e r  t h e  system 

had s tood  f o r  two days.  The h o t  p l a t e  was t u rned  on t o  2 5 0 ' ~  f o r  one 

hour and then  tu rned  o f f ,  t h e  gauge r ead  - 9 . 3  i nches  mercury p re s su re .  

The vacuum was then  r e l e a s e d  and t h e  column was t e s t e d  f o r  s t e r i l i z a t i o n .  

Nu t r i en t  Broth Tes t s :  

Two columns, one t r e a t e d  w i t h  propylene ox ide  and t h e  o t h e r  w i t h  

no t rea tment ,  were prepared and t e s t e d  f o r  s t e r i l i z a t i o n  by t h e  fol low- 

i ng  procedure: 



N u t r i e n t  b r o t h  (0.4 gm) was d i s s o l v e d  i n  50 m l  of d i s t i l l e d  wa te r .  

This  s o l u t i o n  was d i v i d e d  e q u a l l y  among 10 t e s t  t ubes  which were p l aced  

i n  an  au toc l ave  f o r  s t e r i l i z a t i o n .  

Samples from t h e  columns were in t roduced  i n t o  t h e  t ubes ,  one sample 

w a s  t aken  from t h e  t o p  of t h e  column and f o u r  more from approximately equa l  

increments  th roughout  t h e  e n t i r e  c o l u m .  

The t ubes  were p laced  i n  a  3 7 ' ~  i ncuba to r  f o r  48 hours .  A f t e r  48 

hours  i n  t h e  i n c u b a t o r ,  t h e  tubes  from t h e  t r e a t e d  column were a l l  n e g a t i v e ,  

t ubes  from t h e  check column were a l l  p o s i t i v e .  Microscope s l i d e s  were 

taken  from t h e  t u b e s  and s t a i n e d  w i t h  c r y s t a l  v i o l e t .  S l i d e s  from t h e  

check column showed l a r g e  q u a n t i t i e s  of Bac i l u s  Megatherium. No organisms 

were appa ren t  i n  t ubes  from t h e  t r e a t e d  column. 

Although t h e  r e s u l t s  of t h e  s o i l  colunn s t e r i l i z a t i o n  w i th  propylene  

ox ide  under  vacuum and p r e s s u r e  were s a t i s f a c t o r y ,  t h e  p l c x i g l a s  columns 

became s o f t  and deformed du r ing  the s t e r i l i z t i o n  p roces s .  This problem 

a long  wi th  t h e  f a c t  t h a t  some d i s c o l o r a t i o n  of t h e  p l a s t i c  occu r r ed  pre-  

ven ted  t h e  use  of t h i s  s t e r i l i z a t i o n  technique .  




