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ABSTRACT 

A procedure f o r  e s t i m a t i n g  p o t e n t i a l  changes i n  t he  h y d r a u l i c  

c o n d u c t i v i t y  o f  a  s i l t  l a y e r  i n  a  canal was developed f o l l o w i n g  McNeal ' s  

method f o r  p r e d i c t i n g  t h e  h y d r a u l i c  c o n d u c t i v i t y  o f  s o i l s  i n  t he  presence 

o f  m i xed -sa l t  s o l u t i o n s .  The reason f o r  us i ng  t h i s  method was t o  analyze 

t he  e f f e c t  on seepage f rom the  canal . 

A s e r i e s  o f  exper iments on s o i l  columns was conducted i n  o rde r  t o  

determine t h e  sur face  s e a l i n g  e f f e c t  by f i n e  sediments and metabo l i c  

p roduc ts  o f  micro-organisms a c t i v i t y .  S i m i l a r  t e s t s  were conducted us ing  

s t e r i l e  s o i l  and water .  A comparison o f  p r e d i c t e d  and measured conduc- 

t i v i t i e s  was made. 

Phys ica l  d i s p e r s i o n  i s  perhaps the p r imary  f a c t o r  i n  caus ing changes 

i n  seepage r a t e  w i t h  t ime.  For t he  case s tud ied ,  t h e  r e d u c t i o n  i n  

c o n d u c t i v i t y  t h a t  c o u l d  be a t t r i b u t e d  t o  s o i l - w a t e r  chemical r e a c t i o n  i s  

minor  i n  magnitude as i s  a l s o  t he  e f f e c t  o f  m i c r o b i a l  a c t i o n .  S i l t i n g  

e f f e c t  due t o  se t t l emen t  o f  s o i l  p a r t i c l e s  c a r r i e d  i n  canal water appears 

t o  have o n l y  a  minor  e f f e c t  on c o n d u c t i v i t y  change a l so .  
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The Mci jea l 's  method f o r  p r e d i c t i n g  t he  h y d r a u l i c  c o n d u c t i v i t y  

o f  s o i l s  i n  t he  presence o f  a  wide range o f  m i xed -sa l t  s o l u t i o n s  i s  

o u t l i n e d  and i t s  equa t ion  was a p p l i e d  t o  t h ree  d i f f e r e n t  s o i l  l ayers ,  

A, 8, and C,  o f  a  Por tneu f  s i l  t - loam s o i l  . The appl  i c a t i o n  o f  t h i s  

method was s imp ly  a  t o o l  f o r  p r e d i c t i n g  t he  h y d r a u l i c  c o n d u c t i v i t y .  

The exper iments c a r r i e d  o u t  t o  o b t a i n  t he  r e l a t i o n s h i p  between 

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

concen t ra t i ons  o f  t h e  ambient s o l u t i o n ,  revea led  i r r i g a t i o n s  w i t h  a  s a l t  

concen t ra t i on  o f  about 1  n i e q / l i t e r  decreases the  r e l a t i v e  h y d r a u l i c  

c o n d u c t i v i t y  t o  0.35, 0.73 and 0.86 i n  the  A, 8, and C, l a ye rs ,  r e s p e c t i v e l y .  

I r r i g a t i o n  w i t h  t he  common d i t c h  water produces o n l y  a  s l i g h t  r e d u c t i o n  i n  

l a y e r  A;  none i s  expected i n  l a y e r s  B and C .  

A  s e r i e s  o f  exper iments on s o i l  columns was conducted t o  determine 

t he  sur face  seal i n g  e f f e c t  o f  f i n e  sediments and metabol i c  products  o r  

ni icro-organism a c t i v i t y .  The r e s u l t s  o f  t he  runs  us ing  bo th  u n s t e r i l e  and 

s t e r i l e  s o i l  and water,  as w e l l  as t h e  removal o f  an approx imate ly  4mm 

t h i c k  t op  l a y e r  o f  each u n s t e r i l e  s o i l  column, leads  t o  the conc lus ion  t h a t  

n e i t h e r  m i c r o b i a l  a c t i v i t i e s  no r  s i l t i n g  e f f e c t  a r e  respons ib l e  f o r  t he  

reduc t i ons  i n  hydraul  i c  c o n d u c t i v i t y .  

Phys ica l  d i s p e r s i o n  i s  p robab ly  the  main f a c t o r  i n  caus ing changes 

i n  seepage r a t e  w i t h  t ime.  
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CHAPTER I 

Il4TRODUCT ION 

Seepage losses  f rom i r r i g a t i o n  cana ls  c o n s t i t u t e  an exceed ing ly  

se r i ous  problem i n  t h e  Un i ted  States,  ma in l y  i n  t h e  West, and i n  o t h e r  

p a r t s  o f  t he  wor ld  as w e l l .  Conveyance l osses  from i r r i g a t i o n  cana ls  can 

c o n s t i t u t e  a  l a r g e  percentage o f  water d i v e r t e d .  Robinson and Rohwer ( 2 6 )  

have found t h a t  o f  t h e  water  d i v e r t e d  f o r  i r r i g a t i o n  i n  t he  seventeen 

western s t a t e s  o f  t h e  Un i t ed  States,  n e a r l y  35,000,000 acre  f t .  pe r  year ,  

o r  approx imate ly  40%, i s  l o s t  be fo re  i t  reaches t h e  farms. T h i s  l o s s  

cdns i  s t s  o f  seepage, evaporat ion,  t r a n s p i r a t i o n  by aqua t i c  weeds, waste, 

and leakage. The g r e a t e s t  amount o f  water i s  l o s t  by seepage. 

Water l o s t  by seepage i s  n o t  o n l y  l o s t  t o  t he  canal t o  which i t  i s  

appropr ia ted ,  b u t  may a1 so r e s u l t  i n  cons iderab le  damage t o  lower lands by 

c o n s t r i  b u t i n g  t o  h i g h  wa te r - t ab le  c o n d i t i o n s  which reduce c rop  p roduc t ion  

and va lue o f  l and  f o r  va r i ous  o t h e r  uses. A l though t he  water i s  l o s t  t o  

the  cana l ,  the  l o s s  may s t i l l  be b e n e f i c i a l .  A  cons iderab le  amount o f  

t he  seepage water may c o n t r i b u t e  t o  ground water supp l i es  o r  reappear as 

r e t u r n  f l o w  i nc reas ing  stream f l o w .  

The expanding wor ld  popu la t i on  i s  p l a c i n g  an i nc reas ing  demand on 

a g r i c u l t u r a l  p roduc t ion  o f  food and f i b e r .  Much o f  t h i s  increased demand 

nlay be met through rec lamat ion  o f  e x i s t i n g  unproduc t i ve  lands  and b e t t e r  

u t i l i z a t i o n  o f  c e r t a i n  marg ina l  lands .  Fu tu re  development t h e r e f o r e  r e q u i r e s  

increased water suppl i e s .  

I n  p l ann ing  e f f i c i e n t  water management, whether i t  be t h e  removal o f  

excess water by d ra inage  ( e i t h e r  r a i nwa te r  o r  i r r i g a t i o n  wate r )  o r  t he  

u t i l i z a t i o n  and rep len ishment  o f  deeper a q u i f e r s  f o r  water supply,  t he  need 



o f  e s t i m a t i n g  f u t u r e  e f f e c t s  o f  proposed management p r a c t i c e s  r e q u i r e s  

con t inued  e f f o r t  toward f i n d i n g  s o l u t i o n s .  The s o l u t i o n  o f  such problems 

r e q u i r e s  sound i n f o r m a t i o n  on t he  p e r m e a b i l i t y  o f  s o i l s .  

The Problem 

F i e l d  observa t ions  and t h e  r e p o r t s  o f  o t h e r  exper imenters  i n d i c a t e  

t h a t  the  seepage r a t e  decreases throughout  t h e  season i n  many o p e r a t i n g  

i r r i g a t i o n  cana ls .  

Th i s  r e d u c t i o n  i n  seepage r a t e  i s  r e l a t e d  t o  t he  change 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  the  s o i l  p r o f i l e  o r  t o  changes i n  t h e  c o n d u c t i v i t y  o f  t he  

t o p  l a y e r  o f  t h e  p r o f i l e .  

T h i s  decrease i n  c o n d u c t i v i t y  may be a t t r i b u t e d  t o  n a t u r a l  seal  i n g  

processes assoc ia ted  w i t h :  

a )  t h e  s e a l i n g  o f  su r f ace  by f i n e  sediments, 

b )  t he  e f f e c t s  o f  the  chemical p r o p e r t i e s  o f  s o i l s  and waters 

on t he  phys i ca l  p r o p e r t i e s  o f  s o i l s ,  and 

c )  t h e  e f f e c t  o f  microorganism a c t i v i t y .  

P r e l i m i n a r y  work by Brockway and Wors te l l  ( 4 )  concluded t h a t  con- 

s i d e r a b l e  s tudy  was necessary on t h e  e f f e c t s  o f  s o l u t i o n  composi t ion on 

t he  h y d r a u l i c  c o n d u c t i v i t y  o f  the  s i l t  l a y e r  i n  cana ls  i n  t he  southern 

Idaho area. I n  a d d i t i o n ,  i t  was suggested t h a t  a  s tudy  o f  the i n f l u e n c e  

on h y d r a u l i c  c o n d u c t i v i t y  due t o  m i c r o b i o l o g i c a l  a c t i v i t y  be undertaken. 

Ob jec t i ves  

The purpose o f  t h i s  research  was t o  develop a  b e t t e r  understanding 

o f  t h e  f a c t o r s  i q f l  uencing changes i n  hydraul  i c  c o n d u c t i v i t y  o f  submerged 

s o i l s  under c o n d i t i o n s  such as those o c c u r r i n g  i n  o p e r a t i n g  i r r i g a t i o n  

canal s. 



The main ob jec t ives  of the study a r e :  

1 . To determine whether na tu ra l ly  occurring seepage reduction 

e x i s t s  due t o  the decrease of hydraulic conductivi ty re-  

s u l t i n g  from c lay  swelling in place o r  c l ay  dispersion and 

movement i n t o  pores a s  a f fec ted  by the chemical proper t ies  

of s o i l  and water. 

2.  To predic t  in each case the  conductivi ty reduction using 

measurable s o i l  and water parameters. Laboratory ~iieasurements 

of perrneabil i t y  may give unrel i ab le  es t imates  and a1 though - in 

s i t u  techniques a r e  most re1 i a b l e ,  considerable time, e f f o r t  

and a l o t  of money a r e  necessary f o r  t h e i r  performance. 

3 .  To gain ins igh t  a s  t o  the nature of the  reduced permeability 

caused by the  possible dispersion of aggregates due t o  

microbial a t t a c k  and t o  the clogging of pores by products 

produced by microbial a c t i v i t y .  



CHAPTER I 1  

REVIEW OF LITERATURE 

To s y s t e m a t i c a l l y  t i e  t oge the r  t h e  sub jec t s  o f  seepage and 

p e r m e a b i l i t y  as a f f e c t e d  by e l e c t r o l y t e  concen t ra t i on  and m i c r o b i a l  

a c t i v i t y ,  t h e  l i t e r a t u r e  w i l l  be reviewed i n  t he  f o l l o w i n g  o rde r :  

F i e l d  s tud ies ;  f l o w  through porous media; h y d r a u l i c  c o n d u c t i v i t y  r e l a t e d  

t o  s w e l l i n g  o f  s o i l ;  and e f f e c t s  o f  micro-organisms on p e r m e a b i l i t y .  

F i e l d  Stud ies and Observat ions 

Conveyance Losses 

Accord ing t o  I s r a e l  sen (1 3 ) ,  water conveyance e f f i c i e n c y  i s  t he  

r a t i o  o f  t h e  volume of water de l  i ve red  t o  farms t o  t he  volume t h a t  i s  

taken i n  a t  the  head gate o f  t he  cana l .  

A  l a r g e  p o r t i o n  o f  t he  water d i v e r t e d  i n t o  i r r i g a t i o n  cana ls  i s  

l o s t  i n  t r a n s i t  o r  conveyance. Th is  l oss ,  as s ta ted  before,  i s  composed 

o f  f i v e  p a r t s :  

1. Leakage 

2. Waste 

3 .  T r a n s p i r a t i o n  

4 .  Evaporat ion 

5. Seepage 

Leakage i s  de f i ned  as the  water l o s t  through p o o r l y  mainta ined 

gates and s t r u c t u r e s .  Regu la to ry  waste represen ts  the  amount which i s  

l o s t  th rough  automat ic  wasteways o r  mere ly  d ischarged i n t o  wasteways. 

A1 though t he  waste and leakage may be ve ry  h i gh  i n  some instances,  they  can 

be reduced by b e t t e r  management, t he re fo re ,  these losses  w i l l  n o t  be d i s -  

cussed i n  t h i s  t h e s i s .  



The r a t e  o f  evapora t ion  f rom i r r i g a t i o n  cana ls  has been measured 

i n  severa l  ins tances  w i t h  t h e  f l o a t i n g - t y p e  pan, and i n  n e a r l y  a l l  cases 

t h e  q u a n t i t y  i s  n e g l i g i b l e ;  hence,this source o f  l o s s  i s  ignored  i n  t h i s  

d i scuss ion .  The same may be s a i d  r e l a t i v e  t o  t r a n s p i r a t i o n  losses .  

Seepage 

Accord ing t o  Tolman (29) seepage i s  t he  movement o f  water  i n t o  o r  

o u t  o f  t h e  ground. A s i m i l a r  d e f i n i t i o n  i s  g iven  by Meinzer ( Z l ) ,  b u t  

f o r  movement he s u b s t i t u t e s  p e r c o l a t i o n  which Tolman uses o n l y  i n  t he  

r e s t r i c t e d  sense o f  movement o f  water  i n  sa tu ra ted  media. Seepage i n  

t h e  c o n t e x t  o f  t h i s  t h e s i s  r e f e r s  t o  t he  process o f  water movement i n t o  

and th rough the  s o i l  f rom a body o f  su r f ace  water as may occur  i n  canals ,  

streams o r  impoundments. 

F i e l d  S tud ies  

I n  1948, t he  U n i v e r s i t y  o f  Idaho, Engineer ing Experiment S t a t i o n ,  

i n  coopera t ion  w i t h  t he  Bureau o f  Reclamation, i n i t i a t e d  a spec ia l  research  

program f o r  t he  s tudy o f  seepage c o n t r o l  and measurement under the d i r e c t i o n  

o f  Warnick (32) .  

Recent ly ,  Brockway and Worstel 1  (4 )  have pub1 ished a r e p o r t  on 

canal  seepage s tud ies  where t hey  eva lua te  seepage losses  i n  a  sec t i on  o f  

t h e  do r ths i de  Pumping Canal. I n  t h i s  p r o j e c t  average seepage r a t e s  from 

86 seepage meter t e s t s  ( w i t h  the  ARS meter)  a r e  compared w i t h  ponding 

r a t e s .  F i e l d  tens iometer  s tud ies  and an i n v e s t i g a t i o n  o f  an impeding l a y e r  

on t he  canal bottom were a l s o  repo r ted .  

Flow o f  Water Through Porous Media 

The r a t e  o f  movement o f  water through s o i l  i s  o f  cons iderab le  

importance i n  many aspects  o f  a g r i c u l t u r a l  and urban l i f e .  The e n t r y  o f  

water  i n t o  s o i l ,  the  movement o f  water  t o  p l a n t  r o o t s ,  t he  f l o w  o f  water 



t o  d r a i n s  and w e l l s ,  and t h e  evapora t ion  o f  water  f rom the  sur face  o f  

s o i l  a r e  b u t  a  few of t he  obv ious s i t u a t i o n s  i n  which t he  r a t e  o f  

movement p l ays  an impo r tan t  r o l e .  An impor tan t  s o i l  p r o p e r t y  i nvo l ved  

i n  t he  behavior  of s o i l  water f l o w  systems i s  t h e  c o n d u c t i v i t y  o f  t h e  

s o i l  t o  t r a n s m i t  water .  Measurements o f  c o n d u c t i v i t y  o f  sa tu ra ted  

s o i l  have l o n g  been made. The da ta  a r e  o f  use i n  a n a l y s i s  o f  any 

sa tu ra ted  s o i  1  water- f low system. These i n c l u d e  d ra inage  o f  s o i l  s  f o r  

a g r i c u l t u r a l  as we l l  as eng ineer ing  purposes. Drainage of highways, 

a i r p o r t s ,  and c o n s t r u c t i o n  s i t e s ,  and seepage below dams a r e  among the  

l a t t e r .  

Da rcy ' s  Law f o r  Saturated Media 

The accepted concept t h a t  i n  sa tu ra ted  porous media t he  r a t e  o f  

steady f l o w  o f  a  f l u i d  th rough  t h e  media i a  p r o p o r t i o n a l  t o  the  pressure 

g r a d i e n t  i n  t he  d i r e c t i o n  o f  f l o w  was proposed by Darch i n  1856. He 

con f i ned  h i s  exper iments t o  t he  case o f  v e r t i c a l  f l o w  th rough sa tu ra ted  

beds o f  sands. The law which he enunciated f o r  t h i s  case has subsequent ly 

been general  ized,  t h e  most general  i z e d  forms, however, s t i l l  be ing known 

as Da rcy ' s  law. The r a t e  o f  f l u i d  f l o w  i s  g e n e r a l l y  recognized t o  be 

i n v e r s e l y  p r o p o r t i o n a l  t o  t he  dynamic v i s c o s i t y  o f  t h e  f l u i d .  Expressed 

mathemat ica l l y  f o r  one-dimensional f l ow ,  Da rcy ' s  l aw  may be extended t o  

the  f o l l o w i n g  equat ion :  

i n  which: 

u  i s  t h e  volume f l u x  i n  t h e  d i r e c t i o n  o f  f l ow .  L IT .  

K '  i s  a  c o e f f i c i e n t  c a l l e d  permeabil i t y  o r  " i n t r i n s i c  p e r m e a b i l i t y " .  

2 
It i s  a  f u n c t i o n  of t he  geometry o f  the  medium. L . 



p i s  dynamic v i s c o s i t y .  F T / L ~ .  

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

f u n c t i o n  o f  t h e  f l u i d  v i s c o s i t y  as we l l  as of t he  geometry 

o f  t h e  medium. L IT .  

P  i s  pressure,  which can be above o r  below atmospheric.  F / L ~ .  

y  i s  t he  s p e c i f i c  weight  of t he  f l u i d  o r  we igh t  per  u n i t  volume 

o f  f l u i d .  F / L ~ .  

i i s  t h e  h y d r a u l i c  g rad ien t ,  d(P/y+Z)/dL. Dimensionless. 

Z  i s  t he  e l e v a t i o n  o f  a  p o i n t  i n  a  porous medium above a  datum. L. 

L i s  t h e  l e n g t h  o r  d i s t ance  between two' p o i n t s  i n  a  porous medium 

i n  t h e  d i r e c t i o n  o f  f l o w .  L .  

Da rcy ' s  Law f o r  Unsaturated Media 

I n  a  comple te ly  sa tu ra ted  porous media a l l  t h e  pore space i s  more 

o r  l e s s  e f f e c t i v e  i n  conduc t ing  water .  By i m p l i c a t i o n  t h e  h y d r o s t a t i c  

p ressure  ( P l y )  i s  everywhere p o s i t i v e ,  and such circumstances commonly 

a t t e n d  t he  eng inee r i ng  problems. 

I f  the  s o i l  i s  unsaturated,  the  t o t a l  e f f e c t i v e  c ross -sec t i ona l  

area a v a i l a b l e  f o r  t h e  f l o w  i s  reduced by t he  pore space f i l l e d  w i t h  a i r .  

Unsa tu ra t i on  i m p l i e s  t h a t  t h e  s o i l  exper iences s u c t i o n  everywhere, so 

t h a t  t he  " p o t e n t i a l "  d i f f e r e n c e  between t he  oppos i t e  faces  o f  t he  sample 

must be mainta ined n o t  by d i f f e r e n t  heads o f  p o s i t i v e  h y d r o s t a t i c  pressure 

b u t  by d i f f e r e n t  imposed suc t ions .  

The d i f f i c u l t y  i s ,  o f  course, t h a t  s ince  i n  general  t he  s u c t i o n  

w i l l  va r y  a long  the  a x i s  o f  t he  sample, so a l s o  w i l l  t he  mo is tu re  con ten t  

and the  h y d r a u l i c  c o n d u c t i v i t y .  The steady v e l o c i t y  o f  f l o w  be ing  the  

same everywhere, i t  f o l l o w s  f rom equat ion  ( 1  ) t h a t  the  hydraul  i c  g r a d i e n t  

v a r i e s  a l ong  the  a x i s  of t he  sample. 



The f l u x  o f  wa te r  a t  a  c e r t a i n  p o i n t  i n  an u n s a t u r a t e d  s o i l  may 

be cons ide red  t o  be g i v e n  by t h e  p r o d u c t  o f  t h e  c o n d u c t i v i t y  a t  t h a t  

p o i n t  and t h e  d r i v i n g  f o r c e  which i s  expressed as t h e  h y d r a u l i c  g r a d i e n t .  

Tha t  i s :  u  = K ( e )  ' i ( 2  

Equat ion  ( 2 )  i s  an e x t e n s i o n  of D a r c y ' s  l a w  t o  u n s a t u r a t e d  s o i l .  I n  

genera l ,  t h e  f u n c t i o n a l  r e l a t i o n s h i p ,  K  = f ( e )  , i s  n o t  a  s i n g l e - v a l u e d  

b u t  i s  a f f e c t e d  by h y s t e r e s i s .  The va lue  o f  K w i l l  be d i f f e r e n t  i f  a  

g i v e n  v a l u e  o f  e i s  o b t a i n e d  by s t a r t i n g  w i t h  a  d r y  medium and i n c r e a s i n g  

t h e  l i q u i d  s a t u r a t i o n  than  i f  t h e  same v a l u e  o f  0 i s  o b t a i n e d  by removing 

1 i q u i d  f rom an i n i t i a l l y  vacuum-saturated medium (see F i g u r e  1  ) . 

F i g u r e  1. I l l u s t r a t i o n  o f  h y s t e r e s i s  i n  t h e  water  c o n t e n t  
versus p ressure  head r e l a t i o n  f o r  a  r e l a t i v e l y  
coarse m a t e r i a l  i n  s t a b l e  pack ing.  



Richards  (25)  was t h e  f i r s t  one who developed t h e  t h e o r y  t h a t  

D a r c y ' s  l a w  h o l d s  i n  a  genera l  f o r m  f o r  f l o w  i n  u n s a t u r a t e d  media. 

L a t e r  C h i l d s  and C o l l i s - G e o r g e  ( 7 )  and o t h e r s  con f i rmed  t h e  t h e o r y  by 

e x p e r i m e n t a t i o n .  

I r r i g a t i o n  and d r a i n a g e  eng ineers  a r e  faced  w i t h  t h e  problem o f  

g e t t i n g  water  i n t o  o r  o u t  o f  s o i l .  I n  e i t h e r  case, t h e  f l o w  phenomena 

i n v o l v e d  i s  f l o w  th rough  p a r t i a l l y  s a t u r a t e d  porous media. I n  t h e  d e s i g n  

. o f  d r a i n a g e  and i r r i g a t i o n  systems, as  w e l l  as i n  t h e  m a j o r i t y  s t u d i e s  o f  

hydrau l  i c  c o n d u c t i v i t i e s ,  eng ineers  have made t h e  simp1 i f y i n g  assumpt ions 

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

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

assumpt ions a r e  i n  most cases f a r  f r o m  r e a l i s t i c .  

Brooks and Corey ( 6 )  have developed a  t h e o r y  f o r  i s o t r o p i c  li iedia 

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

p r e s s u r e  d i f f e r e n c e  between a i r  and water ,  and t h e  permeabi l  i t i e s  o f  a i r  

and water  as w e l l  as t h e  p r o p e r t i e s  o f  porous media which a f f e c t  them. 

These f u n c t i o n a l  r e l a t i o n s h i p s  can be d e s c r i b e d  i n  terms o f  two s o i l  

parameters:  One c a l l e d  t h e  " b u b b l i n g  p ressure"  and t h e  o t h e r  c a l l e d  t h e  

"po re -s i ze  d i s t r i b u t i o n  index" .  

I t  i s  necessary  t o  p o i n t  o u t ,  however, i n  t h i s  case a  comparison o f  

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

(Brockway and W o r s t e l l ,  1967) ,  i n  which t h e  m o i s t u r e  f l o w  beneath t h e  l a y e r  

i s  unsa tu ra ted ,  a r e  v a l i d  s i n c e  t h e  m o i s t u r e  c o n t e n t  o f  t h e  l a y e r  i n  t h e  

f i e l d  i s  p r o b a b l y  v e r y  near  s a t u r a t i o n .  I n  o t h e r  words, t h e  " b u b b l i n g  

p ressure"  i s  c l o s e  t o  ze ro  and t h e  c o n d u c t i v i t y  o f  t h e  l a y e r  does n o t  v a r y  

a p p r e c i a b l y .  

Tha t  i s  t h e  reason i t  i s  p o s s i b l e  t o  proceed i n  t h i s  t h e s i s  on t h e  

assumpt ion t h a t  t h e  Darcy e q u a t i o n  (Eq.  1  ) i s  v a l i d  and a  good approx imat ion  



of t h e  f i e l d  case which i s  b e i n g  s t u d i e d  th rough  l a b o r a t o r y  

t e s t s .  

F a c t o r s  A f f e c t i n g  Seepage 

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

r e q u i r e s  a knowledge o f  t h e  f a c t o r s  a f f e c t i n g  it. P r i n c i p a l  among 

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

a )  i n i t i a l  i n t r i n s i c  p e r m e a b i l i t y  o f  t h e  s o i l s  o f  t h e  cana l  

bed, 

b )  depth  o f  wa te r  i n  t h e  c a n a l ,  

c )  we t ted  p e r i m e t e r  o f  t h e  cana l  , 

d )  d e p t h  t o  t h e  groundwater  t a b l e ,  

e )  t h e  r a t e  o f  d e p o s i t i o n  o f  sediment on t h e  cana l  bed, 

f )  c h e m i s t r y  o f  t h e  s o i l  and seep ing wa te r ,  

g )  b i o l o g i c a l  f a c t o r s .  

S ince  a l l  t h e s e  f a c t o r s  may a c t  s i m u l t a n e o u s l y ,  and some o f  them 

t e n d  t o  c o u n t e r a c t  each o t h e r ,  i t  i s  d i f f i c u l t  t o  segregate  t h e  e f f e c t  

o f  any one o f  them. Because o f  t h e  many v a r i a b l e s  i n v o l v e d  and t h e  

c o m p l e x i t y  o f  t h e i r  r e l a t i o n s ,  no s a t i s f a c t o r y  f o r m u l a  f o r  comput ing 

seepage u t i l i z i n g  a l l  t h e  v a r i a b l e s  has e v e r  been deve loped.  I t  i s  

necessary  t o  add t h a t  t h e  p e r m e a b i l i t y  o f  t h e  s o i l  o f  t h e  cana l  bed i s  

dependent a l s o  on t h e  p e r c e n t  o f  e n t r a i n e d  a i r  i n  t h e  s o i l ,  temperature  

o f  t h e  seep ing wa te r  and t h e  b a r o m e t r i c  p ressure .  

The f a c t o r  most i m p o r t a n t  i n  d e t e r m i n i n g  r a t e  o f  seepage i s  t h e  

p e r m e a b i l i t y  o f  t h e  m a t e r i a l  f o r m i n g  t h e  bed o f  t h e  c a n a l .  A c c o r d i n g  

t o  R ichards  ( 2 5 ) ,  permeabi l  i t y  i s  t h e  qua1 i t y  o r  s t a t e  o f  a porous medium 

r e l a t i n g  t o  t h e  r e a d i n e s s  w i t h  which such a  medium conducts  o r  t r a n s m i t s  

f l u i d s  under s tandard  c o n d i t i o n s .  T h i s  d e f i n i t i o n  encompasses b o t h  t h e  



p r o p e r t i e s  o f  t h e  f l u i d  and t h e  porous media. When wa te r  i s  t h e  o n l y  

f l u i d  cons ide red ,  h y d r a u l i c  c o n d u c t i v i t y  can be used t o  d e s i g n a t e  pe r -  

meabi l  i t y .  V i s c o s i t y  and d e n s i t y  a r e  t h e  l ' l u i d  p r o p e r t i e s  a f f e c t i n g  

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  an i n c r e a s e  i n  temperature ,  b o t h  v i s c o s i t y  

and d e n s i t y  decrease.  Hydraul  i c  c o n d u c t i v i t y  i n c r e a s e s  w i t h  a  decrease 

i n  v i s c o s i t y  and decreases w i t h  a  decrease i n  d e n s i t y  as seen i n  t h e  

e q u a t i o n  : 

K = v K ' = p g K ' = g K '  
P P v 

i n  wh ich:  

K i s  h y d r a u l i c  c o n d u c t i v i t y .  L I T .  

y i s  t h e  s p e c i f i c  w e i g h t  o f  t h e  f l u i d .  F / L ~ .  

2  4 
p i s  t h e  mass d e n s i t y  o f  t h e  f l u i d .  FT /L  . 
g  i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  c o n s t a n t .  L/T2.  

p i s  dynamic v i s c o s i t y .  FT/L'. 

K '  i s  i n t r i n s i c  p e r m e a b i l i t y  o r  s i m p l y  a  c o e f f i c i e n t  c a l l e d  

2  permeabi l  i ty.  L  . 
v i s  k i n e m a t i c  v i s c o s i t y .  L2/T.  

When r e f e r r i n g  t o  t h e  wa te r  c a r r y i n g  p r o p e r t i e s  o f  t h e  porous 

media i t s e l f ,  i n t r i n s i c  p e r m e a b i l i t y  i s  t h e  d e s i g n a t i o n  which shou ld  be 

used. It i s  i n f l u e n c e d  b o t h  by po re  s i z e  and by percentage o f  po re  space, 

o r  p o r o s i t y .  As po re  s i z e  decreases,  p e r m e a b i l i t y  .decreases i n  a p p r o x i -  

m a t e l y  t h e  same r a t i o  as  t h e  square o f  pore  d iamete r  Tolman (29) ,  r e s u l  t i q g  

i n  r e l a t i v e  imperv iousness o f  c l a y s ,  wh ich  have h i g h  p o r o s i t y  b u t  v e r y  

smal l  po re  d i a m e t e r .  

Seepage r a t e s  f r o m  c a n a l s  can change w i t h  t i m e  because o f  chaqges 

t h a t  o c c u r  i n  bed m a t e r i a l .  Water moving i n t o  t h e  s o i l  c a r r i e s  smal l  



p a r t i c l e s  i n  suspension and d e p o s i t s  them i n  po re  spaces, wh ich  g r a d u a l l y  

reduces t h e  p o r o s i t y  o f  t h e  s o i l .  I f  t h e  wa te r  c o n t a i n s  a  c o n s i d e r a b l e  

amount o f  c l a y  o r  s i l t ,  t h e  process may marked ly  reduce t h e  seepage r a t e  

i n  a  r e l a t i v e l y  s h o r t  t i m e .  T h i s  i s  n o t  a lways t r u e  as  r e p o r t e d  by Shen 

(28) i n  h i s  s t u d y  o f  sed iment -sea l  i n g  w i t h  b e n t o n i t e  i n  a  dune sand. 

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

c r a c k i n g  by d r y i n g  o r  f r e e z i n g ,  o r  removal by wa te r  o r  w ind e r o s i o n .  I n  

a d d i t i o n  t o  t h e  problems o f  a  s u r f a c e  c o a t i n g ,  many o f  t h e  c a n a l s  have 

u n s t a b l e  s e c t i o n s .  Waves and f l o w i n g  wa te r  c u t  t h e  banks. An imals  work 

t h e  s o i l  o f  t h e  cana l  s e c t i o n  and sand dunes move a l o n g  t h e  cana l  bot tom. 

Seepage r a t e  i s  a  f u n c t i o n  o f  t h e  head a v a i l a b l e  t o  d r i v e  t h e  wa te r  

t h r o u g h  t h e  s o i l .  T h i s  f a c t o r  depends n o t  o n l y  on t h e  dep th  o f  wa te r  i n  

t h e  cana l  b u t  a l s o  on t h e  dep th  t o  t h e  ground wa te r  t a b l e .  I f  t h e  ground 

wa te r  l e v e l  i s  above t h e  water  s u r f a c e  i n  t h e  c a n a l ,  wa te r  w i l l  seep i n t o  

t h e  cana l  f r o m  t h e  s u r r o u n d i n g  area.  I f  i t  i s  below t h e  bot tom o f  t h e  

cana l ,  t h e  e f f e c t i v e  head depends on t h e  d e p t h  o f  wa te r  i n  t h e  cana l  and 

t h e  l e n g t h  o f  s o i l  column r e q u i r e d  t o  use up t h e  a v a i l a b l e  head. For  

i n t e r m e d i a t e  ground wa te r  l e v e l s ,  t h e  e f f e c t i v e  head i s  equal  t o  t h e  

d i f f e r e n c e  i n  l e v e l  between t h e  wa te r  t a b l e  and t h e  water  s u r f a c e  i n  t h e  

c a n a l .  The g r e a t e r  t h e  we t ted  a rea  t h e  g r e a t e r  t h e  t o t a l  seepage. 

A i r  en t rapped  i n  t h e  s o i l  v o i d s ,  as  r e p o r t e d  by C h r i s t i a n s e n  (8) ,  

has a  d e f i n i t e  e f f e c t  on i n t r i n s i c  p e r m e a b i l i t y .  He conc luded t h a t  a i r  

i s  en t rapped  a s  bubb les  i n  t h e  s o i l  when n a t u r a l l y  we t ted .  The gradua l  

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

s o i l  p o r o s i t y  and t e m p o r a r i l y  i n c r e a s e s  t h e  seepage r a t e .  

The r e l a t i o n s h i p  between seepage r a t e  and b a r o m e t r i c  p r e s s u r e  i s  

n o t  w e l l  d e f i n e d  b u t  t h e r e  a r e  i n v e s t i g a t i o n s  wh ich  show t h a t  a  d i r e c t  



r e l a t i o n s h i p  m i g h t  e x i s t .  R ise  i n  b a r o m e t r i c  p ressure ,  t h e o r e t i c a l l y ,  

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

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

and t h a t  o f  t h e  atmosphere a r e  b e i n g  e q u a l i z e d .  However, t h i s  e f f e c t  

canno t  be cons ide red  as  i m p o r t a n t .  Gupta and Swartzendruber (11 ) i n  

exper imen ts  r e l a t i n g  ent rapped a i r  c o n t e n t  t o  v a r i a 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  K, a p p l i e d  a  s t a t i c  gauge p ressure  t o  t h e  s o i l - w a t e r  system i n  

s i d e  t h e  permeameters o v e r  a  f a i r l y  na r row range o f  55 t o  70 cni o f  mercury  

(22  t o  28 i n .  Hg) and concluded t h a t  oV/AP, t h e  change i n  volume per  

u n i t  o f  a p p l i e d  p ressure ,  Inlay be a  more s e n s i t i v e  i n d i c a t o r  o f  en- 

t r a p p e d  a i r  t h a n  i s  K  because o f  t h e  gradua l  d e c l i n e  i n  AV/AP f o r  c o n s t a n t  

K. S ince  t h e  tilaximum v a r i a t i o n  i n  1971 i n  t h e  b a r o m e t r i c  p r e s s u r e  a t  

Twin F a l l s  was f r o m  a  h i g h  o f  30.62 inches  o f  mercury  t o  a  l o w  o f  29.46 

i n c h e s  o f  mercury,  t h i s  e f f e c t  must be cons ide red  n e g l i g i b l e .  

S a l t s  c o n t a i n e d  i n  t h e  s o i l  and wa te r  may have a  marked e f f e c t  on 

seepage r a t e .  The b i o l o g i c a l  processes t h a t  t a k e  p l a c e  when wa te r  i s  

passed t h r o u g h  a  s o i l  may change t h e  h y d r a u l i c  c o n d u c t i v i t y .  These two 

e f f e c t s  w i l l  be d i scussed  i n  t h e  f o l l o w i n g  two s e c t i o n s .  

H y d r a u l i c  C o n d u c t i v i t y  R e l a t e d  t o  S w e l l i n g  o f  S o i l  

Because h y d r a u l i c  c o n d u c t i v i t y  appears as  t h e  p r o p o r t i o n a l i t y  

f a c t o r  i n  t h e  Darcy  e q u a t i o n ,  i t  i s  o f t e n  e r r o n e o u s l y  t h o u g h t  t o  be a  

c o n s t a n t .  I t  i s  c o n s t a n t  f o r  s t a b l e  porous m a t e r i a l s  t h a t  a r e  n o t  s u b j e c t  

t o  changes i n  p o r e  c o n f i g u r a t i o n ,  b u t  f o r  s o i l s  l ~ y d r a u l i c  c o n d u c t i v i t y  

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

v a r i a t i o n s  t h a t  a r i s e  f r o m  t h e  chemica l  i n t e r r e l a t i o n s h i p s  between t h e  

s o i l  and wa te r .  H y d r a u l i c  c o n d u c t i v i t y  f o r  a  g i v e n  s o i l  may change 



s e v e r a l  f o l d  due t o  changes i n  e i t h e r  exchangeable c a t i o n  c o m p o s i t i o n  

o f  t h e  s o i l  o r  e l e c t r o l y t e  c o n c e n t r a t i o n  o f  t h e  wa te r .  These changes 

may t a k e  p l a c e  as a  r e s u l t  o f  d i f f e r e n c e s  i n  t h e  chemica l  c o n d i t i o n  i n  

t h e  s o i l  f r o m  one p o i n t  t o  ano the r  o r  may occur  w i t h  t i m e  a t  a  g i v e n  p o i n t  

as  w a t e r  f l o w s  t h r o u g h  t h e  s o i l .  These changes, wh ich t a k e  p l a c e  d u r i n g  

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

o f  c o n s i d e r a b l e  impor tance f rom a  p r a c t i c a l  s t a n d p o i n t .  S ince  permea- 

b i l i t y  i s  a  measure o f  t h e  n a t u r e ,  s i z e  and c o n f i g u r a t i o n  o f  t h e  pores 

o f  t h e  medium, a  change i n  permeabi l  i t y  w i t h  t i m e  s i r r ~ p l y  means t h a t  t h e  

porous medium i s  changing.  I n  v i e w  o f  t h i s ,  t h e  f a c t o r s  and processes 

t h a t  cause such changes t a k e  on added s i g n i f i c a n c e  i n  t h e  a p p l i c a t i o n  o f  

permea b i  1.i t y  measurements t o  p r a c t i c a l  p r o b l  ems. 

Severa l  r e s e a r c h  workers  have i n v e s t i g a t e d  t h e  e f f e c t  o f  e l e c t r o l y t e  

c o n c e n t r a t i o n  on s o i l  p e r m e a b i l i t y ,  e.g. Bodman and Fireman ( 3 ) ,  Reeve 

e t .  a1 . , ( 2 4 ) ,  Q u i r k  and S c h o f i e l d  ( 2 3 ) ,  Brooks e t .  a1 . , ( 5 )  and more 

r e c e n t l y  IllcNeal , e t .  a1 ., (17, 18, 1 9 ) .  

A l l  o f  them a r e  o f  t h e  o p i n i o n  t h a t  t h e  use o f  wa te r  o f  v e r y  l o w  

e l e c t r o l y t e  c o n t e n t  c o u l d  r e s u l t  i n  s o i l  s e a l i n g  t o  such an e x t e n t  t h a t  

r e c l a m a t i o n  would n o t  be p o s s i b l e .  

McNeal (18) has shown t h a t  c l a y  and f i n e  s i l t  f r a c t i o n s  f r o m  

c e r t a i n  s o i l s  e x h i b i t  s w e l l  i n g  c h a r a c t e r i s t i c s  wh ich  s i g n i f i c a n t l y  reduce 

h y d r a u l i c  c o n d u c t i v i t y  upon p e r c o l a t i o n  o f  h i g h  sodium, l o w  s a l t  s o l u t i o n s .  

It means t h a t  h y d r a u l i c  c o n d u c t i v i t y  measurements a r e  u s e f u l  f o r  q u a n t i t a -  

t i v e  s t u d i e s  o f  s o i l  response t o  changes i n  t h e  chemica l  p r o p e r t i e s  o f  

i r r i g a t i o n  wa te rs  s i n c e  t h e y  r e f l e c t  t h e  wa te r  movement behav io r .  

T h i s  t h e s i s  r e p o r t s  on q u a n t i t a t i v e  s t u d i e s  t o  e v a l u a t e  t h e  chaqges 

i n  t h e  hyd rau l  i c  c o n d u c t i v i t y  of a  P o r t n e u f  s i l t  loam s o i l  when s u b j e c t e d  

t o  p e r c o l a t i o n  o f  wa te rs  w i t h  v a r y i n g  sodium and t o t a l  s a l t  c o n c e n t r a t i o n s .  



E f f e c t s  o f  Microorgan isms on P e r m e a b i l i t y  

Exper imen ta l  work done by A l l  i s o n  ( 1 )  has shown t h a t  i n t r i n s i c  

p e r m e a b i l i t y  o f  s o i l s  under p ro longed  a p p l i c a t i o n  o f  wa te r  change w i t h  

t i m e .  I n  h i s  l a b o r a t o r y  work w i t h  s o i l  c o r e s  he found t h a t  t h e  c u r v e  

wh ich  r e p r e s e n t s  i t s  v a r i a t i o n  i s  an S-shaped c u r v e  ( F i g u r e  2 )  t h a t  can 

be e x p l a i n e d  as f o l l o w s :  

F i g u r e  2. Changes i n  permeabi l  i t y  o f  s o i l s  
d u r i n g  1  ong submergence. 

"a. The i n i t i a l  decrease i n  p e r m e a b i l i t y  o r  i n f i l t r a t i o n  r a t e  

i s  b e l i e v e d  t o  be caused by d i s p e r s i o n  and s w e l l i n g  o f  t h e  

s o i l  p a r t i c l e s .  T h i s  i s  much more pronounced i n  some s o i l s  

t h a n  o t h e r s .  

"b. The i n c r e a s e  i n  p e r m e a b i l i t y  f o l l o w i n g  t h e  i n i t i a l  decrease 

accompanies t h e  e l i m i n a t i o n  o f  ent rapped a i r  f r o m  t h e  s o i l .  

T h i s  a i r  i s  s l o w l y  d i s s o l v e d  i n  t h e  wa te r  pass ing  th rough  

t h e  s o i l .  



c .  The gradual decrease in permeabil i t y  t h a t  fol lows i s  due 

pr imar i ly  t o  biological  a c t i v i t y  in  t h e  s o i l  ." 

This decrease in i n t r i n s i c  permeabil i ty ,  o r  i n  o t h e r  words, t he  

reduct ion of conduc t iv i ty ,  may be a t t r i b u t e d  p a r t l y  t o  the  d i spe r s ion  

of  aggregates  due t o  microbial a t t a c k  and t o  the  clogging of the  pores 

by products produced by microbial a c t i v i t y .  

Brockway and Worstel 1 ( 4 )  concluded the  same i n  t h e i r  r epor t  

a f t e r  measuring over a two-month period the  conduct iv i ty  of an impeding 

l aye r  formed by the  accumulation of  natural  s i l t  l aye r s  on the  bottom 

of an opera t ing  cana l .  

More r ecen t ly  Martin and Richards (16)  s tudied  the  e f f e c t  exerted 

upon so i  1 physical p rope r t i e s  by pol ysaccharides and concl uded t h a t  

changes may be g r e a t l y  influenced by metal i r o n s ,  s p e c i f i c a l l y  Fe and A1 . 
I t  i s  i n t e r e s t i n g  t o  note they in fe r r ed  t h a t  some polysaccharides 

increased aggregation b u t  did not  a f f e c t  hydraul i c  conductivity,  a1 though 

i t  i s  f u r t h e r  poss ib le  t h a t  some of  t h e  polysaccharides formed g e l s  on 

t h e  s o i l  sur faces  which p a r t i a l l y  blocked pore spaces and reduced hy- 

d r a u l i c  conduct iv i ty .  



CHAPTER I11 

'THEORY 

McNeal and Coleman (18)  suggested two f a c t o r s  which migh t  be 

respons ib l e  f o r  t h e  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  a  s o i l  when 

leached w i t h  water  hav ing a  ve ry  low s a l t  concen t ra t ion ,  as t he  t y p i c a l  

concen t ra t i on  of  i r r i g a t i o n  water.  

One f a c t o r  i s  t he  s w e l l i n g  o f  t he  c l a y  p a r t i c l e s .  T h i s  decreases 

t he  s i z e  o f  t he  l a r g e  pores i n  t he  systems and t hus  decreases p e r m e a b i l i t y .  

The o t h e r  poss ib l e  f a c t o r  i s  t he  d i s p e r s i o n  o f  t he  c l a y  p l a t e l e t s ,  which 

can then move and b lock  pores and channels i n  t he  s o i l ,  t hus  reduc ing  

permea b i  1  i ty  . e 

The p resen t  chap te r  dea l s  p r i m a r i l y  w i t h  McNeal 's method (20) f o r  

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

wide range o f  mixed-sal  t s o l u t i o n s .  

C lay  Minera logy 

The percentages o f  sand, s i l t ,  and c l a y  determines t he  t e x t u r e  o f  

t he  s o i l .  The phys i ca l  p r o p e r t i e s  and t he  chemical composi t ion o f  t he  

l a r g e  and smal l  p a r t i c l e s  d i f f e r  g r e a t l y .  The coarse separates (stones, 

g rave l ,  and sand ) a c t  as i n d i v i d u a l  p a r t i c l e s .  'They a re  composed ma in ly  

o f  r o c k  fragments o f  such p r imary  m ine ra l s  as qua r t z .  

Because o f  t h e i r  s i ze ,  these l a r g e  p a r t i c l e s  have low s p e c i f i c  

su r face  ( su r f ace  area per  u n i t  mass). Most o f  t h e  impor tan t  chemical and 

phys i ca l  -chemical r e a c t i o n s  i n  s o i l s  take  p lace a t  the  sur face  o f  t he  

p a r t i c l e s .  The amount o f  such surface, there fo re ,  s t r o n g l y  a f f e c t s  t h e  

a b i l i t y  o f  s o i l s  t o  r e a c t  chemica l l y .  



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

o f  sand and t h e  c l a y s ,  bu t  m i n e r a l o g i c a l l y  s i l t s  a r e  more l i k e  sand be- 

cause t h e y  a r e  composed l a r g e l y  o f  p r i m a r y  m i n e r a l s .  S i l t  p a r t i c l e s  

have g r e a t e r  chemica l  a c t i v i t y  t h a n  sand because o f  t h e i r  h i g h e r  

s p e c i f i c  s u r f a c e .  

The c l a y  f r a c t i o n  i s  t h e  one t h a t  c o n t r o l s  most o f  t h e  i m p o r t a n t  

p r o p e r t i e s  o f  a  s o i l .  The c l a s s i f i c a t i o n  o f  t h e  c l a y  m i n e r a l s  i s  based 

on t h e  s t r u c t u r e  and compos i t i on  o f  t h e  v a r i o u s  c l a y  m i n e r a l s .  T h i s  

t e n t a t i v e  c l a s s i f i c a t i o n  o f  c l a y s  a c c o r d i n g  t o  Gr im (10)  and M a r s h a l l  

(15)  and some i n f o r m a t i o n  concern ing  h y d r a t i o n ,  a r e  g i v e n  i n  T a b l e  1 .  

TABLE 1  

C lay  C l a s s i f i c a t i o n  Accord ing  t o  Gr im and M a r s h a l l  

L a y e r - t y p e  l a t t i c e  
( t y p i c a l  shape i s  
p l a t e - 1  i ke) 

Cha in - t ype  l a t t i c e  
( t y p i c a l  shape i s  
r o d  o r  need1 e  1  i ke ) 

Group 
Names 

K a o l i n i t e  

Montmori  11 o n i  t e  

V e r m i c u l i t e  

I l l i t e  

C h l o r i t e  

F i b r o u s  c l a y  

R a t i o  o f  nurr~ber 
o f  s i l i c a  t o  
a lumina l a y e r s  

1  :1 

2 : l  

2 : l  

2:1 

(Ordered s t a c k -  
i n g  o f  a l t e r -  
n a t e  l a y e r s  o f  
d i f f e r e n t  t ypes )  

(Not  appro-  
p r i a t e ) .  

H y d r a t i o n  
C h a r a c t e r i s t i c s  

Cornpact sheets ,  no i n t e r -  
n a l  ( s t r u c t u r a l  ) 
h y d r a t i o n .  

Expands and c o n t r a c t s  
marked ly  w i t h  a d s o r p t i o n  
o f  wa te r  between c l a y  
sheets .  

Expansion r e s t r i c t e d .  

H y d r a t i o n  between packets  
o f  sheets  

Some h y d r a t i o n .  

Open porous s t r u c t u r e ;  
can  absorb  w a t e r  i n -  
t e r n a l l y  w i t h o u t  
expans ion.  



I o n i c  s u b s t i t u t i o n  o f  Al"+ f o r  s i ++++ and M ~ + +  f o r  ~1"'  a r e  

common i n  m i n e r a l s  o f  t h e  2:1 t y p e .  Such s u b s t i t u t i o n  d e s t r o y s  t h e  

balanced charge c o n d i t i o n  o f  t h e  i d e a l i z e d  s t r u c t u r e  and g i v e s  t h e  c l a y  

m i n e r a l  c r y s t a l  a  n e g a t i v e  charge. Some n e g a t i v e  charge a l s o  comes fro111 

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

F i g u r e  3. C r y s t a l  u n i t  o f  m o n t m o r i l l o n i t e  c l a y s .  

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

t o  r e a c t  w i t h  o t h e r  charged p a r t i c l e s ,  i ons ,  and w i t h  d i p o l a r  molecu les,  

such as wa te r .  The a t t r a c t i o n  between t h e  n e g a t i v e l y  charged c l a y  and 

+ ++ 
such p o s i t i v e  i o n s  as H , Ca , M ~ + + ,  and K' i s  one o f  t h e  most i m p o r t a n t  

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

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

s i m i l a r  i o n s  i n  t h e  s o i l  s o l u t i o n  and can be r e p l a c e d  o r  "exchanged" f r o m  

t h e  s o i l  p a r t i c l e  i n  response t o  changes i n  c o n c e n t r a t i o n  i n  t h e  s o i l  

s o l u t i o n .  T h i s  process o f  i o n i c  exchange i s  a  process o f  fundamental 

impor tance i n  s o i l  management. 



The charged c l a y  s u r f a c e s  t o g e t h e r  w i t h  t h e i r  a s s o c i a t e d  ex- 

changeable i o n s  a l s o  r e a c t  w i t h  water  molecu les,  which become o r i e n t e d  

when t h e y  a r e  p r e s e n t  i n  t h e  s t r o n g  e l e c t r i c  f i e l d  near  t h e  charged 

s u r f a c e s .  The r e s u l t i n g  l a y e r s  o f  o r i e n t e d  water  mo lecu les  g i v e  t h e  

c h a r a c t e r i s t i c  p r o p e r t i e s  o f  p l a s t i c i t y ,  cohes ion,  and sh r inkage  t o  

c l a y s  and s o i l s  t h a t  c o n t a i n  l a r g e  amounts o f  c l a y .  

As f a r  as  c l a y s  a r e  concerned t h e  ca t ion -exchange-capac i t i es  (CEC) 1  

o f  t h e  montmor i l  l o n i t e  and ve rmicu l  i t e - 1  i ke m i n e r a l s ,  found i n  Midwestern 

s o i l s  and s o i l s  o f  t h e  d r y  areas,  a r e  l a r g e .  

Exchangeable-Sodium Percentage (ESP) 

Calc ium and magnesium a r e  t h e  p r i n c i p a l  c a t i o n s  found i n  t h e  s o i l  

s o l u t i o n  and on t h e  exchange complex o f  normal s o i l s  i n  a r i d  r e g i o n s .  

When excess s o l u b l e  s a l t s  accumulate i n  these  s o i l s ,  sodium f r e q u e n t l y  

becomes t h e  dominant c a t i o n  i n  t h e  s o i l  s o l u t i o n .  Thus, sodium may be 

t h e  predominant c a t i o n  t o  which t h e  s o i l  has been sub jec ted ,  o r  i t  may 

become dominant i n  t h e  s o i l  s o l u t i o n ,  owing t o  t h e  p r e c i p i t a t i o n  o f  c a l c i u m  

and magnesium compounds. As t h e  s o l u t i o n  becomes concen t ra ted  th rough  

e v a p o r a t i o n  o r  wa te r  a d s o r p t i o n  by p l a n t s ,  t h e  s o l u b i l i t y  1  i m i t s  o f  c a l c i u m  

s u l  f a t e ,  c a l c i u m  carbonate,  and magnesium carbonate a r e  o f t e n  exceeded, 

i n  wh ich  case t h e y  a r e  p r e c i p i t a t e d  w i t h  a  co r respond ing  inc rease  i n  t h e  

r e l a t i v e  p r o p o r t i o n  o f  sodium. Under such c o n d i t i o n s ,  a  p a r t  o f  t h e  

o r i g i n a l  exchangeable c a l c i u m  and magnesium i s  rep1  aced by sodium. 

'CEC o f  a  s o i l  i s  t h e  q u a n t i t y  o f  p o s i t i v e  i o n s  necessary t o  
n e u t r a l i z e  t h e  n e g a t i v e  charge o f  a  u n i t  q u a n t i t y  o f  s o i l ,  under a  g i v e n  
s e t  o f  c o n d i t i o n s .  U s u a l l y  i s  expressed as meq. o f  c a t i o n s  r e q u i r e d  
t o  n e u t r a l i z e  t h e  n e g a t i v e  charge o f  100 g. o f  s o i l .  



The degree o f  s a t u r a t i o n  o f  t he  s o i l  exchange complex w i t h  sodium 

i s  c a l l e d  t h e  exchangeable sodium percentage and may be c a l c u l a t e d  by 

t h e  formula:  

Exchangeable sodium (meq . / I 0 0  g. s o i  1  
ESP = Cat ion-exchange-capaci  t y  (meq./100 g. ' s o i l  ) X 100 

Sodium-Adsorpt ion-Rat io (SAR) 

I n  t h e  pas t  t h e  r e l a t i v e  p r o p o r t i o n  o f  sodium t o  o t h e r  c a t i o n s  i n  

an i r r i g a t i o n  water  u s u a l l y  has been expressed i n  terms o f  t h e  SSP. 

However, t h e  U . S. Sal i n i  t y  Labora to ry  (30)  has devel  oped t h e  "sodium- 

a d s o r p t i o n - r a t i o "  (SAR) . 

SAR = . 
IVa ' 

i n  which:  

+ ++ ++ 
Na , Ca , and Mg rep resen t  t h e  concen t ra t i ons  i n  m e q / l i t e r  o f  

t h e  r e s p e c t i v e  i ons .  

The sodium a d s o r p t i o n  r a t i o  has s t a t i s t i c a l l y  t h e  b e s t - f i t  e m p i r i c a l  

r e l a t i o n s h i p  t o  t h e  ESP o f  t h e  s o i l .  T h i s  r e l a t i o n s h i p  between t h e  s o l u b l e  

i ons  i n  t h e  water  t h a t  w i l l  remain a t  e q u i l i b r i u m  w i t h  a  g iven  exchangeable 

sodium l e v e l  i n  t h e  s o i l  has proven t o  be a  good, i f  incomplete ,  index 

o f  one phase o f  i r r i g a t i o n  water q u a l i t y ,  i n d i c a t i n g  how and t o  what e x t e n t  

a  g i ven  water c o n t a i n i n g  excess sodium migh t  change t h e  p e r m e a b i l i t y  and 

s t r u c t u r a l  s t a b i l i t y  p r o p e r t i e s  o f  t h e  s o i l .  I n  genera l ,  t h e  h i ghe r  t h e  

SAR, t h e  g r e a t e r  t h e  adverse e f f e c t s  on p e r m e a b i l i t y  and o t h e r  i n d i c e s  o f  

s o i l  s t r u c t u r e .  

McNeal, u s i n g  t h e  f a c t  t h a t  i n  a d d i t i o n  t o  i t s  dependence on o t h e r  

f a c t o r s ,  s o i l  h y d r a u l i c  c o n d u c t i v i t y  commonly depends bo th  on t h e  ex- 

changeable-sodium-percentage (ESP) o f  t h e  s o i l  and on t h e  s a l t  c o n c e n t r a t i o n  



of the  percola t ing  so lu t ion  derived an expression which permits pre- 

d i c t i n g  the  hydraul ic  conduct iv i ty  of s o i l s  in  the  presence of mixed-salt  

s o l u t i o n s .  He found a good inverse c o r r e l a t i o n  between the  hydraulic 

conduct iv i ty  of s o i l s  high in 2 : l  l aye r  s i l i c a t e s  (with the  most l a b i l e  

hydraul ic  c o n d u c t i v i t i e s  being exhib i ted  by those s o i l s  containing the  

most montmoril l on i  t e )  and the  swell ing of ex t rac ted  s o i l  c l ays  in comparable 

s o l u t i o n s .  

Predic t ion  of Soi l  Hydraul i c  Conductivi ty 

Function Relat ing Hydraulic Conductivi ty and Swelling 

In view of the  observed c o r r e l a t i o n  of hydraul i c  conduct iv i ty  with 

the  swell ing of ex t r ac t ed  s o i l  c l a y s ,  McNeal (20)  developed a funct ion  

which r e l a t e d  c l a y  swell ing and hydraulic conduct iv i ty  decreases through 

a family of curves ,  each one represent ing  a  given exchangeabl e-sodium- 

2 percentage (ESP) f o r  a  given s o i l  . 
The empirical expression i s :  

in which: 
K 2 

y i s  r e l a t i v e  s o i l  hydraulic conduct iv i ty  1 . ilimensionless. 

x i s  a  swell ing f a c t o r .  Dimensionless. 

c ,n  a r e  cons tan t s  f o r  a  given s o i l  within a  spec i f i ed  range of 

ESP values.  Dimension1 e s s .  

Values of n in  equat ion ( 6 )  have been found t o  depend pr imar i ly  on 

the  s o i l  ESP. As a f i r s t  approximation, acceptable  n values a r e :  

 or conversion of ESP in to  SAR we can use the  equation or  
nomograms provided by the  U .  S. S a l i n i t y  Laboratory S t a f f  (30 ) .  



TABLE 2  

Values o f  n  f o r  D i f f e r e n t  S o i l  ESP 

ESP < 25 25cESP<50 ESP>50 

n  1  2 3 

The va lues  o f  c  and x  should  e v e n t u a l l y  be p r e d i c t a b l e  f r o m  a  

knowledge o f  s o i l  m inera logy  and o t h e r  s o i l  p r o p e r t i e s .  I n  p r a c t i c e ,  

however, a  common montmori 1  1  o n i  t e  f r a c t i o n a l  c o n t e n t  o f  0.10 (1 0% 

m o n t m o r i l l o n i t e  on a  whole s o i l  b a s i s )  can be assumed f o r  a l l  s o i l s .  

Any d i f f e r e n c e s  between t h e  a c t u a l  and assumed m o n t m o r i l l o n i t e  c o n t e n t s  

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

c l :  knt a c t u a l  ) 
C I  = C 

fmont assumed 

a c t u a l  11 

= [ assumed) 

i n  which:  

fmont i s  t h e  percentage o f  m o n t n i o r i l l o n i t e  on a  whole s o i l  b a s i s .  

The procedure can t h u s  be used on s o i l s  f o r  which no m i n e r a l o g i c a l  i n -  

f o r m a t i o n ,  o r  a t  b e s t  o n l y  qua1 i t a t i v e  i n f o r m a t i o n ,  i s  c u r r e n t l y  a v a i l a b l e .  

I f  enough i n f o r m a t i o n  i s  a v a i l a b l e  c '  should be determined and used 

i n s t e a d  o f  c  i n  e q u a t i o n  ( 6 ) .  

C a l c u l a t i , o n  o f  S w e l l i n g  

S o i l s  s w e l l  because t h e y  adsorb water .  The m o b i l i t y  o f  s o i l -  

adsorbed wa te r  i s  l e s s  t h a n  t h a t  o f  nonadsorbed wa te r .  As a  r e s u l t ,  

s w e l l  i n g  reduces t h e  w i d t h  o f  po re  channels  a v a i l a b l e  t o  macroscopic 

f low. The measure o f  s w e l l i n g  depends upon t h e  e l e c t r o l y t e  c o n c e n t r a t i o n  

and compos i t i on  o f  ambient  s o l u t i o n .  

The i n t e r l a y e r  s w e l l  i n g  o f  m o n t m o r i l l o n i t e  i n  m i x e d - s a l t  s o l u t i o n s  

i s  desc r ibed  a c c o r d i n g  t o  McNeal by a  "domain" model . I n  t h i s  model , 



mixed Na-Ca c l a y s  were cons idered t o  c o n s i s t  o f  d i s c r e t e  Na- and Ca- 

r eg ions ,  w i t h  o n l y  t h e  Na- r eg ions  s w e l l i n g  a t  l ow  s a l t  concen t ra t i ons .  

Us ing t h i s  model, i n t e r l a y e r  s w e l l i n g  can be c a l c u l a t e d  f rom t h e  

express ion :  

i n  which:  

fmont i s  t h e  we igh t  f r a c t i o n  o f  m o n t m o r i l l o n i t e  i n  t h e  s o i l .  

Dimension1 ess.  

ESP* i s  ad jus ted  ESP. Dimensionless.  
0 

d* i s  ad jus ted  i n t e r l a y e r  spacing. A .  

The l a s t  two v a r i a b l e s  must be determined by t he  f o l l o w i n g  formulas:  

ESP* = s o i l  ESP - (1 .24 + 11.63 l o g  Co) ( 9 )  

i n  which: 

0 
i s  t o t a l  s a l t  c o n c e n t r a t i o n  o f  t h e  ambient s o l u t i o n ,  

and 

d* = 356.4(Co) - I2  + 1.2 ( f o r  Co ~ 3 0 0  meq/l i t e r )  (1  0 )  

o r  d* = 0  ( f o r  Co >300 meq/l i t e r )  

The 3.6 x  f a c t o r  r e s u l t s  f rom the  f o l l o w i n g  deduc t i ve  reason- 

i n g :  

(800 x  l ,04 cm2/cJ) (90% i n t e r n a l  su r f ace )  (1 crn/ i )  
(100) ( 2  su r faces  per  u n i t  o f  i n t e r l a y e r  spac ing)  

where: 

4  2  800 x  10  cm / g  i s  t h e  average sur face  area o f  pure c l a y  m o n t m o r i l l o n i t e .  

90% i s  t h e  i n t e r n a l  su r face  area o f  m o n t m o r i l l o n i t e .  

1  i i s  equal  t o  1  x  cm. 



3 " It i s  obv ious t h a t  3.6 x  l o m 4  has as dimension cm /g. A .  The 

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

3 immediate ly  f rom equa t ion  8 and t h e  u n i t  d imension i s  cm /g.  S ince t h e  

3 
d e n s i t y  o f  water  i s  e s s e n t i a l l y  1 g/cm , t h i s  s w e l l i n g  f a c t o r  x  can 

thus  be cons idered  u n i t l e s s ,  and t hus  accep tab le  f o r  d i r e c t  use i n  

equa t ion  ( 6 ) .  

A p p l i c a t i o n  o f  t h e  p resen t  t heo ry  t o  d i s t u r b e d  s o i l s  f o r  sa tu ra ted  

f l o w  i s  descr ibed  i n  t h e  n e x t  chap te r .  



CHAPTER I V  

MATERIALS AND METHODS 

S o i l  Stud ied 

F i e l d  i n v e s t i g a t i o n s  o f  groundwater and seepage assoc ia ted  w i t h  

cana ls  were conducted by Brockway and Worstel 1  ( 4 )  on t h e  U n i t  "A"  Main 

Canal (Nor ths ide  Pumping Canal)  and l a t e r a l s  o f  t he  A & B I r r i g a t i o n  

D i s t r i c t  near  Paul,  Idaho d u r i n g  1966. Since one o f  t h e  o b j e c t i v e s  o f  

t h i s  t h e s i s  i s  t o  determine whether n a t u r a l l y  o c c u r r i n g  seepage r e -  

d u c t i o n  e x i s t s  due t o  t he  decrease o f  hyd rau l i c  c o n d u c t i v i t y  o f  t h e  s i l t  

l a y e r  i n  t h e  aforement ioned cana l ,  t h e  s i t e  se lec ted  f o r  s o i l  sampling 

was a  s e c t i o n  o f  t he  e i g h t - m i l e  reach  o f  canal  chosen f o r  t he  l o c a t i o n  

o f  ponding t e s t s  performed i n  t h e  f a l l  o f  1965. 
. , 

On A p r i l  16, 1971 samples and a  s o i l  p r o f i l e  l o g  were taken i n  t h e  

r i g h t  bank tcf a  depth o f  5.25 f e e t .  The ope ra t i ng  depth f o r  t he  canal 

i n  t h i s  reach i s  about  3.0 f e e t  and t he  t o t a l  canal  depth i s  4 .0  f e e t .  

The t r apezo ida l  s e c t i o n  has a  bottom w i d t h  va ry i ng  f rom 14 t o  8 f e e t  

and t he  des ign d ischarge  v a r i e s  f rom 240 c f s  t o  110 c f s .  

The Main Canal i s  b u i l t  i n  a  Por tneu f  s i l  t - l oam s o i l  and t h e  s o i l  

p r o f i l e  i n  t h e  area i s  c o n s i s t e n t  and i nc l udes  p r i m a r i l y  s i l  t - loam s o i l  

w i t h  l a y e r s  o f  moderate t o  h i g h l y  conso l ida ted  s i l t - l o a m  (hard-pan) 

th roughout  t h e  m i d - p r o f i l e .  

A s tudy  of t he  s o i l  p r o f i l e  l o g  determined t o  cons ider  t h ree  

d i f f e r e n t  s o i l  l a y e r s :  A (0-24") ;  B (24"-42") and C (42"-63") .  The 

s o i l  chemical p r o p e r t i e s  and t he  mechanical a n a l y s i s  o f  t he  t h ree  s o i l  

zones which were sampled f o r  the  s tudy  a r e  presented i n  Tables 3  and 4, 

r e s p e c t i v e l y .  



TABLE 3 

Chemical P r o p e r t i e s  o f  t h e  3 D i f f e r e n t  S o i l  Layers  

pH of  s a t u r a t e d  s o i l  p a s t e  (same a s  on chemical  p r o p e r t i e s  o f  s a t u r a t i o n  e x t r a c t s ) .  

E l e c t r i c a l  c o n d u c t i v i t y  o f  s a t u r a t i o n  e x t r a c t  a t  25OC i n  mill imhos/cm. 

E C  and Ca + Mg a r e  from a n a l y s e s  o f  Por tneuf  s o i l  from SRCRC, Kimberly, Idaho.  



T A B L E  4 

Mechanical Analysis of t h e  3 Dif ferent  Soi l  Layers 

The mineralogical p rope r t i e s  of the  Portheuf s i l  t-loam s o i l  had been 

determined previously by the  Department of S o i l s ,  Universi ty of Idaho, 

and a r e  l i s t e d  in Table 5.  I t  i s  necessary t o  point  out  t h e  f a c t  t h a t  

those f i g u r e s  correspond t o  a Portneuf s i l  t-loam s o i l  from the  Pocatel l o  

(Idaho) a rea .  Tllerefore, some d i f f e rences  might be expected from samples 

taken c l o s e  t o  Paul ( Idaho) ,  t h a t  could inf luence the  r e s u l t s  of t h i s  

s tudy.  

TABLE 5 

Clay f r a c t i o n  mineralogy 3 

J 

Measurenient of  Hvdraulic Conduct iv i t ies  with Dif ferent  Solu t ions  

, 

Layers 

A (0-24") 

B (24"-42") 

C (42"-63") 

PERCENT 

Montmorillonite 

Kaol i n i  t e  

I1 1 i t e  

Apparatus and Soi 1 Placement 

Sand 

> 50' 

16.4 

17.4 

20.4 

Hydraulic conduct iv i ty  measurements were determined employing 

PERCENT 

p l ex ig la s  permeameters. The ct~ambers were c y l i n d r i c a l  8 .5 cm. high by 

~ ! i  1 t 
2-50' 

62.0 

69.0 

72.0 

Coarse c l a y  

7 - 10 

8 - 12 

30btained by personal communication from Prof .  G .  C .  Lewis, 
Uiiiversity of Idaho s t a f f .  

Cl ay 

< Z P  

21.6 

13.6 

7.6 

Medium and f i n e  c l a y  

38 - 40 

4 

79 - 80 58 - 60 



F i g u r e  4 .  Permeameter used d u r i n g  exper iments .  

3.2 cm. I D  (F i gu re  4 ) .  The e f f l u e n t  was d ra i ned  f rom chamber th rough  a  

l e n g t h  o f  t u b i q g  3.5 cni. l ong  which was f i t t e d  i n t o  a  3.0 rnni. d iameter  

o u t l e t  i n  t h e  bottom o f  chamber. F i t t e d  sec t i ons  o f  20-mesh copper screen 

were p laced i n  t h e  bottom o f  chamber and covered w i t h  f i b e r g l a s s  m a t t i n g .  

S u f f i c i e n t  s o i l  was p laced i n  chamber t o  g i v e  approx imate ly  a  2.6 cm. 

dep th  o f  compacted m a t e r i a l  . The f i l l  i n g  o p e r a t i o n  was accompl i shed  by 

pou r i ng  t he  d r y  s o i l  through a  funne l  w i t h  a  l o n g  spout .  The spout o f  

t h e  funne l  was he ld  above t h e  s o i l  l e v e l  and r a i s e d  as t h e  f i l l  i n g  preceded 

i n  one con t inuous  ope ra t i on .  As t he  funne l  was s l o w l y  withdrawn, a  r o t a t i n g  

mot ion  was impar ted t o  i t s  lower  end such t h a t  a  minimum o f  segrega t ion  

o f  p a r t i c l e s  o r  aggregates would occur .  

Compaction o f  t h e  a i r - d r y ,  <1 mm. s o i l  was c a r r i e d  o u t  i n  t h e  

permeameters, covered w i t h  a  500 g. brass weight ,  by d ropp ing  each 27 g. 

sample 200 t imes th rough  a  d i s t a n c e  of 2.5 cm. A f t e r  compaction, t h e  



sample was covered w i t h  another  l a y e r  o f  g l ass  m a t t i n g  t o  p reven t  

d i s t u rbance  o f  t h e  s o i l  su r face .  

Exper i ~ i i e n t a l  Procedure 

Once t h e  s o i l  samples were p laced i n  t h e  permeameters and compacted 

t o  t h e  d e s i r e d  average dens i t y ,  a i r  was d i sp l aced  ( 9 )  by pass ing C02 

th rough  each sample f o r  a  t o t a l  o f  15 minutes.  

Two a d j u s t a b l e  r acks  were used t o  ho ld  20 permeameters, 6 c o r e  

samples f rom each l a y e r  A and B, and 8 cor responding t o  l a y e r  C .  

A f t e r  a i r  was d i sp l aced  f rom t h e  samples w i t h  C02, t h e y  were 

immediate ly  wet ted w i t h  s o l u t i o n  number I, a h i g h  s a l t - h i g h  sodium 

s o l u t i o n  (Co = 500 m e q / l i t e r ,  SAR = 100) .  Leaching t h e  s o i l  w i t h  a  

s o l u t i o n  l i k e  t h i s  one p rov i des  a  measure o f  t h e  maximum h y d r a u l i c  con- 

d u c t i v i t y  o f  s o i l .  

By then m a i n t a i n i n g  t h e  same SAR w h i l e  decreas ing  t h e  s a l t  

c o n c e n t r a t i o n  o f  t h e  p e r c o l a t i n g  s o l u t i o n  t o  a  r e l a t i v e l y  l ow  va lue  

( S o l u t i o n  ilumber 11, Co = 50 meq/l i t e r )  t h e  r e l a t i v e  hydrau l  i c  conduc- 

t i v i t y  can be assessed a t  a  p o i n t  where s i g n i f i c a n t  i n t e r l a y e r  s w e l l i n g  

o f  s o i l  montmor i l  l o n i  t e  should  occur .  

Both s o l u t i o n s  con ta ined  40 ppm. Hg C i 2  t o  i n h i b i t  b i o l o g i c a l  

a c t i v i t y  and a  c o n t r o l l e d  h y d r a u l i c  g r a d i e n t  o f  approx imate ly  two was 

ma in ta ined  th roughou t  t h e  measurements. 

The procedure f o r  de te rmin ing  h y d r a u l i c  c o n d u c t i v i t i e s  f o r  bo th  

t rea tments  were i d e n t i c a l .  The 20 samples were r u n  s imu l taneous ly  w i t h  

measurement pe r i ods  f o r  t he  20 samples staggered a t  30 second i n t e r v a l s  

t o  p e r m i t  one person t o  take  read ings  on t he  s o l u t i o n  pe rco la te .  The 

volume o f  p e r c o l a t e  t h a t  occur red  h o u r l y  was recorded and te rmina ted  as 

soon as  t h e  volumes were approx imate ly  cons tan t  d u r i n g  f i v e  o r  s i x  hours.  



The experiments were conducted in an approximately constant temperature 

room, 75°F - +2. The temperature and the humidity were continuously 

recorded by a hygrothermograph. 

The calculation of the hydraulic conductivity involves the use of 

the Darcy equation which i s  expressed in the following way: 

where : 

K = hydraulic conductivity (cmlhr.). 

V = volume of percolate in time ~t (ml . ) .  

L = length of soil  column (cm.). 
2 A = cross-sectional area of the soil column (cm. ) .  

h = difference in hydraul ic  head between the inflow and outflow 

ends of the soil  column (cm.). 

~t = time interval for the volume of percolate, V ,  to pass through 

the soil (hour). 

Ki 
An average relat ive hydraul i c  conductivity y = was found for 

each layer which permitted calculation using equation ( 6 )  of three different  

c values, according t o  tile three ESP ranges 1 i sted in Tab1 e 2 .  

This provides a se t  of c values to be used a t  the various ESP 

levels for  the soil  under consideration. These c values can then be used 

for predicting hydraulic conductivity decreases in the presence of a l l  

additional mixed-salt solutions for which an estimate of soil ESP, and 

hence of n and x, i s  available. 

That was made with each layer considering s a l t  concentrations of 

1 ,  5,  and 10 meqlli ter.  



Revers i  b l e  Procedure 

Once a l l  t h e  20 samples were leached w i t h  t h e  l o w  s a l t - h i g h  sodium 

s o l u t i o n  ( s o l .  11) ,  a  p rocedure  t o  de te rm ine  i f  t h e  process i s  r e v e r s i b l e  

was e s t a b l  i s h e d .  

F o r  t h q t  purpose 9  o f  t h e  samples (3  o f  each l a y e r )  wh ich  had been 

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

h i g h  s a l t  s o l u t i o n  [CaC12 (0:5N, SAR = O)] and w i t h  d i s t i l l e d  and 

i r r i g a t i o n  waters .  The volume o f  p e r c o l a t e  d u r i n g  5 days was reco rded  

and t h e  hyd rau l  i c  c o n d u c t i v i t y  c a l c u l a t e d  as  b e f o r e .  

Examina t ion  o f  t h e  V a r i a t i o n  o f  S a t u r a t e d  
C o n d u c t i v i t v  w i t h  Time 

Apparatus  and S o i l  Placement 

S o i l  c o n t a i n e r s  were made f rom p l e x i g l a s s ,  8.2 cm. I . D . ,  and 

19.5 cm. i n  l e n g t h  ( F i g u r e  5 ) .  F i t t e d  s e c t i o n s  o f  20-mesh copper screen 

were p laced  i n  t h e  bo t tom o f  t h e  c y l  i n d r i c a l  chamber and covered w i t h  

f i b e r g l a s s  m a t t i n g .  The screen was suppor ted 1.2 cm. above t h e  bot tom o f  

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

t h e  e f f l u e n t  w a t e r  toward t h e  c e n t e r  o u t l e t  p i p e  which was 0.6 cm. I . D .  

and 2.5 cm. l o n g .  

S u f f i c i e n t  s o i l  was p l a c e d  i n  each chamber t o  g i v e  a p p r o x i m a t e l y  

7.4 cm. d e p t h  o f  compacted m a t e r i a l .  The f i l l i n g  o p e r a t i o n  was e x a c t l y  

t h e  same a s  used b e f o r e .  

Compaction o f  t h e  a i r - d r y ,  <2 mm. s o i l  was c a r r i e d  o u t  i n  t h e  

permeameters by d r o p p i n g  each one 20 t i m e s  t h r o u g h  a  d i s t a n c e  o f  2.5 cm. 

o n t o  a  pack ing  b l o c k ,  wh ich i s  made f rom a  heavy wooden b l o c k  a p p r o x i -  

m a t e l y  1 0  x  1 0  x  20 cm. A  h o l e  i s  made i n  t h e  b l o c k  t o  accommodate t h e  

o u t f l o w  tube  o f  t h e  permeameter, and gu ide  r o d s  a r e  mounted i n  t h e  b l o c k  



F i g u r e  5. Soi 1  c o l  umn permeameter . 

t o  keep t h e  c y l i n d e r  v e r t i c a l  and t o  i n s u r e  square impacts .  One r o d  

i s  c u t  2.5 cm. above t h e  c y l i n d e r  so t h a t  a  f i n g e r  p laced over  t h i s  r o d  

g i v e s  a  conven ien t  index  o f  h e i g h t  f o r  t he  pack ing process. Th i s  column 

packer i s  s i m i l a r  t o  t h e  equipment descr ibed  by Richards (25) .  

The l a b o r a t o r y  f a c i l i t y  f o r  de te rmin ing  h y d r a u l i c  c o n d u c t i v i t y  

i nc l uded  1 /4  i n .  po l ye thy l ene  tube, 1 /4  i n .  O.D. needle  va lves,  a  M a r i o t t e  

s iphon apparatus f o r  a  cons tan t  head water supply,  and a  supply  man i f o l d  

t o  accommodate 12 s o i l  columns. F i g u r e  6 shows t h e  l a b o r a t o r y  s e t  up w i t h  

4 o p e r a t i n g  columns. 



Figure 6. Laboratory equipment with t e s t s  in operation. 

An analysis of the inflowing solution used in these t e s t s  i s  

contained in Table 6.  The influent solution was obtained from a ditch 

in the vicinity of the laboratory which contains water from the Snake 

River and i s  of the same quality as t h a t  diverted into the main canal 

of the Northside Pumping Division. The values shown are the average 

values calculated. 

Experimental Procedure 

Duplicate soil samples (columns 1 and 2 in Table 7 )  of layers A,  

B, and C and a mixture of them, bl ,  held in 2 racks, were placed in the 

permeameters and a i r  was displaced from the samples with C02. 



TABLE 6  

Water A n a l y s i s  o f  t h e  D i t c h  Water Sampled 

G C o n d u c t i v i t y ,  EC x  10 @ 25°C . . . . . . . . . . .  455 

. . . . . . . . . . . . . . . . . . . . . . . .  SAR. 0.46 

Percen t  Sodium . . . . . . . . . . . . . . . . . . .  14.0 

Suspended s o l i d s ,  ppm. . . . . . . . . . . . . . . .  70 

Hydrogen- ion a c t i v i t y  (pH) . . . . . . . . . . . . .  8.3 

Ca t ions ,  m e q / l i t e r  

. . . . . . . . . . . . . . . . .  Calc ium (Ca).  2.54 

. . . . . . . . . . . . . . . .  Magnesium (l9g). 1.23 

. Sodium (Na) . . . . . . . . . . . . . . . . . .  0.63 

Potassium ( K )  . . . . . . . . . . . . . . . . .  0.10 

Anions,  meq/l i t e r  o r  ppm 

Carbonate (C03) . . . . . . . . . . . . . . . .  0  

. . . . . . . . . . . . . .  B ica rbona te  (HCO3) 3.25 

. . . . . . . . . . . . .  S u l f a t e  (so4-S),  ppm. 14 

C h l o r i d e  ( C l )  . . . . . . . . . . . . . . . . .  0.61 

N i t r a t e  (NO3-N), ppm. . . . . . . . . . . . . .  0.06 

A f t e r  t h a t ,  t h e y  were immed ia te ly  we t ted  w i t h  t h e  usual  i r r i g a t i o n  

wa te r .  A  M a r i o t t e  s iphon d e v i c e  was used t o  m a i n t a i n  a  c o n s t a n t  head 

on t h e  t o p  o f  t h e  s o i l  column and t h e  f l o w  r a t e s  th rough  t h e  columns were 

determined f rom measurements o f  t h e  t i m e  and t h e  volume o f  e f f l u e n t .  A l l  

t h e  samples were r u n  s i m u l t a n e o u s l y  and t o  determine t h e  change i n  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  t ime ,  t h e  columns were k e p t  f l o w i n g  c o n t i n u o u s l y  and 

c o n d u c t i v i t y  was measured p e r i o d i c a l l y  over  a  two month p e r i o d .  Sa tu ra ted  

h y d r a u l i c  c o n d u c t i v i t y  was determined f rom measured g r a d i e n t s  and f l o w  

r a t e s  o f  t h e  s o i l  column and e q u a t i o n  (1 l a ) ,  as  be fo re ,  was a p p l i e d .  

Four weeks a f t e r  t h e  b e g i n n i n g  o f  t h e  measurements t h e  t o p  l a y e r  

( a p p r o x i m a t e l y  4  mm t h i c k )  o f  each s o i l  column was removed and t h e  f l o w  

r a t e s  were c o n t i n u o u s l y  measured i n  t h e  same way. 



TABLE 7  

S o i l  column c h a r a c t e r i s t i c s  

Bu lk  D e n s i t y  
LAYER COLUMN W(g) L(cm) ( g ~ c m 3  

A  1  54 1  7.40 1.38 
2  54 1  7.35 1.39 

ST1 541 7.30 1  .40 
ST2 539 7.50 1.36 

The i n i t i a l  hydrau l  i c  c o n d u c t i v i t y  was determined f rom t h e  volume 

o f  p e r c o l a t e  t h a t  occur red  i n  t h e  f i r s t - h o u r  p e r i o d  immed ia te ly  a f t e r  t h e  

w e t t i n g  o f  t h e  s o i l  samples. 

The exper iments  were conducted i n  an a p p r o x i m a t e l y  c o n s t a n t  

te r r~pera tu re  roolii, 75°F - +2. 

E f f e c t  o f  M i c r o b i a l  A c t i v i t y  on H y d r a u l i c  C o n d u c t i v i t y  

Apparatus and Soi  1  Placement 

The same t y p e  o f  permeameter desc r ibed  i n  t h e  p r e v i o u s  paragraph 

was used i n  t h i s  phase o f  t h e  exper iments .  A lso,  t h e  same method o f  

t r a n s f e r r i n g  t h e  s o i l  was used ( i n  o r d e r  t o  p reven t  p a r t i c l e - s i z e  

s e g r e g a t i o n )  and t h e  co l r~pact ion and equipment employed was i d e n t i c a l .  

Two t h i n g s ,  however, d i f f e r :  1 )  The water  t h a t  was used and, 

2 )  t h e  s o i l  wh ich was sub jec ted  t o  a  t r e a t m e n t .  



The water  supp ly  i n  t h i s  case was aga in  d i t c h  water,  w i t h  t h e  

same chemical  p r o p e r t i e s  o f  t h e  water  f l o w i n g  i n  t h e  Main Canal, b u t  

f i l t e r e d  t o  remove t h e  p a r t i c l e s  i n  suspension and c o n t a i n i n g  40 ppm. 

HgC12 t o  i n h i b i t  b i o l o g i c a l  a c t i v i t y .  

The s o i l ,  f o r  t h e  same reason, was p laced i n  t h e  au toc l ave  a t  

120°C d u r i n g  24 hours i n  o rde r  t o  s t e r i l i z e  i t . 

Exper i~ i len ta l  Procedure 

D u p l i c a t e  s o i l  samples, one f o r  each l a y e r ,  p l u s  a  m i x t u r e  o f  them, 

were he ld  i n  two racks  and t h e  same procedure descr ibed  i n  t h e  p reced ing  

paragraph was f o l l owed .  (See Table  7 f o r  ST1 and ST2 s o i l  colulr~n char -  

a c t e r i s t i c s ) .  

The i n f l u e n c e  o f  micro-organisms and o f  t h e i r  metabo l i c  p roduc ts  

upon t h e  phys i ca l  c o n d i t i o n  o f  t h e  s o i l ,  e s p e c i a l l y  i n  aggrega t ing  t he  

f i n e r  s o i l  p a r t i c l e s  (a problem o f  g r e a t  importance i n  s o i l  conse rva t i on )  

i s  becoming more and more c l e a r l y  recognized.  The growth o f  organisms 

i n  a  f i n e - t e x t u r e d  s o i l  i n t e r f e r e s  w i t h  t he  downward movement o f  water 

whenever t h e  s o i l  pores become c logged w i t h  m i c r o b i a l  bodies and t h e i r  

p roduc ts .  The m i c r o b i o l o g i c a l  p o p u l a t i o n  i s  l a r g e l y  d i s t r i b u t e d  th rough  

t h e  upper l a y e r s  o f  t h e  s o i l  mass. 

HgC1 was added t o  f i l t e r e d  d i t c h  water  f o r  t h e  purpose o f  

m i n i m i z i n g  t h e  m i c r o b i o l o g i c a l  a c t i v i t y  i n  t h e  s o i l  columns d u r i n g  t he  

run .  B a c t e r i a  were determined by p l a t e  counts  w i t h  p l a t i n g  agar i n  a l l  

t h e  ST1 s o i l  columns. 



CHAPTER V 

RESULTS AND DISCUSSION 

Measurement o f  Hyd rau l i c  C o n d u c t i v i t i e s  w i t h  D i f f e r e n t  So lu t i ons  

To meet t he  f i r s t  o b j e c t i v e  o f  t h i s  t h e s i s  and t e s t  t he  t h e o r y  

s e t  f o r t h  i n  o b j e c t i v e  2, t he  sur faces o f  s h o r t  s o i l  columns were wet ted 

as descr ibed  e a r l i e r  u n t i l  t he  h y d r a u l i c  g r a d i e n t  th roughout  each 

column was approx imate ly  equal t o  2.0 and t he  c o n d i t i o n s  f o r  app l y i ng  

equat ion  (1 l a )  were met. 

Table 8 shows t he  exper inlental  abso lu te  and r e l a t i v e  hydraul  i c  

c o n d u c t i v i t i e s  found f o r  each column as w e l l  as t he  average f o r  each 

l a y e r  and t he  corresponding s e t  of c  va lues c a l c u l a t e d  us ing  equat ion  ( 6 ) .  

F igures  7a, 7b, and 7c show p l o t s  o f  p r e d i c t e d  r e l a t i v e  h y d r a u l i c  

c o n d u c t i v i t y  ( y )  as f u n c t i o n  o f  s o i l  ESP f o r  t he  t h r e e  d i f f e r e n t  l a y e r s .  

Table 1-A t o  3-A i n  t he  Appendix conta' in t h e  r e f i n e d  da ta  a long w i t h  t h e  

r e s p e c t i v e  formulas used. 

The p o i n t s  i n  F igures  7a, 7b, and 7c showing t he  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  ( y )  f o r  d i f f e r e n t  va lues o f  s o i l  ESP corresponding 

t o  l a y e r s  B and C, a r e  sca t t e red .  However, t he  good f i t  o f  exper imental  

da ta  t o  a  smooth curve,  i n d i c a t e d  i n  t he  bottom curve  o f  a l l  the  f i g u r e s ,  

(F igures  7a, 7b, and 7c )  demonstrates t h a t  a  reasonable r e l a t i o n s h i p  e x i s t s  

between r e l a t i v e  c o n d u c t i v i t y  and s o i l  ESP f o r  l a y e r  A, where t h e r e  i s  a  

h igher  con ten t  o f  m o n t m o r i l l o n i t e .  

T h i s  procedure i s  l e s s  accura te  on s o i l s  r e l a t i v e l y  low i n  

m o n t m o r i l l o n i t e .  C a l i b r a t i o n  w i t h  a  s o l u t i o n  which g ives  a  g rea te r  r e -  

d u c t i o n  i n  hydraul  i c  c o n d u c t i v i t y  may g i v e  more re1  i a b l e  r e s u l t s .  



TABLE 8 

L A Y E R  

Absolute and Relative Hydraulic Conductivities Obtained in the 

Laboratory Experiments and Corresponding Set of c Values 



Solution Imeq./liter 
Layer A 0 

Layer 8 
Layer C A 

E S P  

\ Solution Smea./liter 

Layer A O 

o Layer 
Laver C A 

E S P  
Figures 7a and 7b. Re la t i ve  hydraul i c  conduct iv i ty ,  

y, vs. s o i l  ESP. 
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Figure 7c. Relative hydraulic conductivity, y ,  vs. soil ESP. 

I t  i s  necessary to point out that since the mineralogical data 

available on the so i l s  used i s  not for  the specific soil tested, the 

determination of the e f fec t  of changes in fmont cannot be determined. 

Reversible Procedure 

Tests run to determine the e f fec t  of introducing the high s a l t  

solution [CaC12 (0.5N SAR = O ) ] ,  and also d i s t i l l ed  and irrigation 

water on soil  samples previously subjected to the low salt-high sodium 

solution ( so l .  11),  indicated that  (See Table 9 ) :  



1  ) I n t r o d u c t i o n  o f  250 ml . o f  t h e  h i g h  s a l  t - s o l u t i o n  (CaC12) 

f a i l e d  t o  change t h e  f i n a l  l o w  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 i n  4  t o  5  days, 

2)  i n t r o d u c t i o n  o f  s a l  t - f r e e  ( d i s t i l l e d  w a t e r )  s o l u t i o n  

r e s u l t e d  i n  a  marked (10 f o l d )  r e d u c t i o n  f r o m  t h e  f i n a l  

l o w  hydrau l  i c  c o n d u c t i v i t y  o b t a i n e d  w i t h  t h e  s o l u t i o n  11, 

3 )  use o f  Snake R i v e r  i r r i g a t i o n  wa te r  r e s u l t e d  e s s e n t i a l l y  

i n  t h e  same r e d u c t i o n  a s  w i t h  d i s t i l l e d  wa te r .  

H y d r a u l i c  c o n d u c t i v i t i e s  when reduced a t  l o w  c o n c e n t r a t i o n s  d i d  

n o t  rebound t o  t h e i r  o r i g i n a l  va lues  upon a p p l y i n g  t h e  h i g h e r  concen- 

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

TABLE 9  

I n i t i a l  and F i n a l  Hydrau l  i c  C o n d u c t i v i t i e s  Obta ined w i t h  t h e  

P e r c o l a t i o n  o f  a  H igh  S a l t  S o l u t i o n ,  D i s t i l l e d  

and I r r i g a t i o n  Water 

I K  r e p r e s e n t s  t h e  i n i t i a l  hyd rau l  i c  c o n d u c t i v i t y  o b t a i n e d  immed ia te l y  
a ? t e r  p e r c o l a t i o n  w i t h  CaC12(.5N). 

LAYER 

A 

B 

C 

KO i s  t h e  f i n a l  l o w  h y d r a u l i c  c o n d u c t i v i t y  o b t a i n e d  w i t h  s o l u t i o n  11. 

CaC12(.5N) 

1  

1 6 0  

.247 

i 

. I 6 3  

.256 

--. 
D i s t i l l e d  Water 

.96 1 1.04 

2  

,215 

.374 

.908 

Snake R i v e r  
I r r i g a t i o n  Water 

Ki 

.019 

.039 

.092 

2  

.248 

.400 

1.06 

i 

.027 

.042 

. I 1 3  



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  Time 

Us ing t h e  Normal I r r i g a t i o n  Water and S o i l  

The changes i 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  (K) w i t h  t i m e  

i n  response t o  t r e a t m e n t  w i t h  i r r i g a t i o n  water  i s  shown i n  F i g u r e s  8 ,  

9, 10, and 11. F i g u r e  8 ,  p resen ts  t h e  r e s u l t s  f o r  Layer  A, w h i l e  

l a y e r s  B, C and t h e  m i x t u r e  sample M a r e  shown i n  F i g u r e s  9, 1 0  and 

11, r e s p e c t i v e l y .  

The hydrau l  i c  c o n d u c t i v i t y  was determined on a  f l e x i b l e  schedule.  

When f a s t  changes were expected, measurements were made d a i l y  and f o r  

s low changes e v e r y  3 t o  6  days.  The g i v e n  h y d r a u l i c  c o n d u c t i v i t y  va lue  

p l o t t e d  i n  F i g u r e s  8 t o  11 i s  t h e  average f o r  t h e  two permeameters over  

a  s e l e c t e d  t i m e  - i n t e r v a l  o f  measurement. The t i m e  va lue  p l o t t e d  i n  

t h e  same f i g u r e s  i s  t h e  c e n t e r  o f  t h e  t i m e  i n t e r v a l  over  which K i s  

averaged f o r  each permeameter. 

The r e s u l t s  o f  t h e  f i r s t  two samples, which cor respond t o  l a y e r  

A  and B  (See F i g u r e  8 and 9 ) ,  a r e  q u i t e  s i m i l a r .  Treatment here r e s u l t e d  

i n  dec reas 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  f rom an i n i t i a l  va lue  o f  a p p r o x i -  

m a t e l y  0.70 t o  0.17 cm/hr. The removal o f  t h e  impeding l a y e r  d i d  n o t  

i n c r e a s e  t h e  h y d r a u l i c  c o n d u c t i v i t y  i n  l a y e r  A  and a  v e r y  s l i g h t  i nc rease  

occur red  i n  l a y e r  B. 

F i g u r e  10, co r respond ing  t o  l a y e r  C w i t h  t h e  l o w e s t  c o n t e n t  i n  

c l a y ,  shows a  decrease i n  h y d r a u l i c  c o n d u c t i v i t y  from about  1.20 t o  

a p p r o x i m a t e l y  0.46 cm/hr. when t h e  t o p  l a y e r  was removed. A f t e r  t h a t  

t h e  hydrau l  i c  c o n d u c t i v i t y  i nc reased  suddenly up t o  0.71 cm/hr. ; and 

subsequent ly ,  a  f u r t h e r  r e d u c t i o n  con t inued  w i t h  t i m e .  I t s  l o w e s t  va lue  

i s  0.41 cmlh r .  
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The sample represen ted  by M produced K va lues i n te rmed ia te  between 

A, B, and C as a n t i c i p a t e d  (See F igu re  11 ) .  The removal o f  t he  impeding 
. . -. - 

l a y e r  o r i g i n d t e d  -a. ve ry  s l  ighT i n c r e a s e  i n  hyd rau l i c  conduc t i v i t y . .  

The removal o f  t he  impeding l a y e r  i n  s o i l  columns corresponding t o  

Zone C r e s u l t e d  i n  an inc rease  i n  t he  h y d r a u l i c  c o n d u c t i v i t y .  It d i d  n o t  

appear i n  t he  s o i l  columns A  and B.  Th i s  inc rease  m igh t  be a t t r i b u t e d  

t o  enough sample breakdown w i t h  w e t t i n g  as ESP beirlg t h e  h i ghes t  va lue  i n  

Zone C .  Zone C i s  a l s o  t he  h i ghes t  i n  s i l t  con ten t .  

T h i s  d i f f e r e n t i a l  behavior  a lmost  c e r t a i n l y  a r i s e s  f rom i no rgan i c  

s t r u c t u r a l  d i f f e r e n c e s  f o r  t h e  sample, o r  s i l t - i ng ,  r a t h e r  than t rom mic ro -  

b i o l o g i c a l  s e a l i n g  o f  t he  sur face .  

Us ing S t e r i l e  S o i l  and S t e r i l e - F i l t e r e d  I r r i g a t i o n  Water 

The changes i n  s o i l  sa tu ra ted  h y d r a u l i c  c o n d u c t i v i t y  K, w i t h i n  a  

t rea tment  t ime i n t e r v a l  o f  about t h r e e  weeks and a l s o  i n  response t o  s t e r i l e -  

f i l t e r e d  water t rea tment ,  i s  shown i n  F igures  12, 13, 14 and 15. As i n  t he  

preceding paragraph, each f i g u r e  represen ts  a  l a y e r ,  12 f o r  A, w h i l e  t he  r e -  

su l  t s  o f  l a y e r s  B, C and t he  m i x t u r e  sample M appears i n  t he  F igures  13, 14, 

and 15, r e s p e c t i v e l y .  A l l  f o u r  f i g u r e s  have t he  same K and t ime sca les.  

I n  t h i s  case t he  c l a y  and f i n e  s i l t  p a r t i c l e s  i n  suspension a r e  con- 

s i d e r a b l y  reduced and b a c t e r i a s  a r e  1  i m i t e d  (a lmost  n i l  ) as determined by 

p l a t e  counts  us ing  p l a t i n g  agar .  That i s  t he  reason t he  t o p  4 mm. l a y e r  

was n o t  removed and t he  columns were r u n  o n l y  about t h r e e  weeks, which was 

enough t ime t o  a t t a i n  a  cons tan t  h y d r a u l i c  c o n d u c t i v i t y  va lue.  

The same s teps  g iven  i n  t he  preceding paragraph i n  respec t  t o  t he  

de te rm ina t i on  o f  t h e  h y d r a u l i c  c o n d u c t i v i t y  as we1 1  as i t s  p l o t  on t he  K  

versus t plane were f o l l owed .  

Layer A  (F igu re  12) shows a  decrease i n  hydraul  i c  c o n d u c t i v i t y  from 

0.82 t o  0.36 cm/hr and F igu re  13, corresponding t o  l a y e r  B, shows a l s o  a  



FIGURE 12 

Hydraul i c  Conduct iv i ty  vs. Time 
I r r i g a t i o n  Water ( s t e r i l e )  

Layer A 







FIGURE 15 

Hydraulic Conductivity vs. Time 
Irrigation Water (sterile) 
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decrease i n  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  case f r o m  abou t  0.70 t o  

0.32 cm/hr. Bo th  r e s u l t s  a r e  r e l a t i v e l y  s i m i l a r .  

The t h i r d  sample, wh ich  cor responds t o  l a y e r  C,  shows a  g r e a t  

decrease i n  hyd rau l  i c  c o n d u c t i v i t y .  Treatment  he re  r e s u l t e d  i n  de- 

c r e a s i n g  t h e  hyd rau l  i c  c o n d u c t i v i t y  f r o m  an i n i t i a l  v a l u e  o f  approx in ia te l y  

1.41 t o  0.55 cm/hr. I t  i s  i n t e r e s t i n g  t o  p o i n t  o u t  t h a t  a l t h o u g h  t h e  

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  was h igh,  t h e  r e l a t i v e  decrease was 

approx- imate ly  t h e  same (2 .5  f o l d )  as  i n  l a y e r  A  and l a y e r  0. There fo re ,  t h e y  

shou ld  be lumped a l l  t o g e t h e r  f o r  d i s c u s s i o n .  The l a s t  sample 

r e p r e s e n t e d  by M has produced K v a l u e s  i n t e r m e d i a t e  between A, 0, and C .  

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

o f  t h e  p e r c o l a t i o n  s o l u t i o n  c o r r e s p o n d i n g  t o  each one o f  t h e  samples. 

A t  t h e  beg inn ing ,  t h e  p e r c o l a t i o n  s o l u t i o n  o f  sample A  was d a r k  y e l l o w ,  

w h i l e  sample B  was 1  i g h t e r  and C was even more so. The p e r c o l a t i o n  

s o l u t i o n  o f  sample M was i n t e r m e d i a t e  between t h e  o t h e r  t h r e e  samples. 

As t h e  r u n s  proceeded t h e  c o l o r s  t u r n e d  l i g h t e r  and l i g h t e r ,  and 

3  days a f t e r  t h e  b e g i n n i n g  o f  t h e  exper imen ts  t h e  p e r c o l a t i o n  s o l u t i o n  

was c o m p l e t e l y  c l e a r .  

The c o l o r  o f  t h e  p e r c o l a t i o n  s o l u t i o n  i s  due t o  t h e  r e l e a s e  o f  

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

t h e  ground s u r f a c e  i t s  c o n t e n t  o f  o r g a n i c  m a t t e r  i s  t h e  h i g h e s t ,  so i t s  

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

l a y e r  B  i s  l e s s  t h a n  i n  A  and g r e a t e r  t h a n  i n  l a y e r  C .  There fo re ,  i t s  

p e r c o l a t i o n  s o l u t i o n  i s  l i g h t e r  t h a n  i n  A  and d a r k e r  t h a n  i n  0. 

There was no o r g a n i c  ~ i i a t t e r  r e l e a s e  when t h e  s o i l  was n o t  p l a c e d  

i n  t h e  a u t o c l a v e .  T h i s  i s  a  r e s u l t  o f  some o r g a n i c  m a t t e r  breakdown 

d u r i n g  a u t o c l a v i n g .  



Since t h e  c o l o r s  a r e  r o u g h l y  p r o p o r t i o n a l  t o  t h e  o rgan i c  m a t t e r  

l e v e l s  o f  t h e  t h r e e  l a y e r s ,  t h i s  i s  f u r t h e r  ev idence a g a i n s t  m i c r o b i a l  

s e a l i n g  as  a  mechanism f o r  p e r m e a b i l i t y  decreases. M i c r o b i a l  growth 

should  have been h i ghe r  on t h e  samples h i ghe r  i n  o rgan i c  ma t t e r  (A and 

B),  b u t  these  d i d  n o t  e x h i b i t  any app rec i ab le  inc rease  i n  p e r m e a b i l i t y  

when t h e  t o p  su r f ace  l a y e r  was s t r i p p e d  o f f .  

Sur face l a y e r s ,  when d e a l i n g  w i t h  s t e r i l e  s o i l  and i r r i g a t i o n  

water ,  were n o t  removed due t o  l a c k  o f  t ime;  however, i t  would have g iven  

f u r t h e r  s t r e n g t h  t o  t he  t e s t  o f  phys i ca l  d i s p e r s i o n  versus m i c r o b i a l  

sea l  i n g  as a  mechanism f o r  permeabil i ty  decreases. 

Comparison of P red i c t ed  and Labo ra to r y  C o n d u c t i v i t y  Measurements 

F i gu re  16, shows how the  r e l a t i v e  hydrau l  i c  c o n d u c t i v i t y  o f  each 

o f  t h e  l a y e r s  (A, B, and C) changes w i t h  t ime .  I n  o t h e r  words, F i gu re  8, 

9, and 10  a r e  condensed i n  one graph, hav ing cons idered o n l y  t he  f i r s t  

p a r t  o f  t h e  exper iment ,  be fo re  t h e  removal of t h e  impeding l a y e r  t ook  

p l ace  ( e q u i l  i b r i u m  t i m e ) .  

F i g u r e  17 i s  s i m i l a r  t o  F i g u r e  16. I t  represen ts  t h e  v a r i a t i o n s  

o f  hydrau l  i c  c o n d u c t i v i t y  w i t h  t ime  when t h e  t e s t s  were r u n  w i t h  s t e r i l e -  

f i l t e r e d  i r r i g a t i o n  water .  F i gu res  12, 13, and 14 a r e  then condensed 

i n  t h i s  new graph. 

The measured t o t a l  s a l t  c o n c e n t r a t i o n  o f  t t i e  i r r i g a t i o n  water  f o r  

bo th  t h e  s t e r i l e  and u n s t e r i l e  s e r i e s  o f  t e s t s  was 4.5 m e q / l i t e r .  Us ing 

an average ESP o f  10 f o r  t i l e  Po r t neu f - s - i l  t loam s o i l s ,  t h e  p red i c t ed  

r e l a t i v e  h y d r a u l i c  c o n d u c t i v i t y ,  as es t imated  f rom F i g u r e  7b, should  

have been 0.83 f o r  l a y e r  A  and 1  .OO f o r  bo th  l a y e r s  B  and C;  o r  i n  o t h e r  

words, no decrease i n  t h e  r e l a t i v e  hydrau l  i c  c o n d u c t i v i t y  due t o  swe l l  i n g  

o f  t h e  c l a y  f r a c t i o n  i s  expected. F i g u r e  17 shows r e l a t i v e  h y d r a u l i c  
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FIGURE 17 

Re1 a t ive  Hydraul i c  Conductivity vs. Time 
Irrigation Water ( s t e r i l e )  

Layer A o 

Layer B 

Layer C A 

J U L Y  



conductivities of 0.44, 0.47 and 0.39 for  layers A ,  B ,  and  C ,  respectively. 

From a comparison of these resul t s ,  we have t o  conclude there i s  a 

great difference. Since th i s  difference cannot be attributed t o  different 

ways of packing because the b u l k  densities of the samples are similar,  

the only reasonable explanation for the lower values in the measured 

re la t ive  hydraulic conductivities in the presence of physical dispersion. 

The nieasured relat ive hydraulic conductivity as shown in Figure 16 

i s  0.30, 0.38 and 0.39 for  layers A ,  B ,  and  C, respectively. Since 

Figure 16 represents the resul ts  with the non-sterile system, one might 

a t t r ibute  the greater measured decreases in conductivity t o  microbial 

e f fec ts ,  clogging of soil pores due t o  sedimentation or mechanical 

dispersion. Figure 17 which represents the resul ts  of the t e s t  series 

using f i l te red  s t e r i l e  i r r igat ion water on s t e r i l e  soil columns shows 

similar resul ts  t o  the non-sterile ser ies .  In the f i l te red  s t e r i l e  

ser ies ,  the effect  of sedimentation and microbial ac t iv i t i e s  on the 

measured decreases in hydraulic conductivity can be eliminated. I t  can 

be expected that i f  there i s  any effect  due t o  sedimentation and microbial 

ac t iv i ty  that the decreases in hydraulic conductivity measured on the n o n -  

s t e r i l e  system would be greater than on the s t e r i l e  systems for a l l  three 

layers. Data used for  the above discussion appears in Table 10. 

Figure 8 - 11 show the effect  of the removal of the t o p  4 m m .  layer 

of the sample af te r  an equilibrium hydraulic conductivity was reached. 

The removal of the t o p  layer in the sample corresponding t o  zone or layer 

A did n o t  cause any increase in the hydraulic conductivity; however, in 

saniple B i t  was very s l ight  and in sample C i t  was very significant since 

i t s  values increase abruptly from 0.24 t o  0.25 cm/hr a n d  from 0.46 t o  0.71 



cm/ h r  , r e s p e c t i v e l y .  The sanipl e  M i n c r e a s e d  i t s  hyd rau l  i c  c o n d u c t i v i t y  

f r o m  0.31 t o  0.34 cm/hr. 

TABLE 1 0  

I n i t i a l  KO and F i n a l  Ki H y d r a u l i c  C o n d u c t i v i t i e s  (cm/hr)  

o f  Layers  A, B y  and C (From F i g u r e s  8-10 and 12-14) .  

Ki ( a t  e q u i l  . )  y=Ki / KO 

NAT . STER. NAT . STER . NAT . STER. 

There a r e  two p o s s i b l e  reasons f o r  t h e  d i f f e r e n t i a l  behav io r  o f  

sample C .  The f i r s t  one, wh ich was d i scussed  b e f o r e ,  suggests t h a t  t h e  

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

and i n  t h e  second one, change m i g h t  be due t o  t h e  d i f f e r e n c e s  i n  c l a y  
\ 

con t e n t  . 
Bo th  reasons a r e  n o t  d e f i n i t e l y  proved.  The f i r s t  one because 

t h e  d a t a  ga the red  i s  n o t  s u f f i c i e n t ;  t h e  second one because i f  t h e  

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

c o n d u c t i v i t y  would be expected f o r  samples A  and B. Th is ,  r e a l l y ,  i s  

n o t  e v i d e n t  on a  r e l a t i v e  b a s i s .  

In genera l  i t  can be s t a t e d  w i t h  more assurance he re  t h a t ,  l i k e l y  

n e i t h e r  m i c r o b i o l o g i c a l  sea l  i n g  no r  s o i l  -chemical  r e a c t i o n s  n o r  s i  1  t i n g  

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

S ince  t h e  h i g h  s i l t  s o i l s  a p p a r e n t l y  d i s p e r s e  r e a d i l y ,  t h e  decrease i n  

hyd rau l  i c  c o n d u c t i v i t y  may r e s u l t  f r o m  t h i s  f a c t .  The pores a r e  t h e n  
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plugged w i t h  f i n e  m a t e r i a l .  A 1  i ~ i i i t e d  swe l l - i ng  o f  t h e  c l a y  f r a c t i o n  can 

a1 so be expected. 



CHAPTER V I  

CONCLUSIONS 

The main process by which seepage i n  t h e  canal  r e a c h  i n v e s -  

t i g a t e d  ( t h e  Main Canal o f  t h e  N o r t h s i d e  Pumping D i v i s i o n  near  Paul ,  

Idaho)  would decrease i s  by p h y s i c a l  d i s p e r s i o n  and t h e  p l u g g i n g  o f  

t h e  pores w i t h  f i n e  m a t e r i a l  w i t h  some l i m i t e d  s w e l l i n g  o f  t h e  f i n e  

o f  c l a y  f r a c t i o n .  

I t  i s  a l s o  l i k e l y  t h a t  m i c r o b i a l  a c t i v i t i e s  a r e  n o t  r e s p o n s i b l e  

f o r  t h e  r e d u c t i o n s  i n  h y d r a u l i c  c o n d u c t i v i t y .  A1 though b a c t e r i a l  

g rowth  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  columns was n o t  determined,  

i t  seems l o g i c a l  t h a t  i f  some non-mechanical e f f e c t  such as m i c r o b i a l  

sea l  i n g  does e x i s t ,  t h e  hydrau l  i c  c o n d u c t i v i t y  should  have p r o g r e s s i v e l y  

decreased w i t h  t ime .  N e i t h e r  can m i c r o b i a l  s e a l i n g  as a  mechanism f o r  

permeabi l  i ty  decreases can be e x p l a i n e d  u s i n g  t h e  f a c t  o f  d i f f e r e n t  

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

wa te r  . 
S o i l  chemical  r e a c t i o n s  a r e  p r o b a b l y  n o t  r e s p o n s i b l e  f o r  a  s i g n i -  

f i c a n t  p a r t  o f  t h e  seepage r e d u c t i o n .  The exper iments  f o l l o w i n g  McNeal 's 

rnethod t o  e v a l u a t e  s o l u t i o n  c o n c e n t r a t i o n  and c l a y  compos i t i on  e f f e c t s  

on h y d r a u l i c  c o n d u c t i v i t y  i n d i c a t e d  a  s l i g h t  decrease i n  i t  due t o  s o i l -  

water-chemical  r e a c t i o n s  o n l y .  

Layer  A w i t h  t h e  h i g h e s t  c o n t e n t  i n  c l a y ,  and t h e r e f o r e ,  w i t h  t h e  

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

t i o n  o f  McNeal ' s  method because o f  t h e  swe l l  i n g  o f  c l a y  p l a t e s .  Less 

s w e l l  i n g  i s  expected over  l a y e r s  B and C .  I t would be necessary t o  

i r r i g a t e  w i t h  wa te r  hav ing  a  s a l t  c o n c e n t r a t i o n  o f  approx imate ly  1  



meq/l i t e r  t o  decrease t h e  r e 1  a t i v e  hydrau l  i c  c o n d u c t i v i t y  t o  0.35, 0.73 

t o  0.86 o v e r  l a y e r s  A, B, and C r e s p e c t i v e l y .  I r r i g a t i o n  w i t h  a  wa te r  

c o n c e n t r a t i o n  o f  1  meq/l i t e r  i s  p r o b a b l y  n o t  1  i k e l y  because most ir- 

r i g a t i o n  wa te rs  have s a l t  c o n c e n t r a t i o n s  c o n s i d e r a b l y  i n  excess o f  t h i s  

v a l  ue. 

H y d r a u l i c  c o n d u c t i v i t i e s  when reduced a t  l o w  c o n c e n t r a t i o n s  d i d  

n o t  rebound t o  t h e i r  o r i g i n a l  va lues  upon a p p l y i n g  t h e  h i g h e r  con- 

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

t h a t  d i r e c t  e f f e c t s  o f  c l a y  s w e l l i n g  a r e  m inor  i n  caus ing  r e s i s t a n c e  t o  

wa te r  f l o w  i n  these  s o i l s .  

The i n c r e a s e  i n  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  removal o f  t h e  

impeding l a y e r  i n  zone C ,  b u t  n o t  i n  zones A  and B, i s  p r o b a b l y  n o t  due 

t o  n i i c r o b i o l o g i c a l  sea l  i n g  o f  t h e  su r face .  T h i s  d i f f e r e n t i a l  behav io r  

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

d i f f e r e n c e s  i n  t h e  c l a y  c o n t e n t .  The comparison between F i g u r e s  16 and 

17, which show s - i m i l a r  r e s u l t s ,  e l  i n i i na ted  t h e  p o s s i  b i l  i ty o f  s i l  t - i n g  

and m i c r o b i a l  a c t i v i t i e s .  

F u r t h e r  work should  be done i n  a t t e m p t i n g  t o  d e f i n e  what i s  t h e  

e x a c t  i n f l u e n c e  o f  m i c r o b i a l  a c t i v i t y .  A d d i t i o n a l  work should  a1 so be 

done, i n  o r d e r  t o  g a i n  a  b e t t e r  unders tand ing  o f  t h e  d i s p e r s i o n  phen- 

omena w i t h i n  t h e  mass. The c l a y  f r a c t i o n  m inera logy  should  be i n v e s t i g a t e d  

u s i n g  one o f  t h e  modern techn iques .  
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NOTATIOI4S AND DEFINITIONS 

A  2  i s  t he  c ross - sec t i ona l  area o f  a  s o i l  colurr~n. L  . 
0 

A i s  a  u n i t  o f  l e n g t h  c a l l e d  angstrom equal t o  one t e n - b i l l i o n t h  o f  
a  meter.  L .  

c i s  an e m p i r i c a l  cons tan t  f o r  a  g iven  s o i l  w i t h i n  a  s p e c i f i e d  range 
o f  ESP va lues .  Dimensionless.  

c ' i s  t h e  ad jus ted  c  cons tan t  by t he  r a t i o  o f  a c t u a l  and assumed 
~ n o n t l n o r i l l o n i t e  con ten t s  o f  a  g iven  s o i l .  Dimensionless.  

c 0 3  i s  t h e  t o t a l  s a l t  c o n c e n t r a t i o n  o f  t h e  ambient s o l u t i o n .  F/L . 
d  * i s  t he  ad jus ted  i n t e r l a y e r  spacing. L .  

EC i s  t h e  e l e c t r i c a l  c o n d u c t i v i t y  i n  mmhos/cm. un less  o the rw i se  
s p e c i f i e d .  

ESP i s  t h e  exchangeable-sodium percentage. Dimensionless.  

ESP* i s  t h e  a d j u s t e d  ESP. Dimensionless.  

fmon t i s  t he  we igh t  f r a c t i o n  o f  m o n t m o r i l l o n i t e  i n  t h e  s o i l .  Dimensionless.  

9  i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  cons tan t .  LIT'. 

h  i s  t he  d i f f e r e n c e  i n  h y d r a u l i c  head between t h e  i n f l o w  and o u t f l o w  
ends o f  t h e  s o i l  column. L.  

i i s  t h e  hydrau l  i c  g r a d i e n t .  Dimensionless.  

K i s  a  c o e f f i c i e n t  c a l l e d  h y d r a u l i c  c o n d u c t i v i t y .  It i s  a  f u n c t i o n  
o f  t h e  f l u i d  v i s c o s i t y  as w e l l  as o f  t h e  geometry o f  t h e  medium. 
L IT .  

K ' i s  a  c o e f f i c i e n t  c a l l e d  p e r m e a b i l i t y  o r  " i n t r i n s j i c  p e r m e a b i l i t y " .  I t  
i s  a  f u n c t i o n  o f  t h e  geometry o f  t he  medium. L  . 

L  i s  t he  l e n g t h  o r  d i s t ance  between two p o i n t s  i n  a  porous medium i n  
t he  d i r e c t i o n  o f  f l o w .  L. 

n  i s  a  cons tan t  f o r  a  g iven  s o i l  w i t h i n  a  s p e c i f i e d  range o f  ESP va lues.  
Dimensionless.  

P  i s  pressure,  which can be above o r  below atmosphere. F / L ~ .  

Q i s  r a t e  o f  f l o w  o f  p e r c o l a t e .  L ~ / T .  



i s  s o d i u m - a d s o r p t i o n - r a t i o .  ( F / L 3 ) ' I 2 .  

i s  t i m e .  T. 

i s  t h e  volume f l u x  i n  t h e  d i r e c t i o n  o f  f l o w .  L I T .  

3  i s  volume o f  p e r c o l a t e  i n  t i m e  t. L  . 
i s  t h e  s w e l l  i n g  f a c t o r .  D imens ion less .  

i s  t h e  r e l a t i v e  s o i l  h y d r a u l i c  c o n d u c t i v i t y .  D imens ion less .  

i s  t h e  e l e v a t i o n  o f  a  p o i n t  i n  a  porous medium above a  datum. L .  

i s  t h e  s p e c j f i c  w e i g h t  o f  t h e  f l u i d  o r  we igh t  p e r  u n i t  volume o f  
f l u i d .  F/L . 
i s  m o i s t u r e  c o n t e n t  on a  v o l u m e t r i c  b a s i s ,  t h e  r a t i o  o f  t h e  volume 
o f  wa te r  t o  t h e  t o t a l  vo lu~ i ie  occup ied  by  t h e  s o i l .  D i ~ i i e n s i o n l e s s .  

i s  dynamic v i s c o s i t y .  F T / L ~ .  

i s  k i n e m a t i c  v i s c o s i t y .  L ~ / T .  

i s  t h e  mass d e n s i t y  o f  t h e  f l u i d .  F / L ~  

denotes a  d i f f e r e n c e .  



APPENDIX 



C a l c u l a t i o n  o f  t h e  D i f f e r e n t  c  Values 

M o n t m o r i l l o n i t e  c o n t e n t  assumed: fmont = 0.10 

Swel l  i n g  f a c t o r :  x = (fmont ) (3 .6  x 1  o - ~ )  (ESP*) (d*) 

x = 0.07245 

ESP* = 60 - (1.24 + 11.63 l o g  50) = 39.00 

d50 * = 356.4 (50)  -'I2 + 1.2 = 51.60 

C a l c u l a t i o n  o f  t h e  Ad jus ted  I n t e r l a y e r  Spacing 

LAYER 

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

y  = K./K n  c 



TABLE 1 -A 

ESP 

ESP 

C a l c u l a t i o n s  Correspondinq t o  Layer A. 

ESP* 

ESP* 



ESP ESP* x n c Y 

TABLE 2-A. 

C a l c u l a t i o n s  Corresponding t o  Layer  6. 

ESP ESP* x n c Y 



ESP 

ESP 

ESP* x n 

ESP* x n 



TABLE 3-A.  

ESP 

ESP 

0 

5 

10  

2 0 

3 0 

40 

5 0 

60 

Calculations corresponding to layer C. 

ESP* x n c Y 

ESP* x n 



ESP ESP* x n 


