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NATIONAL ENGINEERING HANDBOOK 

SECTION 16 

DRAINAGE OF AGRICULTURAL LAND 

CHAPTER 1. PRINCIPLES OF DRAINAGE 

Scope 

This  chap t e r  p r e s e n t s  b a s i c  p r i n c i p l e s  and t h e o r i e s  concerning t h e  removal of 
excess  water  from a g r i c u l t u r a l  l and .  I n  va r ious  branches of s c i ence ,  c e r t a i n  
laws of f low have been d iscovered  t h a t  apply t o  t h e  movement of water  on t h e  
land s u r f a c e ,  w i th in  channels ,  and through t h e  s o i l .  Also, much empi r i ca l  
in format ion  providing a  b a s i s  f o r  t h e  empir ica l  methods of d ra inage  des ign  has 
accumulated over t h e  yea r s .  Review of t he se  fundamentals a s  they apply t o  
dra inage  should be h e l p f u l  t o  t h e  engineer  i n  c o r r e c t l y  app ra i s ing  d ra inage  
problems i n  t h e  e a r l y  s t a g e s  of t h e i r  i n v e s t i g a t i o n  and working ou t  t h e i r  
p r a c t i c a l  s o l u t i o n .  A knowledge of dra inage  p r i n c i p l e s  is  necessary  i n  develop- 
ing  l o c a l  s t anda rds  f o r  d r a inage  des ign .  Ex i s t i ng  d r a i n s  need t o  be eva lua ted .  
Where l o c a l  information f o r  des ign  c r i t e r i a  is  l ack ing ,  experience from o t h e r  
p l a c e s  may need t o  be adapted f o r  l o c a l  use.  

Although t h e  fundamental equa t ion  f o r  flow i n  s a t u r a t e d  so i l s - -Darcyls  Law (I)* 
--has been known f o r  many y e a r s ,  i t s  a p p l i c a t i o n  t o  most d ra inage  problems is 
complex. Severa l  approximate methods f o r  so lv ing  t he se  subsurface-flow problems 
have been developed. The b a s i c  assumptions i n  t h e s e  methods a r e  presen ted  
b r i e f l y  i n  t h i s  chapter .  The i r  l i m i t a t i o n s  i n  p r a c t i c a l  a p p l i c a t i o n  t o  f i e l d  
s i t u a t i o n s  a r e  a l s o  d i scussed .  

Elements of Drainage Design 

Genera l ly ,  t h e  i n s t a l l a t i o n  of a  d ra inage  system, l i k e  any s i m i l a r  a p p l i c a t i o n  
of t h e  s c i e n c e s ,  inc ludes  a  d e s i r e d  g o a l ,  a  survey of e x i s t i n g  cond i t i ons ,  
p rev ious  exper ience  wi th  s i m i l a r  cond i t i ons ,  and p repa ra t i on  of de s igns  and p lans .  
I n  S o i l  Conservat ion Serv ice  ope ra t i ons ,  t h e  p r i n c i p a l  e lements  of d ra inage  
des ign  a r e  c rop  requirements ,  s i t e  i n v e s t i g a t i o n s ,  des ign  c r i t e r i a ,  and p l ans  
and s p e c i f i c a t i o n s .  Each of t h e s e  elements w i l l  be t r e a t e d  i n  d e t a i l  i n  t h i s  
and. i n  o t h e r  chap t e r s  of t h i s  Sec t i on  of t he  Nat iona l  Engineering Handbook. 

A t  s e v e r a l  p o i n t s  i n  t h e  de s ign  procedure,  i t  may be necessary  t o  choose between 
a l t e r n a t e  l o c a t i o n s ,  methods, o r  m a t e r i a l s .  The choice  depends on t h e  management 
and economic a s p e c t s  of t h e  farm o r  ranch a s  w e l l  a s  on t h e  phys i ca l  requirements  
of t h e  s i t e .  The des igne r  may need t o  p r e sen t  t o  t h e  landowner a l t e r n a t e  methods 
o r  i n t e n s i t i e s  of d ra inage ,  so  t h a t  t h e  owner may make t h e  f i n a l  choice .  

T h e  same t e c h n i c a l  des ign  elements  f o r  i n d i v i d u a l  farm systems a r e  presen t  f o r  
l a r g e  group-drainage systems, bu t  pub l i c  o r  community-type f a c t o r s  a l s o  a r e  
involved.  These f a c t o r s  i nc lude  t h e  dra inage  o rgan i za t i on  (dra inage  e n t e r p r i s e ) ,  
l e g a l  requi rements  f o r  rights-of-way and water  d i s p o s a l  o r  use ,  f i n a n c i a l  
arrangements ,  and c o s t  a l l o c a t i o n .  Such p r o j e c t s  r e q u i r e  complete,  d e t a i l e d  
documentation of t h e  surveys ,  p l ans ,  and cons t ruc t i on .  

*Numbers i n  paren theses  r e f e r  t o  r e f e r ences  l i s t e d  a t  end of each chap t e r .  



C l a s s i f i c a t i o n  of dra inage  methods 

The methods used f o r  land drainage may be  c l a s s i f i e d  i n  two broad categories--  
s u r f a c e  dra inage  and subsur face  drainage--depending on t h e  way t h e  water is 
removed. 

1. I n  su r f ace  dra inage ,  land s u r f a c e s  a r e  reshaped a s  necessary  t o  
e l imina t e  ponding and e s t a b l i s h  s lopes  s u f f i c i e n t  t o  induce g rav i t a -  
t i o n a l  flow overland and through channels  t o  an o u t l e t .  Surface 
dra inage  may be d'ivided i n t o  works which 

a .  remove water  d i r e c t l y  from land by land smoothing, land grading,  
bedding, and d i t ch ing  

b. d i v e r t  and exclude water  from land by d i v e r s i o n  d i t c h e s ,  d ikes ,  
and floodways. 

2 .  I n  subsur face  dra inage ,  d i t c h e s  and bur ied  d r a i n s  a r e  i n s t a l l e d  w i th in  
t h e  s o i l  p r o f i l e  t o  c o l l e c t  and convey excess ground water  t o  a  g r a v i t y  
o r  pumped o u t l e t .  The drop i n  p re s su re  r e s u l t i n g  from d ischarge  induces 
t h e  flow of excess  ground water  through t h e  s o i l  i n t o  t h e  d r a i n s .  

a .  I n t e r c e p t o r  d r a i n s  a r e  used t o  prevent  e n t r y  upon t h e  land when 
ground water  moves l a t e r a l l y .  Drains a r e  o r i en t ed  .approximately 
a t  r i g h t  ang le s  t o  t h e  d i r e c t i o n  of ground-water flow. 

b.  Rel ie f  d r a i n s  a r e  used when land  su r f aces  a r e  nea r ly  f l a t ,  flow 
v e l o c i t i e s  low, o r  i n t e r c e p t i o n  of ground water  i n e f f e c t i v e .  
Drains a r e  commonly (but  not  n e c e s s a r i l y  always) o r i en t ed  approxi- 
mately p a r a l l e l  wi th  t h e  d i r e c t i o n  of ground-water flow. 

Development of drainage-design c r i t e r i a  

Design c r i t e r i a  a r e  developed i n  two gene ra l  ways: ( a )  from empir ica l  d a t a  
c o l l e c t e d  through eva lua t ion  of e x i s t i n g  dra inage  systems, and (b) from a  
t h e o r e t i c a l  a n a l y s i s  of t h e  problem, applying known phys i ca l  laws and t e s t i n g  
t h e  theory  through.eva lua t ion  of e x i s t i n g  dra inage  systems. 

An example of empir ica l  c r i t e r i a  a r e  t h e  dra inage  c o e f f i c i e n t s  used i n  des ign  
of d r a i n s  i n  humid a r e a s .  Such c o e f f i c i e n t s  a r e  t h e  removal r a t e s  f o r  excess 
water ,  found by exper ience  wi th  many i n s t a l l e d  dra inage  systems, t o  provide a 
c e r t a i n  degree of c rop  p ro t ec t ion .  Such p ro t ec t ion  has  been assessed  c a r e f u l l y  
a g a i n s t  observed crop  response and product ion ,  measurements of f low from dra inage  
systems providing good dra inage ,  and measured h e i g h t s  of water  t a b l e .  Since 
empir ica l  c r i t e r i a  a r e  based s u b s t a n t i a l l y  on experience and assessments  of 
numerous i n t e r r e l a t i n g  f a c t o r s ,  c a r e  must be  taken i n  t ranspos ing  t h e i r  use  from 
one l o c a l i t y  t o  another .  

Theo re t i ca l  a n a l y s i s  a p p l i e s  proved p r i n c i p l e s  or  laws t o  problems having known 
l i m i t i n g  condi t ions .  The r e s u l t i n g  mathematical express ion  exp la in s  t h e  observed 
a c t i o n  of e x i s t i n g  dra inage  systems and permi ts  t h e  r a t i o n a l  des ign  of new 
systems. Usual ly s e v e r a l  v a r i a b l e  s i t e  f a c t o r s  e n t e r  t h e  express ion .  An example 
of t h e  t h e o r e t i c a l  a n a l y s i s  is  t h e  e l l i p s e  equat ion  f o r  spacing subsur face  d r a i n s  
i n  i r r i g a t e d  land ,  where known s i t e  c h a r a c t e r i s t i c s  a r e  accounted f o r  i n  t h e  
equat ion .  I n  one form of t h e  e l l i p s e  equat ion ,  t h e  v a r i a b l e s  a r e  hyd rau l i c  con- 
d u c t i v i t y  of t h e  s o i l ,  depth t o  impermeable l a y e r ,  depth t o  t h e  water t a b l e  a t  



midpoint  between t h e  d r a i n s ,  and r a t e  w a t e r  i s  t o  b e  removed. By s u b s t i t u t i n g  
known o r  e s t i m a t e d  v a l u e s  f o r  t h e s e  f a c t o r s ,  t h e  e q u a t i o n  may b e  a p p l i e d  t o  a  
v a r i e t y  of s i t e s ,  a s  long a s  t h e  s i t e  c o n d i t i o n s  a r e  w i t h i n  t h e  l i m i t s  f o r  which 
t h e  e q u a t i o n  was d e r i v e d .  T h i s  l a s t  requirement  i s  a l l  impor tan t  i n  u s i n g  t h i s  
kind of t h e o r e t i c a l  approach. 

Whichever method is  used t o  e s t a b l i s h  d ra inage-des ign  c r i t e r i a ,  i t  is  e v i d e n t  
t h a t  i t s  v a l u e  depends n o t  o n l y  on sound a n a l y s i s  of t h e  d r a i n a g e  s i t u a t i o n  b u t  
a l s o  on e v a l u a t i o n  o f  i n s t a l l e d  d r a i n s  t o  check t h e i r  performance. 

Types of Drainage Problems 

S u c c e s s f u l  d r a i n a g e  of a  wet a r e a  depends on a  c o r r e c t  d i a g n o s i s  of t h e  problem. 
A t  some s i tes ,  a  b r i e f  f i e l d  s t u d y  and comparison w i t h  p rev ious  i n s t a l l a t i o n s  
under  s i m i l a r  c o n d i t i o n s  may b e  a s u f f i c i e n t  b a s i s  f o r  d e s i g n .  More complex 
d r a i n a g e  problems r e q u i r e  more d e t a i l e d  reconna issance  and p r e l i m i n a r y  surveys  
t o  de te rmine  t h e  s o u r c e  of damaging w a t e r ,  how w a t e r  r e a c h e s  t h e  wet a r e a ,  and 
what d e s i g n  c r i t e r i a  app ly .  The d r a i n a g e  system may b e  des igned ,  however, on ly  
a f t e r  t h e  n a t u r e  of t h e  problem h a s  been i d e n t i f i e d .  

The f o l l o w i n g  t y p i c a l  d r a i n a g e  problems have been d i v i d e d  i n t o  s u r f a c e  and sub- 
s u r f a c e  problems f o r  convenience.  A c t u a l l y ,  wet l a n d  may i n v o l v e  b o t h  s u r f a c e  
and s u b s u r f a c e  w a t e r ,  and t h e  d r a i n a g e  d e s i g n  should  c o n s i d e r  t h e i r  i n t e r -  
dependence. 

Sur face-dra inage  problems 

F l a t  and n e a r l y  f l a t  a r e a s  o f  l a n d  a r e  s u b j e c ~  t o  ponded w a t e r  caused by: 

1. Uneven l a n d  s u r f a c e  w i t h  pocke t s  o r  r i d g e s  which p r e v e n t  o r  r e t a r d  
n a t u r a l  r u n o f f .  Slowly permeable s o i l s  magnify t h e  problem. 

2. Low-capacity-disposal channe ls  w i t h i n  t h e  a r e a  which remove w a t e r  so  
s lowly  t h a t  t h e  h i g h  wate r  l e v e l  i n  t h e  channe ls  causes  ponding on t h e  
l a n d  f o r  damaging p e f i o d s .  

3 .  O u t l e t  c o n d i t i o n s  which ho ld  t h e  w a t e r  s u r f a c e  above ground l e v e l ,  such 
a s  h i g h  l a k e  o r  pond s t a g e s ,  o r  t i d e w a t e r  e l e v a t i o n s .  

Sources  of s u r f a c e  w a t e r  a r e  r a i n f a l l  o r  snowmelt on t h e  a r e a  i t s e l f ,  i r r i g a t i o n -  
s u r f a c e  w a s t e ,  runof f  o r  seepage from a d j o i n i n g  h i g h e r  l a n d ,  o r  over f low from 
s t ream channe ls .  

Sur face-dra inage  methods, such  a s  l a n d  g r a d i n g  o r  smoothing and f i e l d  d i t c h e s ,  
a r e  used on f i e l d s  t o  c o l l e c t  and convey s u r f a c e  w a t e r  t o  n a t u r a l  channe ls  o r  
c o n s t r u c t e d  d i s p o s a l  systems.  Inadequa te  o u t l e t s  may r e q u i r e  downstream-channel 
improvement, l e v e e s  w i t h  c u l v e r t s  and f l a p g a t e s ,  o r  d r a i n a g e  pumps. D i v e r s i o n  
systems a r e  e f f i c i e n t  i n  p r e v e n t i n g  o r  reduc ing  t h e  ponding of s u r f a c e  wate r  
where t h e  s o u r c e  is o u t s i d e  t h e  a r e a  t o  b e  p r o t e c t e d .  These and o t h e r  f e a t u r e s  
of s u r f a c e - d r a i n a g e  systems w i l l  b e  d e s c r i b e d  more f u l l y  i n  o t h e r  c h a p t e r s .  

Subsurface-drainage problems 

Subsurface-drainage problems a r i s e  from many causes .  F l a t l a n d  tends  t o  b e  poor ly  
d r a i n e d ,  p a r t i c u l a r l y  where t h e  s u b s o i l  p e r m e a b i l i t y  is low. There  a r e  many wet  
a r e a s ,  however, where t h e r e  is no e v i d e n t  connec t ion  between t h e  a r e a  of seepage,  
o r  a  h i g h  w a t e r  t a b l e ,  and t h e  topography of t h e  s i t e .  High wate r  t a b l e s  may 



occur  where t h e  s o i l  is e i t h e r  s lowly o r  r a p i d l y  permeable, where t he  c l ima te  is 
e i t h e r  humid o r  a r i d ,  and where t h e  land i s  e i t h e r  s lop ing  o r  f l a t .  

For t h e s e  reasons ,  i t  i s  convenient t o  c l a s s i f y  subsurface-drainage problems by 
t h e  source  of excess  ground water  and t h e  way i t  moves i n t o  and through the  
problem a r e a .  This  method of i d e n t i f y i n g  subsur face  cond i t i ons  i s  e s p e c i a l l y  
u s e f u l  f o r  t h e  more complex dra inage  problems because i t  a l s o  i n d i c a t e s  t h e  kind 
of d r a inage  system needed. The reconnaissance  and pre l iminary  surveys a r e  car -  
r i e d  ou t  t o  o b t a i n  t h e  needed informat ion  on ground-water occurrence and o t h e r  
s i t e  cond i t i ons .  De t a i l ed  information is  i n  Chapter 2 ,  Drainage I n v e s t i g a t i o n s .  
A s  exper ience  w i th  subsurface-drainage problems accumulates f o r  a  g iven  a r e a ,  
t h e  amount of p re l iminary  in format ion  needed t o  i d e n t i f y  c e r t a i n  problem types  
u s u a l l y  i s  reduced. New a r e a s  o r  new k inds  of d r a inage  problems r e q u i r e  g r e a t e r  
emphasis a t  t h e  pre l iminary  s t a g e  of planning.  

The fo l lowing  examples i l l u s t r a t e  some of t h e  more important  types  of subsurface-  
d r a inage  problems. P a r t i c u l a r  emphasis i s  g iven  t o  t h e  source  and d i r e c t i o n  of 
ground-water flow. Deta i led  des ign  of d ra inage  systems f o r  subsur face  dra inage  
i s  d iscussed  i n  Chapter 4 ,  Subsurface Drainage. Refer  t o  t h e  f i g u r e s  i n  Chap- 
t e r  4 f o r  i l l u s t r a t i o n  of most of t h e  d r a inage  problems descr ibed  below. 

Basin-type free-water  t a b l e  
I n  v a l l e y  bottoms and on wide benchlands, t h e  f r e e  ground water  s a t u r a t e s  t he  
sediments down t o  t h e  f i r s t  impervious b a r r i e r .  Typ ica l l y ,  t h e  water  t a b l e  
s l o p e s  g e n t l y  downvalley. This  l a r g e ,  ve ry  slowly moving body of ground water  
is  f ed  by s p r i n g s ,  s u r f a c e  s t reams,  o r  subsur face  p e r c o l a t i o n  around t h e  p e r i -  
meter  of t h e  v a l l e y ;  and by i n f i l t r a t i n g  r a i n f a l l ,  i r r i g a t i o n  l o s s e s ,  o r  s u r f a c e  
runoff  on t h e  v a l l e y  f l o o r  i t s e l f .  Eventua l ly ,  t h e  ground water  d i s cha rges  
e f f l u e n t  seepage a t  streambanks o r  a t  t h e  ground s u r f a c e  i n  low areas, o r  except  
f o r  ground water  used by p l a n t s  o r  t h a t  pumped from w e l l s ,  i t  escapes through 
a q u i f e r s  a t  t h e  lower end of t he  v a l l e y  o r  benchland. Height of t h e  water  t a b l e  
f l u c t u a t e s  w i th  t h e  seasona l  v a r i a t i o n  of a c c r e t i o n s  t o  t h e  ground-water ba s in .  
The gene ra l  s l o p e  of t h e  water  t a b l e  v a r i e s  on ly  s l i g h t l y  i n  response t o  t h e s e  
changes i n  inf low.  Where s a l t s  a r e  p r e sen t  i n  t h e  s o i l ,  they tend t o  move upward 
t o  t h e  s u r f a c e  a s  c a p i l l a r y  r i s e  r e p l e n i s h e s  t h e  evapora t ion  from t h e  ground. 
Phreatophytes  grow where t h e  water  t a b l e  is  c l o s e  t o  o r  a t  t h e  su r f ace .  

Re l i e f  d r a i n s  may be  used t o  lower t h e  water  t a b l e  i n  such a r e a s ,  un l e s s  s o i l  
pe rmeab i l i t y  i s  too low. The ground-water s l o p e  i s  too n e a r l y  f l a t  and t h e  
perv ious  sediments a r e  too deep f o r  e f f i c i e n t  i n t e r c e p t i o n  (except ,  perhaps,  a t  
t h e  s i d e s  of v a l l e y s  near  t h e  ba se  of t h e  h i l l s  o r  t h e  a l l u v i a l  cones) .  Where 
economically f e a s i b l e ,  pumped-drainage w e l l s  a r e  sometimes used t o  lower t h e  
basin- type water  t a b l e .  

Water t a b l e  over  an a r t e s i a n  a q u i f e r  
Ground water  may be  confined i n  an a q u i f e r  s o  t h a t  i t s  p r e s su re  s u r f a c e  (eleva-  
t i o n  t o  which i; would r i s e  i n  a  w e l i  t apping  t h e  a q u i f e r )  i s  h igher  than t h e  
ad j acen t  f ree-water  t a b l e .  The p r e s s u r e  s u r f a c e  may o r  may no t  be  h igher  than  
t h e  ground su r f ace .  Such ground water  is  termed a r t e s i a n .  P re s su re  i n  t h e  
a q u i f e r  is  from t h e  weight of a  cont inuous body of water  extending t o  a  source  
h ighe r  than  t h e  p r e s s u r e  su r f ace .  Leaks a t  ho l e s  o r  weak p o i n t s  i n  t h e  conf in ing  
l a y e r  above t h e  a q u i f e r  c r e a t e  an upward f low,  w i th  hyd rau l i c  head decreas ing  i n  
t h e  upward d i r e c t i o n .  The ground wa te r  moves i n  response t o  t h i s  hyd rau l i c  
g r a d i e n t  and escapes  as seepage a t  t he  ground s u r f a c e  above, o r  i t  escapes  
l a t e r a l l y  through o t h e r  a q u i f e r s  above t h e  conf in ing  l a y e r .  



A water  t a b l e  supported by a r t e s i a n  p r e s su re  u s u a l l y  i s  more d i f f i c u l t  t o  lower 
and main ta in  a t  t h e  d e s i r e d  he igh t  than a  water  t a b l e  no t  s u b j e c t  t o  such 
p re s su re .  This  i s  because water  is  cont inuous ly  rep len ished  from t h e  h ighe r  
source  and because i t  is  d i f f i c u l t  t o  remove o r  c o n t r o l  water  a t  t h e  source.  
Wet a r e a s  over ly ing  water  under a r t e s i a n  p r e s su re  r e q u i r e  r e l a t i v e l y  deep and 
c l o s e l y  spaced d r a i n s ,  r e l i e f  w e l l s ,  o r  pumped-drainage w e l l s  t h a t  t a p  t h e  
a q u i f e r .  Such a r e a s  may be  i m p r a c t i c a l  t o  d r a i n .  

The dra inage  system requi red  t o  c o n t r o l  a r t e s i a n  f low may depend on t h e  kind of 
under ly ing  m a t e r i a l .  The upward f low from t h e  source  a q u i f e r  may r each  t h e  
water  t a b l e  through a  s t r a tum of f a i r l y  uniform m a t e r i a l ,  o r  i t  may pass  through 
f r a c t u r e s  o r  o t h e r  narrow openings i n  sandstone,  c l a y ,  l a v a ,  l imes tone ,  o r  o t h e r  
m a t e r i a l s  t h a t  i n  themselves a r e  p r a c t i c a l l y  impermeable. Sur face  seeps  i n  some 
p l ace s  a r e  caused by a r t e s i a n  f low t h a t  w e l l s  up through r e l a t i v e l y  smal l  openings 
i n  t h e  conf in ing  m a t e r i a l ,  causing ground-water mounds o r  s u r f a c e  seeps .  This  
kind of seep u s u a l l y  may b e  dra ined  by p lac ing  a  r e l i e f  d r a i n  a s  deep a s  p r a c t i -  
c a b l e  through t h e  seepage zone. Addi t iona l  i n t e r c e p t i n g  d r a i n s  may be  needed t o  
p i ck  up flow t h a t  escapes l a t e r a l l y  above t h e  conf in ing  l a y e r .  

Perched-water t a b l e  
I n  s t r a t i f i e d  s o i l ,  a  subsurface-drainage problem may be caused where excess  
water  i n  t h e  normal r o o t  zone is  he ld  up by a  l a y e r  of low permeabi l i ty  so t h a t  
t h e  perched water  is disconnected from t h e  main body of ground water .  This  may 
occur when s u r f a c e  sources  b u i l d  up a  l o c a l  water  t a b l e  over t h e  s lowly permeable 
l a y e r .  L a t e r a l  pe r co l a t i on  i s  too slow t o  d r a i n  t h e  perched water  n a t u r a l l y .  

Drainage systems f o r  perched-water t a b l e s  a r e  based on t h e  p a r t i c u l a r  s i t e  con- 
d i t i o n s .  Usua l ly  they c o n s i s t  of r e l i e f  d r a i n s ,  bu t  an  i n t e r c e p t i o n  d r a i n  may 
be  e f f e c t i v e  i n  c u t t i n g  of f  l a t e r a l  seepage i n t o  t h e  wet a r e a .  T h e o r e t i c a l l y ,  
perched water  could be  dra ined  downward by d r i l l i n g  v e r t i c a l  d r a i n s  (wel l s )  
through t h e  r e s t r i c t i v e  l a y e r .  A co l l ec t i on -d ra in  system probably would be 
necessary ,  however, and t h e  v e r t i c a l  d r a i n s  might be imprac t i ca l  o u t l e t s  f o r  
economic o r  o t h e r  reasons .  Perched-water t a b l e s  i n  i r r i g a t e d  a r e a s  may be  sub- 
j e c t  t o  c o n t r o l  by reducing seepage from c a n a l s ,  by improving i r r i g a t i o n  p r a c t i -  
c e s ,  o r  by providing adequate  s u r f a c e  dra inage .  

L a t e r a l  ground-water f low problems 
This  group of subsurface-drainage problems i s  cha rac t e r i zed  by more o r  l e s s  
h o r i z o n t a l  ground-water p e r c o l a t i o n  w i th in  o r  toward t h e  crop-root zone. The 
flow p a t t e r n  is  s t r o n g l y  in f luenced  by s o i l  s t r a t i f i c a t i o n  and o t h e r  n a t u r a l  
b a r r i e r s  t o  f low.  

Adjacent s o i l  l a y e r s  o f t e n  have p e r m e a b i l i t i e s  t h a t  d i f f e r  a  hundred o r  a thou- 
sand f o l d .  According t o  Darcy 's  law of f low,  t h e  e f f e c t i v e  v e l o c i t y  under a  
given g r a d i e n t  v a r i e s  d i r e c t l y  w i th  t h e  permeabi l i ty .  Flow of ground water  i s  
d iscussed  f u r t h e r  i n  t h e  s e c t i o n  on " S u b s u r f a c e - ~ r a i n a ~ e  P r inc ip l e s . "  A l l  
s i g n i f i c a n t  f low may be l i m i t e d  t o  t h e  more permeable l a y e r s .  The depth ,  
o r i e n t a t i o n ,  and i n c l i n a t i o n  of t h e  s t r a t a  determine t h e  d r a inage  method and 
l o c a t i o n .  For  example, h i l l s i d e  seepage may appear  where ground water  moves 
l a t e r a l l y  over  bedrock o r  over  a  l a y e r  of f i n e  sediments  t o  a  po in t  where i t  
emerges a t  t h e  su r f ace .  One o r  more i n t e r c e p t i n g  d r a i n s  may be  used t o  c u t  o f f  
t h e  flow which o therwise  would reach  t h e  r o o t  zone. 

A l l u v i a l  f a n s  and v a l l e y  bottoms commonly c o n t a i n  sand o r  g r a v e l  d e p o s i t s .  These 
occur i n  a v a r i e t y  of ways, a s  i n  deep ex t ens ive  l a y e r s ,  narrow " s t r i n g e r s "  
(old streambed l o c a t i o n s ) ,  l e n s e s ,  o r  i n  h igh ly  s t r a t i f i e d  s o i l  p r o f i l e s .  Such 



r a p i d l y  permeable d e p o s i t s  may s e r v e  a s  channels  f o r  ground-water movement i n  
some p l ace s  a t  h igh  r a t e s  of flow. A s o i l  l a y e r  of low permeabi l i ty  over ly ing  
such an  a q u i f e r  may c r e a t e  a  degree  of confinement,  which i n  t u r n  develops an 
upward hyd rau l i c  g r a d i e n t ,  p a r t i c u l a r l y  i f  t h e  lower end of t h e  a q u i f e r  is  c losed  
o r  of reduced permeabi l i ty .  I n t e r c e p t i o n  d r a i n s  a r e  e f f e c t i v e  where t h e  a q u i f e r  
is c l o s e  enough t o  t h e  s u r f a c e  s o  t h a t  i t  i s  f e a s i b l e  t o  c u t  o f f  t h e  flow. 
Re l i e f  w e l l s  o r  pumping may b e  used where i n t e r c e p t i o n  is  no t  p r a c t i c a l .  

Subsurface s o i l  masses of low pe rmeab i l i t y ,  such a s  c l a y  l e n s e s  and o f f sho re  
c l a y  b a r s  formed i n  t h e  geologic  p a s t ,  a r e  l o c a l  b a r r i e r s  t o  ground-water flow. 
They may cause t h e  water  t a b l e  t o  be he ld  t o  a  h igh  l e v e l  and t h e  flow t o  escape  
around o r  over  t h e  b a r r i e r .  Permeable l a y e r s  t h a t  become t h i n n e r  o r  g r adua l ly  
dec rea se  i n  pe rmeab i l i t y  i n  a  downstream d i r e c t i o n  have a  s i m i l a r  e f f e c t  on t h e  
wa te r  t a b l e .  Drains  placed j u s t  upslope from t h e  r e s t r i c t i o n  u s u a l l y  a r e  e f fec-  
t i v e  i n  t h e s e  s i t u a t i o n s .  I r r i g a t i o n  cana l  seepage c r e a t e s  another  kind of 
l a t e r a l  ground-water f low problem. An i n t e r c e p t i n g  d r a i n  a t  t h e  t oe  of a cana l  
bank o r  r i v e r  l e v e e  may c u t  o f f  much of t h e  flow t h a t  would reach  t h e  wet a r e a  
where a h o r i z o n t a l  b a r r i e r  forms a  convenient  " f l oo r "  f o r  i n t e r c e p t i o n .  However, 
t h e  de s igne r  must cons ide r  t h e  s t e e p e r  hyd rau l i c  g r a d i e n t  such a  d r a i n  causes 
and e v a l u a t e  i t s  e f f e c t  on t h e  canal-seepage l o s s  and on t h e  s t a b i l i t y  of t h e  
embankment a g a i n s t  s loughing  o r  p ip ing .  River  seepage through o r  under l evees  
c r e a t e s  s i m i l a r  problems. 

These examples i l l u s t r a t e  t h e  un l imi ted  v a r i e t y  of subsurface-drainage problems. 
The p r i n c i p l e s  of i n t e r c e p t i o n ,  r e l i e f ,  o r  pumped-well d r a inage  may be  appl ied  
t o  each according t o  t h e  p a t t e r n  of subsur face  flow. The p a t t e r n  of flow becomes 
known from a  f i e l d  i n v e s t i g a t i o n  of s o i l  s t r a t i f i c a t i o n ,  water  source ,  and wa te r  
t a b l e  or p re s su re  d a t a .  

D i f f e r ences  i n  Drainage i n  Humid and Arid Areas 

Drainage i n  humid a r e a s  ha s  t o  do l a r g e l y  w i th  excess  water  r e s u l t i n g  from pre- 
c i p i t a t i o n ;  i n  a r i d  and semiar id  a r e a s ,  t h e  need f o r  d r a inage  a r i s e s  p r i n c i p a l l y  
from i r r i g a t i o n ,  w i t h  f o r e i g n  ground water  an  important  sou rce  i n  some a r e a s .  

Surface-drainage systems may be  requi red  i n  e i t h e r  humid o r  i n  i r r i g a t e d  a r e a s .  
Sur face  dra inage  ia u s u a l l y  an i n t e g r a l  p a r t  of i r r i g a t i o n  systems on s lowly 
permeable s o i l s  o r  i n  a r e a s  of h igh  p r e c i p i t a t i o n  r a t e s .  

The purpose of subsu r f ace  dra inage  i s  t o  lower t h e  water  t a b l e  t o  a  po in t  where 
i t  w i l l  n o t  i n t e r f e r e  w i th  p l a n t  growth and development. The minimum depth a t  
which t h e  water  l e v e l  should be  maintained v a r i e s  according t o  bo th  t h e  crop 
requirement  and t h e  s o i l .  One of t h e  p r i n c i p a l  f a c t o r s  i n  t h e  he igh t  of t h e  
water  t a b l e  i n  a r i d  a r e a s  i s  c o n t r o l  of s a l i n i t y  and a l k a l i n i t y  i n  t h e  s o i l  and 
ground water .  This  i s  a  major reason  f o r  t h e a d i f f e r e n c e  i n  t h e  subsur face  
d r a inage  of humid and of a r i d  c l ima te s .  

The depth of d r a i n s  i n  humid c l ima te s  is  g e n e r a l l y  3 t o  5 f e e t .  Water is  
r e l a t i v e l y  pure ,  t h e r e  u s u a l l y  is  a  n a t u r a l  excess  of water  over  p l a n t  requi re -  
ments,  and t h e r e  is  a n e t  downward movement of ground wa te r .  

S o i l s  i n  semiar id  o r  a r i d  c l ima te s  r e q u i r e  subsur face  d r a i n s  a t  l e a s t  5 t o  7 f e e t  
deep. Most of t h e  wa te r  needed by t h e  crop is  added by i r r i g a t i o n .  Usual ly 
ground water  is somewhat s a l i n e  because of s a l t s  i n  t h e  s o i l ,  t h e  i r r i g a t i o n  wa- 
ter, o r  both.  A wate r  t a b l e  a s  h igh  a s  24-30 inches  below t h e  s u r f a c e ,  s u i t a b l e  
i n  many humid a r e a s ,  would c r e a t e  a  harmful s a l t  concen t r a t i on  i n  t h e  r o o t  zone 
i n  a r i d  a r e a s .  



Crop Requirements 

E f f e c t s  of excess  water  on crops 

The growth of most a g r i c u l t u r a l  c rops  is  sha rp ly  a f f e c t e d  by cont inued s a t u r a t i o n  
of any s u b s t a n t i a l  p a r t  of t h e  r o o t  zone o r  by ponded water  on t h e  su r f ace .  
Poorly dra ined  s o i l s  dep re s s  crop product ion i n  s e v e r a l  ways: 

1. Evaporat ion,  which t a k e s  h e a t  from t h e  s o i l ,  lowers  s o i l  temperature.  
Also, wet s o i l  r e q u i r e s  more h e a t  t o  warm up than does dry  s o i l ,  due 
t o  t h e  h igh  s p e c i f i c  h e a t  of water  a s  compared t o  t h a t  of s o i l .  Thus, 
t h e  growing season is  shor tened .  

2 .  S a t u r a t i o n  o r  s u r f a c e  ponding s t o p s  a i r  c i r c u l a t i o n  i n  t h e  s o i l  and pre- 
v e n t s  b a c t e r i a l  a c t i v i t y .  

3 .  C e r t a i n  p l a n t  d i s e a s e s  and p a r a s i t e s  a r e  encouraged. 

4 .  High water  t a b l e  l i m i t s  r o o t  pene t r a t i on .  

5. S o i l  s t r u c t u r e  is  adverse ly  a f f e c t e d .  

6. S a l t s  and a l k a l i ,  i f  p r e sen t  i n  t h e  s o i l  o r  ground wa te r ,  t end  t o  be  
concent ra ted  i n  t h e  r o o t  zone o r  a t  t h e  s o i l  su r f ace .  

7 .  Wet s p o t s  i n  t h e  f i e l d  de l ay  farm ope ra t i ons  o r  p revent  uniform 
t r ea tmen t .  

Drainage requirements  determined by crops 

D i f f e r e n t  c rops  have widely d i f f e r i n g  t o l e r ances  f o r  excess  water ,  bo th  a s  t o  
amount and t ime.  While water  i t s e l f  may no t  b e  i n j u r i o u s  t o  p l a n t  r o o t s ,  
s a t u r a t i o n  of t h e  r o o t  zone r e s u l t s  i n  an  oxygen de f i c i ency  and accumulation of 
t o x i c  ga se s .  A s h o r t  term of oxygen de f i c i ency  can reduce water  uptake,  n u t r i e n t  
uptake,  and r o o t  r e s p i r a t i o n  and b u i l d  up t o x i n s  which l e a d s  t o  dea th  of c e l l s  
and r o o t s ,  and,  i f  extended, t h e  dea th  of t h e  p l a n t  i t s e l f .  However, complete 
s a t u r a t i o n  of r o o t s  over  an extended per iod  may cause  no s e r i o u s  damage i f  i t  
occurs  dur ing  dormant per iods  of p l a n t  growth o r  f low from dra inage  is  s u f f i c i e n t  
t o  supply some oxygen and remove t o x i c  gases .  The des igne r  of a  d ra inage  system 
recognizes t h e s e  d i f f e r e n c e s  i n  crop requirements  by s e l e c t i n g  an a p p r o p r i a t e  
degree o r  i n t e n s i t y  of d ra inage  ( o f t e n  termed t h e  dra inage  requirement)  f o r  t h e  
s i t e .  The d ra inage  requirement  is based on (a )  t h e  maximum d u r a t i o n  and frequency 
of s u r f a c e  ponding, (b) t h e  maximum he igh t  of t h e  water  t a b l e ,  o r  ( c )  t h e  minimum 
r a t e  a t  which t h e  water  t a b l e  must be  lowered. The l o c a l  d ra inage  guide  i n d i c a t e s  
t h e  dra inage  c r i t e r i a  r equ i r ed  f o r  v a r i o u s  c rop-so i l  combinations. Fu r the r  i n fo r -  
mation and guidance can b e  ob ta ined  from r e p o r t s  of cont inu ing  r e sea rch  on e f f e c t s  
of f looding ,  wa t e r  t a b l e  depths  and s o i l  gases  on a g r i c u l t u r a l  crops ( 2 ) .  

Crop growth and t he  water  t a b l e  

The water  t a b l e  may be def ined  a s  t h e  upper s u r f a c e  of t h e  s a t u r a t e d  zone of f r e e ,  
unconfined ground water .  (A more accu ra t e  d e f i n i t i o n  has  been made i n  terms of 
water  p r e s su re s  and f i l m  t ens ions . )  The so i l -mois ture  conten t  f o r  a  s i g n i f i c a n t  
he igh t  above a  water  t a b l e  i s  s u b s t a n t i a l l y  g r e a t e r  than  f i e l d  capac i t y .  For t h i s  
reason ,  p lan t - roo t  growth i s  a f f e c t e d  by a  water  t a b l e  much more than  t h e  he igh t  
of water  t a b l e  a lone  i n d i c a t e s .  



Another important  f e a t u r e  of water  t a b l e s  i s  t h e i r  f l u c t u a t i o n ,  both seasona l  
and shor t -per iod .  Water t a b l e s  a r e  seldom s t a t i c .  They respond t o  a d d i t i o n s  
and d e p l e t i o n s  of ground water  from n a t u r a l  o r  a r t i f i c i a l  causes .  Sources such 
a s  d i s t a n t - i n f l u e n t  seepage from p r e c i p i t a t i o n  and streamflow a r e  s ea sona l ,  and 
t h e i r  e f f e c t s  on t h e  wet a r e a  may be delayed f o r  months o r  even yea r s .  D i r ec t  
p r e c i p i t a t i o n  and i r r i g a t i o n - p e r c o l a t i o n  was tes ,  of cou r se ,  may change t h e  
wa te r - t ab l e  he igh t  a lmost  immediately. 

Pumping from deep w e l l s  may cause a  g r adua l  lowering of t h e  water  t a b l e  a s  water  
is  taken from a  l a r g e  ba s in  of f r e e  ground water .  I n  o t h e r  a r e a s ,  pumping may 
make s i g n i f i c a n t  immediate changes i n  t h e  he igh t  of water  t a b l e  due t o  p r e s su re  
changes i n  confined water  which "supports"  t h e  water  t a b l e .  

I n  t h e  f i e l d  of d ra inage ,  i t  i s  important  t o  t h ink  of t h e  t r u e  r e l a t i o n  of t h e  
water  t a b l e  t o  r o o t  development and c rop  product ion.  The term "water t ab l e "  is  
sometimes mis lead ing .  C a p i l l a r y  f o r c e s  and f l u c t u a t i n g  ground-water flows r e s u l t  
i n  so i l -mois ture  cond i t i ons  t h a t  a r e  d i f f e r e n t  from t h e  erroneous concept of a  
sharp  break from s a t u r a t i o n  t o  a  much lower mois ture  conten t  such a s  f i e l d  
capac i t y .  A cons ide rab l e  amount of ground water  is p re sen t  and moves through 
t h e  s a t u r a t e d  and n e a r l y  s a t u r a t e d  s o i l  immediately above t h e  water  t a b l e .  

Surface-Drainage P r i n c i p l e s  

Sur face  dra inage  is  accomplished i n  two gene ra l  ways: ( a )  excess  water  is  
c o l l e c t e d  and removed from t h e  ground s u r f a c e  w i t h i n  t h e  a r e a  a f f e c t e d ;  o r ,  
(b)  by means of cons t ruc t i on  o u t s i d e  t h e  a r e a ,  water i s  d i v e r t e d  away from t h e  
a r e a  t o  be p ro t ec t ed .  I n  e i t h e r  c a s e ,  t h e  system i s  convenien t ly  d iv ided  i n t o  
t h r e e  f u n c t i o n a l  ' p a r t s :  

1. Co l l ec t i on  system. Bedding, f i e l d  d i t c h e s ,  row d i t c h e s ,  o r  d i v e r s i o n  
d i t c h e s  a r e  p a r t  of t he  system t h a t  f i r s t  p i cks  up water  from t h e  land .  

2 .  Disposa l  system. This  is  t h e  p a r t  of t h e  system t h a t  r ece ives  water  
from t h e  c o l l e c t i o n  system and conveys i t ,  u s u a l l y  i n  an open d i t c h ,  
t o  t h e  o u t l e t .  

3 .  Out l e t .  This  i s  t h e  end p o i n t  of t h e  dra inage  system under considera-  
t i o n .  

Fundamentally, s u r f a c e  dra inage  u se s  t h e  p o t e n t i a l  energy t h a t  e x i s t s  due t o  
e l e v a t i o n  t o  provide  a  hyd rau l i c  g r a d i e n t .  The surface-drainage system c r e a t e s  
a  f ree-water-surface s l o p e  t o  move water  from t h e  land t o  an  o u t l e t  a t  a lower 
e l e v a t i o n .  The des ign  of c o l l e c t i o n  systems,  such a s  bedding o r  f i e l d  d i t c h e s  
i n  f l a t l a n d  is based most ly on emp i r i ca l  c r i t e r i a ;  i . e . ,  t h e  des ign  is  based on 
f i e l d  obse rva t i ons  of drainage-system performance. The r a t e  a t  which s u r f a c e  
water  must be  removed from t h e  land is  a  func t i on  of t h e  crop requirement and 
t h e  source  of excess  water .  

The water-surface p r o f i l e  is t h e  s t a r t i n g  po in t  i n  t h e  de s ign  of t he  d i sposa l -  
system d i t c h e s .  I n  open d i t c h e s ,  t h e  hyd rau l i c  g r a d e l i n e  i s  t h e  water-surface 
p r o f i l e .  Usua l ly ,  t h e  survey of t h e  sur face-dra inage  o u t l e t  e s t a b l i s h e s  t h e  
lower hydrau l ic -cont ro l  po in t  f o r  t h e  de s ign  of t he  d i s p o s a l  system. Other con- 
t r o l  p o i n t s  a r e  t h e  land  e l e v a t i o n s  a r  c r i t i c a l  low a r e a s  and r e s t r i c t i o n s  i n  
t h e  d i t c h ,  such a s  c u l v e r t s ,  b r i dges ,  and we i r s .  The des ign  of a  d i s p o s a l  system 
invo lves ,  t h e r e f o r e ,  t h e  computation of a  water-surface p r o f i l e  through t h e  con- 
t r o l  p o i n t s ,  f o r  known o r  t r i a l  d i t c h  c r o s s  s e c t i o n s .  



B e r n o u l l i ' s  theorem i s  used t o  compute t h e  hyd rau l i c  g r a d e l i n e  f o r  steady-flow 
cond i t i ons .  Losses  of head due t o  f r i c t i o n  a r e  computed by an  open-channel 
formula, u s u a l l y  Manning's. Head l o s s e s  a t  c o n s t r i c t i o n s  causing nonuniform 
f low, such a s  a t  b r i dges  o r  c u l v e r t s ,  a r e  computed by formula us ing  app rop r i a t e  
l o s s  c o e f f i c i e n t s .  The f i e l d  survey must i nc lude  s u f f i c i e n t  in format ion  f o r  
eva lua t i on  of t h e  roughness and c ro s s - s ec t i on  f a c t o r s ,  inc lud ing  head l o s s  through 
o b s t r u c t i o n s .  

I n  d r a inage  des ign ,  nonsteady f low may occur a s  i n  d i scharge  i n t o  t i d a l  s t reams.  
Such problems may sometimes be solved by d iv id ing  time i n t o  convenient  increments  
w i t h i n  each of which t h e  vary ing  flow may b e  taken  a s  a  cons t an t ,  mean-flow r a t e .  

Subsurface-Drainage P r i n c i p l e s  

Forms of s o i l  water  

Gravi ty  water  
Water t h a t  is  f r e e  t o  move downward through t h e  s o i l  by t h e  f o r c e  of g r a v i t y  i s  
c a l l e d  g r a v i t y  water .  A t  s a t u r a t i o n ,  a l l  pores  a r e  f i l l e d  and t h e  s o i l  ho lds  
t h e  maximum amount of water  t h a t  can be  absorbed wi thout  d i l a t i o n .  (D i l a t i on  
is  t h e  bu lk ing  o r  f l o t a t i o n  of s o i l  g r a i n s . )  

C a p i l l a r y  water  
C a p i l l a r y  water  i s  held i n  t h e  s o i l  a g a i n s t  g r a v i t y .  It inc ludes  t h e  f i l m  of 
water  l e f t  around t h e  s o i l  g r a i n s  and t h e  water  f i l l i n g  t h e  smal le r  pores  a f t e r  
g r a v i t y  water  ha s  dra ined  o f f .  

I f  g r a v i t y  water  i s  allowed t o  d r a i n  from a  s a t u r a t e d  s o i l  (no t  in f luenced  by 
a  water  t a b l e ) ,  t h e  q u a n t i t y  of c a p i l l a r y  water  held i s  c a l l e d  f i e l d  capac i t y .  
Close t o  t h e  water  t a b l e ,  t h e  q u a n t i t y  of c a p i l l a r y  water  held i n  a g r anu l a r  
m a t e r i a l  i s  g r e a t e r  than f i e l d  c a p a c i t y .  The amount of water  held a t  a  given 
po in t  depends on t h e  d i s t a n c e  above t h e  water  t a b l e ,  a s  w e l l  a s  on t h e  s o i l  pore 
s i z e s  and shapes.  This  form of c a p i l l a r y  water  is sometimes c a l l e d  f r i n g e  water .  
J u s t  above t h e  water  t a b l e ,  f r i n g e  water  completely f i l l s  t h e  c a p i l l a r y  pores ,  
and i n  t h i s  r e l a t i v e l y  narrow zone, s a t u r a t i o n  occurs  a t  s l i g h t  nega t i ve  p r e s su re  
( t e n s i o n ) .  Openings s o  l a r g e  t h a t  c a p i l l a r y  r i s e  i n  them i s  n e g l i g i b l e  a r e  
c a l l e d  s u p e r c a p i l l a r y  openings. Examples of m a t e r i a l s  conta in ing  s u p e r c a p i l l a r y  
openings a r e  g r a v e l ,  boulders ,  some forms of l a v a ,  s t r u c t u r a l l y  f r a c t u r e d  rock 
o r  c l a y ,  s o l u t i o n  openings i n  rock ,  and s o i l  conta in ing  r o o t  ho l e s .  

Hygroscopic water  
When a g ranu l a r  m a t e r i a l  is  completely d r i e d  by hea t i ng ,  then  exposed t o  t h e  a i r ,  
i t  absorbs atmospheric  mo i s tu r e .  This  water ,  when i n  equi l ib r ium wi th  t he  
atmospheric  mois ture ,  i s  c a l l e d  hygroscopic wa te r .  

The water t a b l e  and t h e  c a p i l l a r y  f r i n g e  

The water  t a b l e  is  t h e  upper s u r f a c e  of t h e  s a t u r a t e d  zone of f r e e  ground water .  
Free  ground water  is  def ined  a s  water  n e i t h e r  confined by a r t e s i a n  cond i t i ons  
nor s u b j e c t  t o  t h e  f o r c e s  of s u r f a c e  tens ion .  A t  t h e  water  t a b l e ,  water  p r e s su re  
is  a t  a tmospheric  pressure .  Thus t h e  water  t a b l e  i s  t he  imaginary s u r f a c e  sepa- 
r a t i n g  c a p i l l a r y  water  (under t ens ion )  from t h e  f r e e  ground water  below. 

The water  t a b l e  i n  g r anu l a r  m a t e r i a l  i s  not  an observable ,  phys i ca l  s u r f a c e  be- 
cause c a p i l l a r y  water  s a t u r a t e s  t h e  m a t e r i a l  j u s t  above t h e  water  t a b l e  and 
decreases  i n  amount g r adua l ly  upward. An except ion  i s  water  i n  s u p e r c a p i l l a r y  



openings,  i n  which t h e  water  i s  i n  equ i l i b r i um wi th  t h e  atmosphere. Auger ho l e s  
and piezometers  a r e  s u p e r c a p i l l a r y  i n  s i z e  and open t o  t h e  atmosphere, and s o  
they f i l l  t o  t h e  t r u e  water - tab le  l e v e l  when bored o r  d r iven  j u s t  i n t o  t h e  water  
t a b l e .  

When an  auger ho l e  is  bored t o  l o c a t e  t h e  water  t a b l e  i n  a  f i n e  o r  mediurn- 
t ex tu red  s o i l ,  t h e  observer  f i n d s  i t  d i f f i c u l t  t o  recognize  t h e  top of t h e  
s a t u r a t e d  zone because of t h e  gradua l  change from mois t  t o  s a t u r a t e d  s o i l .  Also, 
i t  may t a k e  hours  o r  even days f o r  an auger h o l e  t o  r e g i s t e r  t h e  water  t a b l e  i n  
s lowly permeable s o i l s .  Small w e l l s  o r  piezometers  r e a c t  more qu ick ly  than l a r g e  
ones because l e s s  water  need flow through t h e  s o i l  t o  f i l l  t h e  smal le r  openings. 

Water i n  t h e  c a p i l l a r y  f r i n g e  may be  a  s i g n i f i c a n t  p ropo r t i on  of ground water  
moving toward subsu r f ace  drains--as much a s  20 percent  o r  more under some 
cond i t i ons .  

An auger  h o l e  o r  p i p e  should p e n e t r a t e  t h e  s a t u r a t e d  zone only a s h o r t  way i f  t h e  
water - tab le  e l e v a t i o n  is  t o  be measured accu ra t e ly .  This  is p a r t i c u l a r l y  impor- 
t a n t  where upward flow o r  confined flow would b e  tapped by a  deeper ho le .  An 
auger  h o l e  t h a t  p e n e t r a t e s  two o r  more a q u i f e r s  i n  a  s t r a t i f i e d  s o i l  conta in ing  
confined water  would r e g i s t e r  t h e  h i g h e s t  hyd rau l i c  head modified by leakage 
from t h e  a q u i f e r s  of h ighe r  hyd rau l i c  head t o  t hose  of lower head. 

These c h a r a c t e r i s t i c s  of t h e  water  t a b l e  have a  s i g n i f i c a n t  bear ing  on t h e  kind 
of  f i e l d  measurements t o  be  made, on t h e  devices  used t o  make t h e  observa t ions ,  
and on t h e  i n t e r p r e t a t i o n s  of d a t a  f o r  drain-system des ign .  

P r i n c i p l e s  of flow i n  t h e  s a t u r a t e d  zone 

Flow of water  i n  t h e  s a t u r a t e d  zone i nvo lves  mechanical,  chemical ,  and thermal  
energy,  and molecular  a t t r a c t i o n .  A f u l l  d i s cus s ion  of so i l -wa te r  movement is 
i n  numerous p u b l i c a t i o n s  on s o i l  phys ics  and s o i l  permeabi l i ty .  Here only t h e  
mechanical f o r c e s  tending  t o  move water  through s o i l s  w i l l  be  considered.  

Hydraul ic  head 

I n  s a t u r a t e d  flow through s o i l s ,  a s  i n  open channel  f low,  t h e  t o t a l  energy con- 
t e n t  (E)  of water  is t h e  sum of t h e  k i n e t i c ,  p r e s su re ,  and g r a v i t y  components. 
A s  expressed i n  B e r n o u l l i ' s  equat ion:  

E = k i n e t i c  energy -I- pre s su re  p o t e n t i a l  + e l e v a t i o n  p o t e n t i a l .  

V e l o c i t i e s  i n  ground-water flow a r e  almost  always low, making t h e  v e l o c i t y  
( k i n e t i c )  term n e g l i g i b l e .  E s s e n t i a l l y ,  t hen ,  t h e  energy causing flow is  t h e  
sum of t h e  two p o t e n t i a l  energy i t e m s ,  p r e s su re  and e l eva t i on .  This  p o t e n t i a l  
f o r  f low i s  c a l l e d  "hydraul ic  head." 

I n  t h e  English system of u n i t s ,  energy i s  expressed foot-pounds. Hydraul ic  head 
is convenient ly expressed a s  t he  energy conten t  per  u n i t  weight of wa t e r ,  o r  
foot-pounds per  pound, which is  f e e t ,  d imens iona l ly .  Thus, t h e  hyd rau l i c  head 
( f i g .  1 - l ) ,  a t  a  g iven  po in t  is: 

where H = hydrau l i c  head,  f t . ;  P = p r e s s u r e  a t  t h e  po in t  r e f e r r e d  t o  t h e  atmos- 
phere ,  l b / f t 2 ;  W = s p e c i f i c  weight of t h e  water ,  l b / f t 3 ;  and Z = e l e v a t i o n  of 
t h e  po in t  above a  datum, f t .  



-- 

Figure 1-1, Illustration of hydraulic head 

P r e s s u r e  Head 
a t  P o i n t  " P "  = 

E l e v a t i o n  Head 

H y d r a u l i c  G r a d i e n t  = HI - Hz 

L 

Figure 1-2, Illustration of hydraulic gradient 

DATUM 

a t  P o i n t  " P "  = 

7 r Y 



Piezomete rs  c o n v e r t  p r e s s u r e  a t  a  p o i n t  t o  a  p h y s i c a l  p r e s s u r e  head t h e  h e i g h t  
of t h e  w a t e r  column i n  t h e  piezometer .  T h i s  h e i g h t  i s  n o t  h y d r a u l i c  head,  s i n c e  
i t  is o n l y  t h e  term P/W i n  t h e  e q u a t i o n .  To f i n d  t h e  h y d r a u l i c  head a t  t h e  p o i n t  
( lower  end of t h e  p iezomete r )  t h e  e l e v a t i o n  (Z)  of t h e  p o i n t  above t h e  datum must 
b e  added t o  t h e  p r e s s u r e  head. The e l e v a t i o n  of t h e  w a t e r  s u r f a c e  i n  t h e  piezom- 
eter ,  r e f e r r e d  t o  t h e  datum, is  P/W + Z ,  and s o  is  numer ica l ly  e q u a l  t o  t h e  
h y d r a u l i c  head a t  t h e  lower end of t h e  piezometer .  

Hydrau l ic  g r a d i e n t  

Ground-water f low r e s u l t s  from t h e  f o r c e  " a v a i l a b l e "  t o  move w a t e r  through t h e  
s o i l  due t o  d i f f e r e n c e s  i n  energy c o n t e n t ;  i . e . ,  d i f f e r e n c e s  i n  h y d r a u l i c  head.  
T h i s  is  ana lagous  t o  t h e  f low of h e a t  o r  e l e c t r i c i t y ,  where flow i s  due t o  
d i f f e r e n c e s  i n  t empera ture  ( h e a t  p o t e n t i a l )  o r  d i f f e r e n c e s  i n  v o l t a g e  ( e l e c t r i c a l  
p o t e n t i a l ) .  Hydrau l ic  g r a d i e n t  is  t h e  d i f f e r e n c e  i n  h y d r a u l i c  head a t  two p o i n t s ,  
d i v i d e d  by t h e  d i s t a n c e  between t h e  p o i n t s  measured a long  t h e  path of f low -- 
( f i g .  1-2) .  I n  t h i s  f i g u r e ,  t h e  p l a n e  of t h e  paper  i s  a  v e r t i c a l  s u r f a c e  through 
t h e  p a t h  o f  f low.  

H1 - H2 
Hydrau l ic  G r a d i e n t  = 

where L = d i s t a n c e  measured a long  t h e  p a t h  of f low,  f t .  

S u b s c r i p t s  1 and 2 r e f e r  t o  t h e  p o i n t s  of t h e  h i g h e r  and lower h y d r a u l i c  
head,  r e s p e c t i v e l y ;  o t h e r  u n i t s  a r e  d e f i n e d  i n  t h e  p reced ing  paragraphs .  

I n  a  g i v e n  f low system ( f i g .  1-3) each " p a r t i c l e "  of w a t e r  i n  t h e  system h a s  i t s  
cor responding  h y d r a u l i c  head. A l l  p a r t i c l e s  o r  p o i n t s ,  of a g i v e n  h y d r a u l i c  head 
( H i )  l i e  i n  t h e  cor responding  e q u i p o t e n t i a l  s u r f a c e  ( H I ) .  A l l  p o i n t s  of h y d r a u l i c  
head H2 l i e  i n  t h e  e q u i p o t e n t i a l  s u r f a c e  H z ,  and s o  on. The f o r c e  t end ing  t o  pro- 
duce f low a c t s  i n  t h e  d i r e c t i o n  of g r e a t e s t  d e c r e a s e  i n  h y d r a u l i c  head;  i . e . ,  
normal t o  t h e  e q u i p o t e n t i a l  s u r f a c e ,  a s  F a t  p o i n t  P ,  o r  F '  a t  p o i n t  P ' .  The 
magnitude of t h i s  f o r c e  is p r o p o r t i o n a l  t o  t h e  h y d r a u l i c  g r a d i e n t  a t  t h e  p o i n t .  

A t  t h e  w a t e r  t a b l e ,  t h e  p r e s s u r e  component of energy (P/W) i s  ze ro  r e l a t i v e  t o  
a tmospher ic  p r e s s u r e .  There fore ,  t h e  h y d r a u l i c  head H of a  p o i n t  a t  t h e  wate r  
t a b l e  i s  Z ,  t h e  e l e v a t i o n  of t h e  p o i n t  above t h e  datum. 

Water- table  s l o p e  r e p r e s e n t s  t h e  h y d r a u l i c  g r a d i e n t  of f low o n l y  under c e r t a i n  
c o n d i t i o n s .  Hydrau l ic  g r a d i e n t  may d i f f e r  g r e a t l y  from t h e  w a t e r - t a b l e  s l o p e  
where t h e r e  i s  s i g n i f i c a n t  upward o r  downward component of f low such  a s  i n  t h e  
v i c i n i t y  of pumping w e l l s  o r  s u b s u r f a c e  d r a i n s ,  i n  f low from a r t e s i a n  a q u i f e r s ,  
and i n  u n s a t u r a t e d  seepage  from c a n a l s .  As shown i n  f i g u r e  1-4, s l o p e  of t h e  
w a t e r  t a b l e  i s  H1 - H2 (or  t angen t  of t h e  a n g l e )  by d e f i n i t i o n .  S is  t h e  h o r i -  

S 
z o n t a l  p r o j e c t i o n  of t h e  p a t h  of f low L. But t h e  h y d r a u l i c  g r a d i e n t  is H1 - H2 

L 
( o r  s i n e  of t h e  a n g l e ) .  On f l a t  g r a d i e n t s  and w i t h  p a r a l l e l  f low,  t h e  water- 
t a b l e  s l o p e  i s  e s s e n t i a l l y  t h e  h y d r a u l i c  g r a d i e n t  because S = L n e a r l y  ( t a n g e n t  
i s  n e a r l y  t h e  same a s  t h e  s i n e  f o r  s m a l l  a n g l e s ) .  It should b e  noted t h a t  t h e  



Figure  1-3, E q u i p o t e n r i a l  surfaces 
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Figure  1-4, D i f f e r e n c e  between h y d r a u l i c  g r a d i e n t  
and s l o p e  of t h e  water  t a b l e  



water  t a b l e  is  no t  i n v a r i a b l y  a  pa th  of f low; water  may be flowing down from o r  
up i n t o  t h e  unsa tu ra t ed  zone, t hus  c ro s s ing  t h e  water  t a b l e .  

Pa th s  of f low ( s t r eaml ines )  

The f o r c e  due t o  hyd rau l i c  g r a d i e n t  t ends  t o  move water  a long t h e  l i n e  of f o r c e  
normal t o  t h e  e q u i p o t e n t i a l  su r f ace s .  Whether t h e  flow moves a c t u a l l y  i n  t he  
same d i r e c t i o n  a s  t h e  l i n e  of f o r c e  depends on whether t h e  s o i l  has  t h e  same 
hyd rau l i c  conduc t iv i t y  i n  a l l  d i r e c t i o n s .  I f  t h e  s o i l  i s  " i s o t r o p i c , "  i . e . ,  i f  
i t s  hyd rau l i c  conduc t iv i t y  is  t h e  same i n  a l l  d i r e c t i o n s ,  t h e  pa th  of flow w i l l  
b e  along t h e  l i n e s  of f o r c e  and perpendicu la r  t o  t h e  e q u i p o t e n t i a l  su r f ace s .  

I f  t h e  s o i l  has  a  h ighe r  hydrau l ic  conduc t iv i t y  i n  one d i r e c t i o n  than i n  another  
d i r e c t i o n ,  t h e  pa th  of f low w i l l  no t  be  perpendicu la r  t o  t h e  e q u i p o t e n t i a l  sur-  
f a c e .  Such a  s o i l  i s  s a i d  t o  be  " an i so t rop i c . "  Water-laid s o i l s  o f t e n  have 
bedding p lanes  o r  p a r t i c l e  o r i e n t a t i o n  causing them t o  be  a n i s o t r o p i c .  The 
p a t h s  of f low i n  a n i s o t r o p i c  s o i l s  w i l l  b e  perpendicu la r  t o  t h e  e q u i p o t e n t i a l  
s u r f a c e s  a t  p o i n t s  where t h e  l i n e s  of f o r c e  a r e  e x a c t l y  p a r a l l e l  t o  o r  normal 
t o  t h e  bedding p lane .  A s o i l  w i th  m i c r o s t r a t i f i c a t i o n  ( t h i n  l a y e r s  wi th  widely 
d i f f e r e n t  hyd rau l i c  c o n d u c t i v i t i e s )  w i l l  cause  water  t o  f low i n  a  way s i m i l a r  
t o  t h e  f low i n  an a n i s o t r o p i c  s o i l .  

Many f low systems common i n  s o i l  d r a inage  may be s t ud i ed  i n  two dimensions r a t h e r  
than  t h r e e ,  because of un i formi ty  i n  t h e  t h i r d  dimension. Equ ipo t en t i a l  l i n e s  
then  r ep re sen t  t h e  i n t e r s e c t i o n  of t h e  p l ane  of t h e  paper w i th  t h e  e q u i p o t e n t i a l  
s u r f a c e s .  An example of t h i s  r e p r e s e n t a t i o n  i s  t h e  flow i n t o  a  system of p a r a l l e l  
d r a i n s ,  where t h e  f low is  a t  r i g h t  ang l e s  t o  t h e  d r a i n s .  

A two-dimensional system on t h e  X-Y p lane  i s  i l l u s t r a t e d  i n  f i g u r e  1-5. The s o i l  
is  i s o t r o p i c  (hyd rau l i c  conduc t iv i t y  i s  uniform i n  a l l  d i r e c t i o n s )  i n  f i g u r e  1-5. 
F igure  1-6 shows another  s o i l ,  w i th  a  l i n e  of f o r c e  normal t o  t h e  e q u i p o t e n t i a l  
l i n e  and a t  an ang l e  b t o  t h e  v e r t i c a l  a x i s  Y .  But i n  t h i s  s o i l ,  which i s  
a n i s o t r o p i c , t h e  h o r i z o n t a l  hyd rau l i c  conduc t iv i t y  Kh exceeds t h e  v e r t i c a l  hydrau- 
l i c  conduc t iv i t y  Kv. The d i r e c t i o n  of f low is no t  a long t h e  l i n e  of f o r c e ,  bu t  
a long a  l i n e  c l o s e r  t o  t h e  h o r i z o n t a l  a x i s .  It may be shown t h a t  t h e  angle  t h e  
pa th  of f low makes w i th  t h e  h o r i z o n t a l  i s  

K a = tan-' Kh zan 
Thus, t h e  f low p a t t e r n  may be  computed and drawn f o r  an  a n i s o t r o p i c  system i f  
t h e  e q u i p o t e n t i a l  l i n e s  a r e  known, and i f  t h e  r e l a t i v e  hyd rau l i c  c o n d u c t i v i t i e s  
Kv and Kh a r e  known. 

I n  ana lyz ing  t h e  d i r e c t i o n  of f low of ground water ,  t he  i n v e s t i g a t o r  should be 
aware of t h e  e f f e c t  of a n i s o t r o p i c  s o i l s  on t h e  f low p a t t e r n .  

Flow n e t s  and boundary cond i t i ons  

Flow i n  t h e  s a t u r a t e d  zone o f t e n  is  s t u d i e d  by means of g r aph i c  r e p r e s e n t a t i o n s  
of hyd rau l i c  head and pa th s  of flow. Cross s e c t i o n s  a r e  taken  through t h e  problem 
a r e a ,  u s u a l l y  i n  v e r t i c a l  planes.  L ines  connect ing p o i n t s  of equa l  hyd rau l i c  head 



F i g u r e  1-5, Flow d i r e c t i o n  i n  i s o t r o p i c  soil 
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F i g u r e  1-6, Flow d i r e c t i o n  i n  a n i s o t r o p i c  soil 



on such p lanes  a r e  c a l l e d  e q u i p o t e n t i a l  l i n e s ,  o r  " equ ipo t en t i a l s . "  Lines 
i n d i c a t i n g  t h e  pa ths  of flow a r e  c a l l e d  "s t reaml ines . "  A graph showing equipo- 
t e n t i a l s  and s t r eaml ines  f o r  a  flow system o r  p a r t  of a  flow system is c a l l e d  
a "flow ne t . "  

The flow n e t  i s  t h e  r e s u l t  of t h e  ope ra t i on  of Darcy's Law i n  a  system where 
t h e r e  a r e  c e r t a i n  sources  of water  and c e r t a i n  c o n s t r a i n t s  t o  flow. These 
cond i t i ons  t h a t  govern t h e  p a t t e r n  of f low i n  a  ground-water system, when taken  
t o g e t h e r ,  a r e  c a l l e d  "boundary condi t ions ."  Topography, l o c a t i o n  and q u a n t i t y  
of water  sou rce ,  s t r a t i g r a p h y ,  and d r a i n  l o c a t i o n s  a r e  t h e  p r i n c i p a l  i tems making 
up t h e  boundary cond i t i ons .  A f i e l d  survey of t he se  elements  is a b a s i s  f o r  
( a )  i s o l a t i n g  t h e  flow system t o  b e  s t u d i e d ,  and (b) des ign ing  t h e  dra inage  
system. 

F igure  1-7 i l l u s t r a t e s  two flow n e t s  i n  s a t u r a t e d  s o i l s .  Each is taken i n  a 
v e r t i c a l  p lane  a t  r i g h t  angles  t o  a  d r a i n ,  w i th  t h e  s o i l  s a t u r a t e d  t o  t h e  s u r f a c e  
and an impermeable l a y e r  a t  twice t h e  d r a i n  depth .  The d r a i n  i s  one of s e v e r a l  
equa l l y  spaced d r a i n s .  The upper flow n e t  i s  f o r  an i s o t r o p i c  s o i l .  The lower 
f low n e t  is f o r  t h e  same boundary cond i t i ons  except  t h a t  t h e  s o i l  has  a  h o r i z o n t a l  
pe rmeab i l i t y  16 t imes i t s  v e r t i c a l  pe rmeab i l i t y  ( a n i s o t r o p i c ) .  Numbers on each 
s t r e a m l i n e  i n d i c a t e  t h e  percent  of t h e  t o t a l  flow which occurs  t o  t h e  l e f t  of 
t h a t  s t r eaml ine .  Note t h a t  50 percent  of t h e  flow reaching  the d r a i n  through t h e  
i s o t r o p i c  s o i l  o r i g i n a t e s  i n  a  s t r i p  over  t h e  d r a i n  and covering about one-fourth 
of t h e  source  a r e a .  For t h e  s o i l  wi th  h o r i z o n t a l  pe rmeab i l i t y  16 t imes g r e a t e r  
than  t h e  v e r t i c a l ,  50 percent  of t h e  flow o r i g i n a t e s  i n  a  much wider  s t r i p ,  
cover ing  n e a r l y  one-half of t h e  source  a r e a .  

I f  t h e  water  source  were c u t  o f f  a t  t h e  s o i l  s u r f a c e ,  t h e  water  t a b l e  would drop 
i n  bo th  ca se s ,  b u t  t h e  drop would b e  much more uniform i n  t h e  second case .  This  
same e f f e c t  is observed i n  layered  s o i l s ,  except  t h a t  t h e  flow n e t ,  whi le  having 
t h e  same gene ra l  shape,  would show sha rp  breaks  i n  d i r e c t i o n  where t h e  l i n e s  
c rossed  from one s t r a tum t o  another .  

Flow n e t s  may b e  p l o t t e d  from a c t u a l  f i e l d  measurements of hyd rau l i c  head i n  
piezometers .  A dra inage  problem is sometimes reproduced i n  a  l abo ra to ry  tank  
model, from which flow d a t a  may be  taken  more r e a d i l y .  E l e c t r i c a l  analogs provide  
a d d i t i o n a l  u s e f u l  t o o l s  f o r  s e t t i n g  up some dra inage  problems. Plow n e t s  a r e  
r e a d i l y  p l o t t e d  from e l e c t r i c a l  analog d a t a .  There a r e  a l s o  methods of computing 
a r i t h m e t i c a l l y  t h e  hyd rau l i c  head throughout a c t u a l  o r  i d e a l i z e d  flow systems. 
However, numerical  methods a r e  t ed ious  f o r  complex problems. 

Flow n e t s  a r e  used t o  s tudy  such s p e c i a l  problems a s  t h e  depth and spacing of 
d r a i n s ,  t h e  b e s t  l o c a t i o n  f o r  a d r a i n  conduit  designed t o  i n t e r c e p t  flow over 
an  impermeable l a y e r ,  t h e  e f f e c t  of perv ious  b a c k f i l l  i n  l e s s  permeable s o i l ,  
t h e  q u a n t i t y  of f low e n t e r i n g  t h e  bottom h a l f  of a  bu r i ed  d r a i n ,  and cana l  seep- 
age. Such s p e c i a l  cond i t i ons  may j u s t i f y  flow-net a n a l y s i s  f o r  an i nd iv idua l  
d r a i n  des ign ,  bu t  t h i s  technique is more o f t e n  employed i n  r e sea rch  o r  eva lua t i on  
work. 

Permeabi l i ty  and hyd rau l i c  conduc t iv i t y  

"Permeabil i ty"  of a  porous medium such a s  s o i l  i s  i ts  capac i t y  t o  t ransmi t  f l u i d s .  
It is  used a s  a  q u a l i t a t i v e  term; i . e . ,  i t  is used a s  a  term f o r  t h i s  p roper ty  
of s o i l .  The term is a l s o  modified t o  d e s c r i b e  t he  r e l a t i v e  ea se  of t ransmiss ion ,  
a s  " r ap id ly  permeable," o r  "slowly permeable ." 
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"Hydraulic conduct iv i ty"  of a  s o i l  is a  numerical  va lue  f o r  permeabi l i ty .  It 
is equa l  t o  t h e  p r o p o r t i o n a l i t y  f a c t o r  K i n  t h e  Darcy equa t ion .  The Darcy 
equa t ion  is  an express ion  of e f f e c t i v e  v e l o c i t y  of flow a s  a  func t i on  of hyd rau l i c  
g r a d i e n t  and t h e  t ransmiss ion  p r o p e r t i e s  of t h e  s o i l  and water .  I t  was found t h a t  
e f f e c t i v e  v e l o c i t y  is p ropo r t i ona l  t o  hyd rau l i c  g r a d i e n t ,  a l l  o t h e r  t h ings  being 
equa l  : 

L where v  = e f f e c t i v e  flow v e l o c i t y ,  dimensions - 
T 

( E f f e c t i v e  flow v e l o c i t y  is  t h e  v e l o c i t y  w i th  r e s p e c t  t o  t h e  t o t a l  a r e a  
of t h e  porous medium--not t h e  void a r e a  a lone .  It may be  def ined  a s  
t h e  q u a n t i t y  of flow per  u n i t  of t ime d iv ided  by t h e  t o t a l  a r e a  of t h e  
porous medium producing t h a t  q u a n t i t y  of flow.) 

L 
K = a  f a c t o r ,  dimensions - 

T 

i = hydrau l i c  g r a d i e n t ,  dimensionless  

Thus, hyd rau l i c  conduc t iv i t y  is t h e  e f f e c t i v e  v e l o c i t y  of flow when the  hyd rau l i c  
g r a d i e n t  is  u n i t y .  I n  dra inage  des ign ,  i t  i s  convenient  t o  express  v  and K i n  
inches  per  hour. Darcy 's  Law i s  v a l i d  f o r  flow v e l o c i t i e s  i n  almost any n a t u r a l  
d r a inage  s i t u a t i o n .  

Hydraul ic  conduc t iv i t y  depends on p r o p e r t i e s  both of t h e  s o i l  and of t h e  t r ans -  
m i t t ed  water .  A high  va lue  is a s soc i a t ed  w i th  h igh  p o r o s i t y ,  coarse  open t e x t u r e ,  
and h igh ly  developed s t r u c t u r e .  S o i l s  do no t  vary  g r e a t l y  i n  po ros i t y ,  bu t  a 
few l a r g e  pores  a r e  more e f f e c t i v e  i n  c o n t r i b u t i n g  t o  h igh  conduc t iv i t y  than  
many sma l l  pores .  Fine-textured s o i l s - m a y  depend almost e n t i r e l y  on t h e  s t r u c -  
t u r a l  pores  f o r  t h e i r  conduc t iv i t y .  The q u a l i t y  of t h e  water  t r ansmi t t ed ,  p a r t i -  
c u l a r l y  t h e  s a l i n i t y  and a l k a l i n i t y ,  may have a  marked e f f e c t  on hyd rau l i c  
conduc t iv i t y .  

S o i l  w i t h i n  a  drainage-problem a r e a  seldom has  uniform permeabi l i ty .  This  va r i a -  
t i o n  is exh ib i t ed  i n  two important  c h a r a c t e r i s t i c s :  t h e  s o i l  may be  nonhomogeneous 
due t o  s t r a t i f i c a t i o n ,  b a r r i e r s ,  o r  o t h e r  d i s t i n c t  masses; o r  i t  may have a  h ighe r  
pe rmeab i l i t y  i n  one d i r e c t i o n  than ano the r ,  even though homogeneous. S o i l s  w i t h  
t h i s  l a t t e r  q u a l i t y  a r e  c a l l e d  "an iso t rop ic"  ( s ee  s e c t i o n  on "Paths of Flowt'). 

Rate  of f low 

The r a t e  of flow (Q)  pass ing  a  g iven  c ro s s - s ec t i ona l  a r e a  of s a t u r a t e d  s o i l  (A) 
i s  t h e  product  of t h e  a r e a  and t h e  e f f e c t i v e  v e l o c i t y  of flow through t h e  sec- 
t i o n  (v) : 

Combining t h i s  express ion  w i th  t h e  Darcy Law 

we have t h e  express ion  



This  equa t ion  may be  used t o  e s t i m a t e  t h e  q u a n t i t y  of flow i n  s imple dra inage  
problems, such a s  might be  found i n  h i l l s i d e  i n t e r c e p t i o n  over  a  s l op ing ,  imper- 
meable l a y e r .  I n  more complex flow problems, bo th  t h e  hyd rau l i c  g r a d i e n t  and 
t h e  hyd rau l i c  conduc t iv i t y  vary  throughout  t h e  flow reg ion  and a n a l y s i s  i s  more 
d i f f i c u l t .  Also,  t h e  boundaries  of flow may be  d i f f i c u l t  t o  determine.  For 
t h e s e  problems, i t  u s u a l l y  is  i m p r a c t i c a l  t o  d e f i n e  completely t h e  a r e a ,  p-ermea- 
b i l i t y ,  and hyd rau l i c  g r a d i e n t ,  s o  l e s s  d i r e c t  methods of e s t ima t ing  f low a r e  
employed. These a r e  d i scussed  i n  Chapter 4 ,  Subsurface Drainage. 

Sink formation i n  subsur face  d r a inage  

Subsurface dra inage  is  accomplished by p l ac ing  below the  water  t a b l e  an  a r t i f i c i a l  
channel  i n  which t h e  hyd rau l i c  head is l e s s  than  i t  is  i n  t h e  s o i l  t o  b e  dra ined .  
Thus a  hyd rau l i c  g r ad i en t  toward t h e  channel is  induced, and a  "sink" i s  crea tkd .  
The s i n k  i s  main ta ined ,  of course ,  by removing water  from t h e  a r t i f i c i a l  channel 
by g r a v i t y  o r  by pumping. 

Two f a c t o r s  determine t h e  r a t e  a t  which water  moves toward t h e  s i n k  a t  any poin t :  
The hyd rau l i c  g r a d i e n t  and t h e  hyd rau l i c  conduc t iv i t y .  This  is i n  accord w i th  
Darcy's Law. T o t a l  flow t o  t h e  s i n k  involves  hyd rau l i c  conduc t iv i t y  throughout  
t h e  whole s o i l  mass through which water  moves t o  t h e  s i n k .  The flow n e t  de l in -  
e a t e s  t h e  e x t e n t  and p a t t e r n  of flow throughout  t h i s  s o i l  mass, a s  d i scussed  on 
t h e  preceding pages. 

The d e s i r e d  c o n t r o l  of t h e  water  t a b l e  is accomplished (a )  by l o c a t i n g  t h e  s i n k  
v e r t i c a l l y  and h o r i z o n t a l l y  s o  a s  t o  t a k e  advantage of t h e  more permeable s o i l  
masses, and (b)  by c o n t r o l l i n g  t h e  hyd rau l i c  g r a d i e n t .  Hydraul ic  g r a d i e n t  may 
be  c o n t r o l l e d  through depth of t h e  s i n k ,  spacing of t h e  s i n k s ,  and ( i n  methods 
of d ra inage)  t h e  p r e s su re  a t  t h e  s i n k .  I n  Equation 1-1 

P P 
(++zl) - ($ + z,) 

Hydraul ic  g r ad i en t  = L 

t h e s e  t h r e e  c o n t r o l s  a f f e c t  Z2, L and P 2 ,  r e s p e c t i v e l y .  

Drainage dev i ce s  t h a t  a r e  u s e d ' t o  form s i n k s  a r e  bu r i ed  d r a i n s ,  d i t c h e s ,  r e l i e f  
w e l l s  (upward f low) ,  v e r t i c a l  d r a i n s  (downward f l ow) ,  and pumped w e l l s .  The 
hyd rau l i c  head i n  bur ied  d r a i n s  and i n  d i t c h e s  depends on t he  water-surface e l e -  
v a t i o n  because t h e  water  is  a t  a tmospheric  p r e s su re .  Re l ie f  w e l l s ,  a t  t h e i r  
lower ends where t h e  s i n k  u sua l l y  is formed, o p e r a t e  under a  p r e s su re  dependent 
on t h e  e l e v a t i o n  of t h e i r  ou t le t s - -or  of t he  water  s u r f a c e  i n  t h e  d r a i n  i n t o  
which they  d i s cha rge ,  i f  submerged. Pumped w e l l s  c r e a t e  s i n k s  which may be 
e i t h e r  a t  a tmospheric  p r e s su re  o r  above atmospheric  p r e s s u r e ,  depending on t he  
s o i l  s t r a t i f i c a t i o n  and whether t h e  s i n k  i n  ques t i on  is above o r  below t h e  water  
l e v e l  i n  t h e  pumping w e l l .  

Theor ies  of Buried Drain and Open Di tch  Subsurface Drainage 

Water movement i n  t h e  s a t u r a t e d  zone may be analyzed by applying Darcy 's  Law t o  
t h e  p a r t i c u l a r  s e t  of boundary cond i t i ons  a t  t h e  drainage-problem s i t e .  I f  i t  
were p o s s i b l e  by f i e l d  surveys t o  determine t h e  exac t  l o c a t i o n  of impermeable 
l a y e r s ,  t h e  l o c a t i o n  and hyd rau l i c  head of a l l  in f low t o  and outf low from t h e  
system, permeabi l i ty  i n  a l l  p a r t s  of t h e  system, time and r a t e  of changes i n  f low,  
symmetry of t h e  system--all  t h e  f a c t o r s  which a f f e c t  t h e  amount and p a t t e r n  of 
flow--then t h e  problem would be  completely def ined  and s u b j e c t  t o  d i r e c t  and 
exac t  s o l u t i o n .  



Drainage problems a r e  seldom s o  completely  d e f i n e d  i n  p r a c t i c e ,  however. Usua l ly  
they  c o n s i s t  of a more o r  l e s s  complex combinat ion of d i f f e r e n t  problems. The 
procedure  is t o  de te rmine  t h e  boundary c o n d i t i o n s ,  f i r s t  approx imate ly ,  t h e n  i n  
a s  much d e t a i l  a s  n e c e s s a r y  by means of t h e  reconna issance  and p r e l i m i n a r y  surveys .  
C e r t a i n  s i t u a t i o n s  o r  s e t s  of boundary c o n d i t i o n s  a r e  recognized  a s  problem t y p e s  
f o r  which exper ience  o r  a n a l y s i s  h a s  g i v e n  u s  d e s i g n  c r i t e r i a .  A f t e r  i d e n t i f i c a -  
t i o n  of t h e  problem t y p e ,  t h e  necessa ry  f i e l d  measurements and i n v e s t i g a t i o n s  a r e  
made s o  t h a t  d e s i g n  c r i t e r i a  may b e  a p p l i e d .  For some d r a i n a g e  problems, t h e r e  
a r e  few numer ica l  c r i t e r i a ,  i f  any,  and t h e  d e s i g n e r  r e l i e s  mos t ly  on good judg- 
ment.  But i n  a l l  d r a i n a g e  problems t h e  b a s i c  p rocedure  i s  t h a t  p r e v i o u s l y  
o u t l i n e d .  

Drainage t h e o r i e s  have been developed t o  d e s c r i b e  o r  t o  a t t e m p t  t o  d e s c r i b e  t h e  
a c t i o n  of a  g i v e n  s a t u r a t e d  f low system. They a r e  u s e f u l  i n  g e t t i n g  an  approxi-  
m a t e  s o l u t i o n  t o  a c t u a l  f i e l d  problems. To u s e  them, t h e  d e s i g n e r  must compare 
t h e  f i e l d  s i t u a t i o n  w i t h  t h e  under ly ing  assumptions on which t h e  d r a i n a g e  t h e o r i e s  
a r e  based .  He t h e n  a p p l i e s  such of  them a s  h i s  judgment i n d i c a t e s  a r e  most 
a p p l i c a b l e .  Both s t e a d y  s t a t e  and nonsteady s t a t e  problems a r e  encountered i n  
d r a i n a g e  work. The fo l lowing  approximate  t h e o r i e s  have been a p p l i e d  t o  one o r  
b o t h  t y p e s  of problems. 

C l a s s i f i c a t i o n  of d r a i n a g e  t h e o r i e s  by b a s i c  assumptions 

H o r i z o n t a l  flow t h e o r i e s  
These approximat ion t h e o r i e s  a r e  based on two assumptions:  (a )  t h a t  a l l  stream- 
l i n e s  i n  a  g r a v i t y  f low system a r e  h o r i z o n t a l ,  and (b)  t h a t  t h e  v e l o c i t y  a long  
t h e s e  s t r e a m l i n e s  is  p r o p o r t i o n a l  t o  t h e  s l o p e  of t h e  f ree -wate r  s u r f a c e ,  b u t  
independent  of d e p t h .  

Although i t  can b e  shown t h a t  t h e s e  a r e  e r roneous  assumptions,  ( s e e  "Hydraul ic  
Gradient ' '  page 1-12) t h e  theory  of h o r i z o n t a l  f low g i v e s  s u f f i c i e n t l y  a c c u r a t e  
r e s u l t s  i f  i t s  a p p l i c a t i o n  is r e s t r i c t e d  t o  s i t u a t i o n s  where t h e  f low i s  l a r g e l y  
h o r i z o n t a l .  Three f i e l d  c o n d i t i o n s  of t h i s  k ind  a r e :  

1. Open d i t c h e s  t h a t  a r e  sha l low compared t o  t h e i r  spac ing  and t h a t  pene- 
t r a t e  t o  o r  a r e  c l o s e  t o  an impermeable l a y e r .  

2. Open d i t c h e s  t h a t  a r e  excava ted  i n  s t r a t i f i e d  m a t e r i a l s .  

3 .  Buried d r a i n s  under c o n d i t i o n s  1 and 2 ,  p a r t i c u l a r l y  i f  t h e  b a c k f i l l e d  
t r e n c h  is  more permeable than  t h e  und is tu rbed  m a t e r i a l .  

One e x p r e s s i o n  of t h e  h o r i z o n t a l  flow t h e o r y  i s  t h e  e l l i p s e  e q u a t i o n ,  of which 
t h e  t i l e - s p a c i n g  formula developed by Donnan ( 3 )  is  one  form. A p p l i c a t i o n  of 
t h e  e l l i p s e  e q u a t i o n  is  d i s c u s s e d  i n  Chapter  4 ,  Subsur face  Drainage.  

Visser (4)  i n  a n o t h e r  a p p l i c a t i o n  of t h e  e l l i p s e  e q u a t i o n ,  extended i t  t o  app ly  
t o  nonsteady s t a t e  problems. H i s  method was developed f o r  c o n d i t i o n s  i n  t h e  
Nether lands ,  b u t  accord ing  t o  Van S c h i l f g a a r d e ,  Kirkham, and F r e v e r t  (5 ) ,  t h e  
method p o s s i b l y  could b e  a p p l i e d  p r o f i t a b l y  i n  i r r i g a t e d  a r e a s  of t h e  a r i d  r e g i o n s .  

R a d i a l  f low t h e o r i e s  
A t i l e  l i n e  may b e  thought  of a s  a h o r i z o n t a l  w e l l ,  w i t h  w a t e r  approaching t h e  
t i l e  a long  r a d i a l  s t r e a m l i n e s .  Th is  analogy is t h e  b a s i s  f o r  t h e  r a d i a l  f low 
t h e o r i e s ,  which assume ( a )  a  homogeneous i s o t r o p i c  s o i l  of i n f i n i t e  d e p t h ,  and 
(b )  a f l a t  w a t e r  t a b l e .  ' T h i s  method can g i v e  a  good approximat ion of a c t u a l  f low 



c o n d i t i o n s  i f  t h e  c u r v a t u r e  of t h e  w a t e r  t a b l e  i s  s m a l l  ( a s  w i t h  a  low r a i n f a l l  
r a t e  and r e l a t i v e l y  h igh  p e r m e a b i l i t y ) ,  and i f  below t h e  d r a i n  t h e r e  is  no l a y e r  
of g r e a t l y  reduced p e r m e a b i l i t y .  

Combined h o r i z o n t a l  and r a d i a l  f low t h e o r i e s  
Hooghoudt (6)  and E r n s t  ( 7 )  have developed s o l u t i o n s  of t h e  f low problem by 
combining t h e  r a d i a l  and h o r i z o n t a l  f low hypotheses .  These s o l u t i o n s  c o r r e c t  
t h e  major shortcoming of t h e  e l l i p s e  e q u a t i o n  ( n e g l e c t  of convergence of f low 
n e a r  t h e  d r a i n ) .  They a r e  v a l u a b l e  and r e l i a b l e  approximat ions  f o r  t h e  s teady-  
s t a t e  problem of removing s t e a d y  r a i n  o r  e q u i v a l e n t  a c c r e t i o n .  

Hooghoudt modi f ied  t h e  e l l i p s e  e q u a t i o n  by i n t r o d u c i n g  an  "equ iva len t  dep th , "  
and h e  p repared  e x t e n s i v e  t a b l e s  of t h e  e q u i v a l e n t  d e p t h  f o r  s o l u t i o n  of 
s t e a d y - s t a t e  problems. V i s s e r  (4) r e p o r t s  on a  nomographic s o l u t i o n  based on 
t h e  same g e n e r a l  assumptions a s  Hooghoudt's method, and Van Beers  (8) h a s  developed 
nomographs f o r  c a l c u l a t i o n  of d r a i n  spac ing  accord ing  t o  t h e  Hooghoudt and E r n s t  
fo rmulas  . 
Van Deemter 's  (9) hodograph a n a l y s i s  
T h i s  is a  mathematical  a n a l y s i s  i n v o l v i n g  t h e  s o l u t i o n  of c e r t a i n  d i f f e r e n t i a l  
e q u a t i o n s  s o  a s  t o  s a t i s f y  t h e  boundary c o n d i t i o n s .  Van Deemter used t h i s  
a n a l y s i s  t o  s t u d y  t i l e  d r a i n a g e ,  b u t  h i s  r e s u l t s  app ly  o n l y  t o  t i l e  running f u l l .  

I n  summary, t h e  approximate  s o l u t i o n s  o b t a i n e d  by a p p l i c a t i o n  of t h e s e  t h e o r i e s  
a r e  s i m p l e r  t h a n  e x a c t  s o l u t i o n s  which may b e  a v a i l a b l e  f o r  some problems,  and 
they  p r o v i d e  s o l u t i o n s  t o  o t h e r  problems f o r  which no o t h e r  methods a r e  y e t  
known. I t  is  impor tan t ,  however, t h a t  t h e  f o l l o w i n g  i n h e r e n t  l i m i t a t i o n s  b e  
recognized  s o  t h a t  t h e  method which i s  most n e a r l y  a p p l i c a b l e  may b e  a p p l i e d :  

1. H o r i z o n t a l  f low t h e o r y  ( e l l i p s e  equation).--Use where t h e  f l o w  is  
l a r g e l y  h o r i z o n t a l ,  a s  f o r  d r a i n s  sha l low compared t o  t h e i r  spac ing  
w i t h  a l l .  impermeable l a y e r s  a t  o r  c l o s e  t o  t h e  bottom of t h e  d r a i n .  

2 .  R a d i a l  f low theory.--Apply i t  t o  homogeneous i s o t r o p i c  s o i l  of g r e a t  
d e p t h ,  w i t h  a  f l a t  o r  n e a r l y  f l a t  wa te r  t a b l e .  

3. Combined h o r i z o n t a l  and r a d i a l  t h e o r i e s  ( a s  Hooghoudtls).--Use f o r  
s i t u a t i o n s  where t h e  impermeable l a y e r  i s  e i t h e r  sha l low o r  deep ,  by 
u s i n g  Hooghoudt's e q u i v a l e n t  d e p t h  o r  t h e  nomograph publ i shed  by 
V i s s e r .  

4 .  Van ~ e e m t e r ' s  hodograph analysis.--Apply Van ~ e e m t e r ' s  a n a l y s i s  on ly  
t o  t i l e  d r a i n s  running j u s t  f u l l ,  o r  t o  problems where t h e  wate r  
t a b l e  s t a n d s  immediately above t h e  d r a i n s .  

T r a n s i e n t  f low concept  
The d r a i n a g e  of i r r i g a t e d  l a n d  p r e s e n t s  problems which a r e  d i f f e r e n t  from t h o s e  
i n  humid a r e a s .  The rise and f a l l  of t h e  wate r  t a b l e  i n  i r r i g a t e d  a r e a s  g e n e r a l l y  
f o l l o w s  a c y c l e  which is r e l a t e d  t o  t h e  a p p l i c a t i o n  of i r r i g a t i o n  wate r  d u r i n g  
t h e  growing season and t h e  t e r m i n a t i o n  of i r r i g a t i o n  wate r  u s e  i n  t h e  o f f  season.  
Cont ras ted  w i t h  t h e  s t e a d y - s t a t e  ground-water c o n d i t i o n s  i n  humid a r e a s  t h e  
s t o r a g e  and d i s c h a r g e  of ground wate r  i n  i r r i g a t e d  a r e a s  f o l l o w s  a  t r a n s i e n t  o r  
nons teady-s ta te  regimen. The Bureau of Reclamation h a s  developed a method f o r  
d r a i n  spac ing  based on t h e  t r a n s i e n t - f l o w  concept  which g i v e s  c o n s i d e r a t i o n  t o  
t h e  wide d i v e r s i t y  of s o i l s  and ground-water c o n d i t i o n s  p r e v a i l i n g  i n  Western 
Uni ted S t a t e s .  A t h e o r e t i c a l  fo rmula ,  which i n c o r p o r a t e s  most of t h e  f a c t o r s  
invo lved ,  was developed by R.  E .  Glover ,  and procedures  f o r  u s e  of t h e  formula 



were developed by Lee D .  Durn, both engineers  f o r  t h e  Bureau of Reclamation (10) .  
The t rans ien t - f low concept has been i n  u se  by t h e  Bureau f o r  s e v e r a l  yea r s ,  and 
through experience w i th  i t s  use  many ref inements  have been made (11). Van Beers '  
(8) nomographs f o r  c a l c u l a t i o n  of d r a i n  spac ings  inc lude  one f o r  t h e  Glover/Dumm 
formula and i t s  use  is  recommended when us ing  me t r i c  u n i t s .  

Techniques f o r  applying dra inage  t h e o r i e s  

The foregoing a r e  t h e  p r i n c i p a l  t h e o r i e s  of s a t u r a t e d  flow toward d r a i n s .  A 
number of techniques have been used t o  apply t hese  and o t h e r  fundamental 
approaches t o  t h e  s o l u t i o n  of a c t u a l  dra inage  problems. 

Mathematical a n a l y s i s  
This  method i s  i l l u s t r a t e d  by n irk ham's (12) a n a l y t i c a l  s o l u t i o n  of t h e  problem 
of s e v e r a l  tube d r a i n s  equal ly  spaced above an impermeable l a y e r ,  us ing  the  
method of images. For problems involving curved s t r eaml ines  and s t r a t i f i e d  
s o i l ,  t h i s  method is  lengthy  and involved.  ~ a p l a c e ' s  fundamental flow equat ion ,  
which combines Darcy's Law wi th  t h e  equat ion  f o r  c o n t i n u i t y  of flow, is the  
s t a r t i n g  poin t  f o r  most mathematical ana lyses  of dra inage  problems. The 
a p p l i c a t i o n  of Laplace ' s  equat ion i s  an "exact" method, bu t  i ts  complexity i n  
so lv ing  a c t u a l  problems has  lead t o  t h e  approximate t h e o r i e s  descr ibed  i n  t h e  
preceding sec t ion .  

Relaxa t ion  method 
The r e l a x a t i o n  method is  a numerical a n a l y s i s .  It is  a s imple and powerful t o o l  
bu t  u s u a l l y  is  t ed ious  t o  use.  

E s s e n t i a l l y ,  t h e  r e l a x a t i o n  method is  t h e  a p p l i c a t i o n  of t h e  Laplace equat ion 
by t r i a l  t o  p o i n t s  on a  p lane  through t h e  flow system. The boundary condi t ions  
must be  known. A square  g r i d  i s  o r i en t ed  convenient ly on t h e  plane,  and numerical 
va lues  a r e  assigned t o  t h e  p o t e n t i a l  a long t h e  boundaries  i n  accordance wi th  t h e  
s i t e  condi t ions .  A t  each po in t  of i n t e r s e c t i o n  of t h e  g r i d ,  a r b i t r a r y  o r  e s t i -  
mated numerical va lues  a r e  assigned.  Then these  numbers a r e  ad jus ted  u n t i l  
t h e  va lue  a t  each g r i d  poin t  i s  the  a r i t h m e t i c  mean of t h e  fou r  va lues  a t  t h e  
ad j  acen t  po in t s .  

S t r a t i f i c a t i o n ,  a n i s o t r o p i c  condi t ions ,  and o t h e r  v a r i a t i o n s  may be  accounted 
f o r  by app rop r i a t e  adjustment  i n  t h e  procedure. Luthin and Day (13) have used 
t h e  method t o  apply t o  unsa tura ted  flow. The r e l a x a t i o n  method was used t o  
cons t ruc t  t h e  nomographic s o l u t i o n  of t h e  combined h o r i z o n t a l  and r a d i a l  flow 
t h e o r i e s  prev ious ly  descr ibed .  The method has  been appl ied  t o  both steady- and 
nonsteady-state  problems. 

E l e c t r i c a l  analog 
~ a p l a c e ' s  equat ion  is  t h e  d i f f e r e n t i a l  equat ion  f o r  e l e c t r i c  p o t e n t i a l  d i s t r i b u -  
t i o n  i n  conductors .  Consequently, e lec t r ic -model  tests of ground-water flow 
may be based on t h e  analogy between Darcy's Law and Ohm's Law (hence t h e  name 
" e l e c t r i c a l  analog") .  Conductor paper may b e  used t o  r ep re sen t  a  p lane  i n  t h e  
flow reg ion ,  on t h e  boundaries  of which p o t e n t i a l s  a r e  placed t o  r ep re sen t  t h e  
a c t u a l  problem boundary condi t ions .  

A vacuum-tube vol tmeter  is used t o  measure t h e  p o t e n t i a l  a t  va r ious  p o i n t s  on 
t h e  p lane ,  and from t h e s e  d a t a  t h e  flow n e t  may be drawn. Res is tance  networks 
have been used i n  p l ace  of t h e  conductor paper ,  p a r t i c u l a r l y  t o  s tudy t h e  e f f e c t  
of s t r a t i f i e d  s o i l s  on flow i n t o  d r a i n s .  



Models 
Sand o r  s o i l  is sometimes placed i n  tanks  so  a s  t o  reproduce i d e a l i z e d  f i e l d  
cond i t i ons  f o r  convenient s t udy .  The Hele-Shaw channel--Todd (14)--is a  model 
which s u b s t i t u t e s  t h e  flow of a v i s cous  l i q u i d  between c l o s e l y  spaced p l a t e s  f o r  
t h e  flow of water  through s o i l .  Models a r e  u s e f u l  i n  t e s t i n g  t h e  v a l i d i t y  of 
approximate dra inage  t h e o r i e s .  

Design C r i t e r i a  

C r i t e r i a  f o r  des ign  of d ra inage  systems a r e  e s s e n t i a l l y  t h e  s p e c i f i c a t i o n s  f o r  
cond i t i ons  which must e x i s t  i n  a  p a r t i c u l a r  a r e a  f o r  i t  t o  have t h e  optimum 
l e v e l  of wa t e r  c o n t r o l  r equ i r ed  by t h e  kind of a g r i c u l t u r e  t o  be  p r a c t i c e d .  
These c r i t e r i a  c o n s i s t  of two i tems:  ( a )  t h e  r a t e  of water  removal necessary  
t o  provide  a  c e r t a i n  degree of c rop  p r o t e c t i o n ,  and (b) t h e  optimum depth t o  
water  t a b l e .  

The r a t e  of water  removal, o f t e n  r e f e r r e d  t o  a s  t h e  dra inage  c o e f f i c i e n t ,  may 
be expressed a s  a c e r t a i n  depth of water  t o  be  removed from t h e  watershed per  
day, o r  a s  a  r a t e  of flow pe r  u n i t  of a r e a ,  a s  cubic  f e e t  per  second per  square  
mi l e .  For cons ide ra t i on  of p r e c i p i t a t i o n  and runoff  c h a r a c t e r i s t i c s ,  t h e  r a t e  
of removal should be  based on a  curve  which v a r i e s  according t o  t h e  s i z e  of t h e  
dra inage  a r e a .  

Optimum depth t o  water  t a b l e  i s  t h a t  depth r equ i r ed  f o r  b e s t  plant-soi l -water-  
a i r  r e l a t i o n s h i p ,  and which is f e a s i b l e  t o  main ta in  under e x i s t i n g  cond i t i ons .  
A c e r t a i n  t o l e r a n c e  is  necessary s i n c e  i t  i s  no t  p o s s i b l e  t o  main ta in  a  
p a r t i c u l a r  dep th  exac t l y .  

Severa l  f a c t o r s  must be considered i n  s e l e c t i o n  of des ign  c r i t e r i a  f o r  a  
p a r t i c u l a r  p r o j e c t .  These i nc lude  t h e  requirements  of c rops  t o  be  grown a s  
r e l a t e d  t o  water  needs and t o l e r a n c e  t o  excess  wa te r ,  s o i l s ,  c l ima te ,  s a l i n i t y  
i n  t h e  s o i l  o r  i n  i r r i g a t i o n  wa te r ,  and economics. Within a p a r t i c u l a r  watershed 
t h e  c r i t e r i a  may be  determined by a  d e t a i l e d  a n a l y s i s  of a l l  f a c t o r s  involved 
o r  by use  of empir ica l  methods based on exper ience  w i th  s i m i l a r  problems and 
cons ide ra t i on  of t h e  phys i ca l  d a t a  a v a i l a b l e .  

Drainage C o e f f i c i e n t s  

C r i t e r i a  f o r  des ign  of d r a inage  d i s p o s a l  systems by t h e  S o i l  Conservat ion Serv ice  
is based l a r g e l y  on empir ica l  methods. Formulas f o r  r a t e s  of removal have been 
used i n  t h e  United S t a t e s  f o r  over  50 yea r s  and have been r e f i ned  by experience 
and gaged d a t a .  When planning d ra inage  improvements i n  t he  Cypress Creek Drainage 
D i s t r i c t ,  Desha and Chicot Counties ,  Arkansas, 1911-15, S .  H.  McCrory and 
Assoc ia tes  (15) developed a  formula f o r  determining t h e  r a t e  of runoff  f o r  
d ra inage  des ign .  This  formula now known a s  t h e  Cypress Creek Formula, may be 
expressed a s  fol lows:  

where Q = r a t e  of runoff  a t  any po in t  i n  t he  system from t h e  dra inage  a r e a  above 
t h e  po in t  - i n  cubic  f e e t  per  second. 

M = dra inage  a r ea  i n  square  mi l e s .  

The c o e f f i c i e n t  35 was based on gaged runoff from d i f f e r e n t  p a r t s  of t h e  watershed,  
and cons ide ra t i on  of t he  probable e f f e c t  t h a t  d r a inage  improvements would have on 
t h e  r a t e  of r uno f f .  



Drainage systems have been i n s t a l l e d  on m i l l i o n s  of a c r e s  of land i n  t h e  
a l l u v i a l  v a l l e y  of t h e  Mis s i s s ipp i  River  by use  of t he  Cypress Creek Formula, 
and s l i g h t  mod i f i ca t i ons  of i t ,  and i t s  v a l i d i t y  has been proven by t h e  success fu l  
func t ion ing  of t h e s e  systems. By s u b s t i t u t i n g  a  v a r i a b l e  c o e f f i c i e n t ,  C ,  f o r  t h e  
35 i n  t h e  formula,  and s e l e c t i n g  a  va lue  f o r  t h e  c o e f f i c i e n t  based on t he  
c h a r a c t e r i s t i c s  of a  p a r t i c u l a r  watershed and t h e  degree of p r o t e c t i o n  d e s i r e d ,  
t h e  formula can b e  used f o r  computing s u r f a c e  dra inage  removal r a t e s  i n  most 
of t h e  United S t a t e s .  

The s e l e c t i o n  of a  d r a inage  c o e f f i c i e n t ,  o r  t h e  r a t e  of water  removal, f o r  a 
p a r t i c u l a r  d ra inage  system, should be  based on t h e  water  t o l e r a n c e  of crops t o  
be  grown and t h e  phys i ca l  c h a r a c t e r i s t i c s  of t h e  a r ea .  Cl imate,  s o i l s ,  topo- 
graphy and crops a r e  always important  f a c t o r s  t o  cons ider .  Where i r r i g a t i o n  is 
p r a c t i c e d  t h e  q u a n t i t y  and q u a l i t y  of t h e  i r r i g a t i o n  water  and i r r i g a t i o n  water  
management p r a c t i c e s  a l s o  must be cons idered .  

Research by Stephens and M i l l s  (16) has  r e s u l t e d  i n  a way t o  r e l a t e  t h e  coe f f i -  
c i e n t  i n  t h e  Cypress Creek Formula t o  t h e  p a r t i c u l a r  c h a r a c t e r i s t i c s  of a  
watershed and t h e  l e v e l  of p r o t e c t i o n  j u s t i f i e d .  This  is d iscussed  i n  Chapter 5 
of t h i s  Handbook. 

Drainage c o e f f i c i e n t s  f o r  s u r f a c e  d r a inage  
A d r a inage  c o e f f i c i e n t  f o r  a  s u r f a c e  dra inage  system should cons ider  t h e  
c h a r a c t e r i s t i c s  of p r e c i p i t a t i o n  i n  t h e  a r e a  a s  we l l  a s  o t h e r  c l i m a t i c  f a c t o r s ,  
topography, crop t o l e r a n c e  t o  excess  wa te r ,  s o i l s ,  and i r r i g a t i o n .  Stream 
gage r eco rds  and s t u d i e s  made of t h e  flow of excess  p r e c i p i t a t i o n  from f l a t l a n d  
watersheds i n d i c a t e  t h a t  t h e  r a t e  of f low pe r  u n i t  of a r e a  decreases  a s  t h e  t o t a l  
c o n t r i b u t i n g  area '  i n c r e a s e s .  The r a t e  of change, a s  i n d i c a t e d  by t h e  exponent 
of M i n  t h e  Cypress Creek Formula, v a r i e s  somewhat between watersheds and w i th  
t h e  i n t e n s i t y  and d u r a t i o n  of a p a r t i c u l a r  s torm. However, a n a l y s i s  of consid- 
e r a b l e  s t ream age d a t a  and exper ience  w i th  use  of t h e  Cypress Creek Formula 
suppor t  t h e  lg exponent used i n  i t  f o r  f l a t l a n d  watersheds.  The procedure 
developed by Stephens and M i l l s  f o r  r e l a t i n g  t h e  c o e f f i c i e n t  i n  t h e  Cypress Creek 
Formula t o  t h e  c h a r a c t e r i s t i c s  of a  watershed and t h e  l e v e l  of p r o t e c t i o n  d e s i r e d  
can b e  used t o  develop curves f o r  r a p i d  de te rmina t ion  of runoff  from a r e a s  w i th  
c e r t a i n  c h a r a c t e r i s t i c s  and f o r  t h e  r equ i r ed  l e v e l  of p r o t e c t i o n  f o r  s p e c i f i e d  
cropping p a t t e r n s .  

Drainage c o e f f i c i e n t s  f o r  subsur face  dra inage  
Whether t h e  excess  water  r e s u l t s  from p r e c i p i t a t i o n ,  excess  i r r i g a t i o n  water ,  
l each ing  water  o r  ground-water flow from o u t s i d e  t h e  a r e a  t h e  flow i n t o  subsur face  
d r a i n s  i s  more uniform and extends f o r  longer  per iods  of t ime than  does t h e  flow 
i n t o  s u r f a c e  d r a i n s .  A dra inage  c o e f f i c i e n t  f o r  subsur face  dra inage  is r e l a t e d  
t o  the source  of t h e  excess  water ,  t o  t h e  r a t e  of flow of t h e  excess  water  through 
t h e  s o i l ,  and t o  t h e  t o l e r ance  of c rops  i n  t he  cropping system t o  excess  water .  

As t h e  r a t e  of flow through t h e  s o i l  is slower than overland and extends over 
a  longer  per iod  of t ime ,  d ra inage  c o e f f i c i e n t s  f o r  subsu r f ace  dra inage  a r e  u s u a l l y  
much sma l l e r  than f o r  s u r f a c e  dra inage .  They a r e  u s u a l l y  s p e c i f i e d  a s  a  depth 
of water  t o  be  removed i n  24 hours  o r  one day. I n  humid a r e a s  t h e  r a t e  of removal 
s p e c i f i e d  i s  u sua l l y  uniform f o r  l a r g e  a r e a s ,  b u t  i n  a r i d  and semiar id  i r r i g a t e d  
a r e a s  t h e  r a t e  of flow per  u n i t  of a r e a  decreases  a s  t h e  s i z e  of t h e  a r e a  i n c r e a s e s  
because of t h e  r o t a t i o n  of i r r i g a t i o n  w i t h i n  l a r g e  p r o j e c t  a r e a s  and non-uniformity 
of o t h e r  sources  of excess  water .  



Drainage c o e f f i c i e n t s  f o r  pumping p l a n t s  
Drainage c o e f f i c i e n t s  f o r  pumping p l a n t s  a r e  based on t h e  c r i t e , r i a  used f o r  
d e s i g n  of t h e  d r a i n a g e  system which d e l i v e r s  w a t e r  t o  them. C h a r a c t e r i s t i c s  
o f  f low t o  t h e  pumping p l a n t ,  whether  s u r f a c e ,  s u b s u r f a c e ,  o r  b o t h ,  should b e  
cons idered  i n  de te rmin ing  t h e  pumping c a p a c i t y  of t h e  pumps. Most pumping p l a n t s  
a r e  designed w i t h  a  c e r t a i n  amount of s t o r a g e  i n  t h e  fo rebay  of pumps, which 
should  b e  cons idered  i n  r e l a t i n g  t h e  f low from t h e  c o n t r i b u t i n g  a r e a  t o  t h e  
pumping c a p a c i t y  r e q u i r e d .  S u r f a c e  d r a i n a g e  systems u s u a l l y  have s u b s t a n t i a l  
s t o r a g e  c a p a c i t y  below t h e  e l e v a t i o n  which w i l l  r e s u l t  i n  c rop  damage and which 
can  b e  u t i l i z e d  t o  reduce  t h e  pumping c a p a c i t y  r e q u i r e d  ( 1 7 ) .  The f low from 
s u b s u r f a c e  systems is  much more uniform and less forebay  s t o r a g e  i s  needed. 

Drainage c o e f f i c i e n t s  f o r  watershed p r o t e c t i o n  
Watershed-protect ion p l a n s  should  b e  developed t o  c r e a t e  good c o n d i t i o n s  f o r  
p l a n t  growth, i n c l u d i n g  p r o t e c t i o n  a g a i n s t  e x c e s s  s u r f a c e  w a t e r  and c o n t r o l  of 
s o i l - m o i s t u r e  c o n t e n t .  To a s s u r e  t h e s e  c o n d i t i o n s ,  a l l  mul t ip le -purpose  o r  
f lood-preven t ion  channe ls ,  i n t o  which l a n d s  r e q u i r i n g  d r a i n a g e  must o u t l e t ,  should 
have  c a p a c i t i e s  no less than  t h o s e  based  on t h e  a p p l i c a b l e  d r a i n a g e  c o e f f i c i e n t s .  
Where l a n d s  r e q u i r i n g  d r a i n a g e  a r e  planned f o r  p r o t e c t i o n  by f lood-wate r - re ta rd ing  
s t r u c t u r e s  and channe ls ,  t h e  channe l  system should  p r o v i d e  no less p r o t e c t i o n  
t h a n  t h a t  e s t a b l i s h e d  by t h e  d r a i n a g e  c o e f f i c i e n t .  Such a  des ign  r e q u i r e s  t h a t  
t h e  e n t i r e  watershed a r e a  b e  t a k e n  i n t o  account .  Flow from f lood-wate r - re ta rd ing  
s t r u c t u r e s  should  b e  added t o  the f low from u n p r o t e c t e d  up lands  and f l o o d - p l a i n  
l a n d s  which is  based on a p p r o p r i a t e  d r a i n a g e  c o e f f i c i e n t s  f o r  such u n p r o t e c t e d  
l a n d .  

S p e c i a l  r equ i rements  f o r  f l a t l a n d  
I n  c o n s i d e r i n g  t h e  runoff  from f l a t l a n d s  r e q u i r i n g  d r a i n a g e  systems,  i t  i s  impor- - 
t a n t  t o  c o n s i d e r  t h e  i n f l u e n c e  of e x t e n s i v e  s u r f a c e - d r a i n a g e  systems on t h e  
r e q u i r e d  c a p a c i t y  of t h e  main d i t c h e s .  F l a t l a n d s  may have a  l a r g e  amount of 
s u r f a c e  s t o r a g e  i n  sha l low d e p r e s s i o n s  and a  low r a t e  of runof f  b e f o r e  i n s t a l l a -  
t i o n  of w a t e r  c o l l e c t i o n  and d i s p o s a l  sys tems .  A s  d r a i n a g e  c o l l e c t i o n  and d i s -  
p o s a l  systems a r e  i n s t a l l e d ,  b o t h  s u r f a c e  s t o r a g e  and t i m e  of c o n c e n t r a t i o n  
d e c r e a s e .  The long-range t r e n d  of a g r i c u l t u r a l  development needs t o  b e  s t u d i e d  
i n  de te rmin ing  t h e  c o e f f i c i e n t s  a p p l i c a b l e  t o  main d r a i n a g e  d i t c h e s  f o r  e x t e n s i v e  
a r e a s  of f l a t l a n d .  

Depth t o  w a t e r  t a b l e  

Optimum dep th  t o  w a t e r  t a b l e  is t h e  s u b j e c t  of c o n s i d e r a b l e  r e s e a r c h  i n  t h e  
Uni ted S t a t e s ;  and a l s o  i n  t h e  Nether lands ,  where w a t e r  t a b l e s  can b e  c o n t r o l l e d  
w i t h i n  c l o s e  l i m i t s  throughout  t h e  growing season  i n  much of t h e  count ry  (18) .  
One of t h e  main f a c t o r s  invo lved  i s  t h e  q u a l i t y  of w a t e r .  I f  i t  i s  f r e e  from 
s a l t s ,  i n d i c a t i o n s  a r e  t h a t  t h e  w a t e r  t a b l e  needs t o  b e  o n l y  a s  deep a s  r e q u i r e d  
t o  p rov ide  s u f f i c i e n t  r o o t  zone d e p t h  f o r  s u p p o r t  of p l a n t s  t o  b e  grown and t o  
s u p p o r t  t i l l a g e  equipment.  A s  r o o t s  g e n e r a l l y  do n o t  p e n e t r a t e  deeper  than  
approximately  one f o o t  above t h e  w a t e r  t a b l e  t h e  d e p t h  t o  w a t e r  t a b l e  should be 
approximately  one f o o t  more than  t h e  d e p t h  of t h e  r o o t  p e n e t r a t i o n  d e s i r e d .  
Where s a l t s  a r e  p r e s e n t  t h e  w a t e r  t a b l e  must b e  deep enough t o  p r e v e n t  c a p i l l a r y  
flow from b r i n g i n g  d i s s o l v e d  s a l t s  up i n t o  t h e  r o o t  zone. 

Pumped-Well Drainage 

Pumped w e l l s  have e f f e c t i v e l y  d r a i n e d  l a n d  i n  some l o c a t i o n s .  Though c o s t l y  and 
r e s t r i c t e d  t o  f a v o r a b l e  g e o l o g i c  c o n d i t i o n s ,  pumped w e l l s  a r e  v e r s a t i l e  and may 
have an economic advantage over  o t h e r  methods of lowering and m a i n t a i n i n g  a  
d e s i r a b l e  w a t e r - t a b l e  l e v e l .  



Pumped-well d r a i n a g e  is  based on t h e  f o l l o w i n g  p r i n c i p l e s :  

1. A pumped w e l l ,  l i k e  o t h e r  forms of a r t i f i c i a l  d r a i n a g e ,  i n c r e a s e s  t h e  
f low energy g r a d i e n t  by c r e a t i n g  a s i n k  w i t h i n  a s a t u r a t e d  zone. 

2 .  Energy which t h e  w e l l  makes a v a i l a b l e  t o  t h e  ground-water f low system 
i s  d e r i v e d  from t h e  motor which l i f t s  t h e  w a t e r  from t h e  s i n k .  

3 .  The i n c r e a s e d  g r a d i e n t  must ex tend  t o  t h e  crop-root  zone i n  such d e g r e e  
a s  t o  c o n t r o l  t h e  wate r  t a b l e  w i t h i n  t h e  d e s i r e d  a r e a  and t o  t h e  d e s i r e d  
l e v e l .  

4 .  The i n c r e a s e d  energy g r a d i e n t  may be i n  t h e  form of drawdown; i.e. w a t e r  
t a b l e  s l o p e  toward t h e  w e l l ;  o r  it may b e  i n  t h e  form of  a p r e s s u r e  
g r a d i e n t  where t h e  ground w a t e r  i s  conf ined .  I n  e i t h e r  c a s e ,  a t  a 
g iven  p o i n t  i n  t h e  s a t u r a t e d  zone, t h e  q u a n t i t y  (P2) i s  decreased  i n  
t h e  e x p r e s s i o n :  

p1 p2 (q- + z1)-  (jj- -I- z 2 )  
Hydrau l ic  g r a d i e n t  = 

L 

t h u s  i n c r e a s i n g  t h e  g r a d i e n t  toward t h e  w e l l .  See "Hydraul ic  head" and 
"Hydraulic g r a d i e n t "  pages 1-10 t o  1-14. 

C l a s s e s  of pumped w e l l s  

Water- table  w e l l s  
Water- table  w e l l s  remove w a t e r  d i r e c t l y  from t h e  f r e e  ground w a t e r ,  c r e a t i n g  a 
drawdown s u r f a c e  i n  t h e  wate r  t a b l e .  

Confined-aquifer  o r  a r t e s i a n  w e l l s  
These w e l l s  remove w a t e r  from a f u l l y  s a t u r a t e d  a q u i f e r  which is  confined by 
impermeable o r  s lowly  permeable l a y e r s .  

T h e o r i e s  of f low i n t o  pumped w e l l s  

Flow i n t o  w e l l s  i s  ,a f u n c t i o n  of t h e  drawdown, and u s u a l l y  is  expressed  i n  t h e  
g e n e r a l  form: 

where y l  and y2  a r e  t h e  d e p t h s  of w a t e r  ( o r  h y d r a u l i c  head)  a t  d i s t a n c e s  rl and r 2  
from t h e  w e l l ,  r e s p e c t i v e l y .  

Wate r - tab le  w e l l s  
The approximat ions  of Dupuit  a r e  t h e  b a s i s  f o r  t h e  e q u a t i o n :  

where Q = flow i n t o  w e l l ,  w i t h  dimensions L ~ / T  

K = h y d r a u l i c  c o n d u c t i v i t y ,  L / T  

y l ,  y2 ,  r l ,  r2 a s  p r e v i o u s l y  d e f i n e d ,  i n  u n i t s  of L 

(L = l e n g t h  and T = t ime)  



T h i s  e q u a t i o n  n e g l e c t s  t h e  c u r v i l i n e a r  f low due t o  t h e  drawdown shape.  The e r r o r  
i s  n o t  l a r g e  i f  rl and r 2  a r e  s u f f i c i e n t l y  l a r g e  s o  t h a t  t h e  c u r v a t u r e  i s  n e g l i -  
g i b l e .  The e q u a t i o n  may b e  used t o  p r e d i c t  t h e  draw-down curve  and r a d i u s  of 
e f f e c t i v e  i n f l u e n c e .  It  is  u s e f u l  a l s o  f o r  computing t h e  h y d r a u l i c  c o n d u c t i v i t y  
from field-pumping t e s t s .  Two o r  more o b s e r v a t i o n  w e l l s  a r e  i n s t a l l e d  a t  d i f f e r e n t  
d i s t a n c e s  from t h e  pumped w e l l .  The n e a r e s t  o b s e r v a t i o n  w e l l  should n o t  be c l o s e r  
t o  t h e  pumped w e l l  than  100 t imes  t h e  w e l l  r a d i u s .  

Confined-aquifer  o r  a r t e s i a n  w e l l s  
Corresponding t o  t h e  e q u a t i o n  f o r  unconfined a q u i f e r s ,  t h e  Dupuit  e q u a t i o n  f o r  
confined a q u i f e r s  becomes: 

where Q = f low i n t o  w e l l ,  w i t h  dimensions L ~ / T  

K = h y d r a u l i c  c o n d u c t i v i t y ,  L/T 

m = t h i c k n e s s  o f '  a q u i f e r ,  i n  u n i t s  of L 

y1 and y2 = depth  from bot tom of a q u i f e r  t o  p r e s s u r e  s u r f a c e ,  a t  d i s t a n c e s  
r1 and r2 from t h e  w e l l ,  r e s p e c t i v e l y ,  a l l  i n  u n i t s  of L .  

A d d i t i o n a l  i n f o r m a t i o n  on t h e  h y d r a u l i c s  of w e l l s  may b e  o b t a i n e d  from NEH, 
S e c t i o n  1 8 ,  Ground Water,  pp 1-12 t o  1-18. 

B a s i s  f o r  d e s i g n  of pumped-drainage w e l l s  

The above e q u a t i o n s  a r e  f o r  t h e  e q u i l i b r i u m  o r  s t e a d y - s t a t e  c o n d i t i o n .  S i m i l a r  
r e l a t i o n s  have been der ived  f o r  u s e  i n  t h e  nonsteady s t a t e ,  such a s  i n  s i t u a t i o n s  
where pumped w e l l s  c o n t i n u e  t o  d e p l e t e  s t o r e d  w a t e r .  

Pumping from conf ined  a q u i f e r s  u s u a l l y  i s  s t e a d y  throughout  t h e  season  because ' 

t h e  a q u i f e r s  a r e  deep and r e p l e n i s h  s lowly and uniformly.  But w a t e r - t a b l e  w e l l s  
may b e  used f o r  e i t h e r  shor t - t ime  drawdown o r  near -cons tan t  s e a s o n a l  d i s c h a r g e .  
T h e r e f o r e ,  t h e i r  d e s i g n  should b e  based on two c o n s i d e r a t i o n s :  

1. Capac i ty  should b e  s u f f i c i e n t  t o  lower t h e  wate r  t a b l e  a f t e r  i r r i g a t i o n ,  
heavy p r e c i p i t a t i o n ,  o r  o t h e r  i n f l u e n t  seepage ,  i n  a  r e l a t i v e l y  s h o r t  
t i m e  t o  avoid c rop  damage. 

2. Capac i ty  should b e  s u f f i c i e n t  t o  remove a t  l e a s t  t h e  s e a s o n a l  n e t  
r e p l e n i s h m e n t ,  which i s  t h e  ground-water rep len i shment  l e s s  d e p l e t i o n s  
from c a u s e s  o t h e r  than  t h e  pumped w e l l  i n  q u e s t i o n .  S h o r t e r  pumping 
p e r i o d s  may b e  r e q u i r e d  f o r  t h i s  a n a l y s i s ,  such a s  1-, 2-, o r  3-month 
p e r i o d s .  

Advantages of pumped-well d r a i n a g e  

A h i g h  i n i t i a l  and o p e r a t i n g  c o s t  f o r  a  pumped w e l l  f o r  l a n d  d r a i n a g e  may b e  o f f -  
set by a number of i t s  advantages  over  a sha l low d r a i n  system.  Some of t h e s e  a r e :  

1. The w a t e r  t a b l e  may b e  lowered t o  much g r e a t e r  d e p t h s .  

2. Deep s t r a t a  may b e  much more permeable t h a n  t h o s e  n e a r e r  t h e  s u r f a c e .  



3. Productive land which would be occupied by open drains is saved, 

4. Maintenance costs are less than for open drains and may be less than 
for closed drains. 

5. Pumped water may be a valuable supplement to the irrigation-water supply. 
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