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Introduction 

The practice of conducting water t:lrongh channals excavated 
i n  the  ea r t h  extends back beyond t he  dam of recorded h i s to ry*  In 
China there are canal systems which have bamn in continuous operation 
for 2,000 years. It i s  only  recently,  however, that science bas 
davelcped t o  the point where the fundamental physical principles 
involved in such canals have been studied, wi th  er view t o  hproving 
t h e i r  ac t ion,  and securing c h m e l e  which would give a maxhnm of 
aervice Nith a minimum of expenditureo The problam, however, has 
proved t o  be a d i f f i c u l t  one, and the d e v e l o p n t  o f  t h e  principles 
invo1ve.d is far from completion,, 

To secure t h e  b e s t  possible design of cenala, a great msJU' 
fac to rs  hare to be conaidered. One group of these  f a c t o r s  ha6 t o  do 
w i t h  the  quantity of water which w i l l .  flow in t h e  canalo and incl\ldea 
such factors as slope, cross sec t iona l  area, hydrauUc radius, and 
roughness, If the canals pass through erodible  materid., or t h e  water 
ueed c a r r i e s  ssdimsnt, another group of factors i s  included which 
involves freedom of t h e  canals from soouring or sloughing of t h e  banks 
o r  bed o r  from f i l l i n g  up w i t h  sedinient. This may be ca l l ed  t h e  
a t a o i l i t y  of the cross aaction. Tk'ere are also a great number of 
p rac t i c a l  considerations, three of which are the ease of c o n s t F u ~ t i ~ n ,  
t h e  economy of cleaning, and freedom from reeds. To secure t h e  best  
poeoible design all of t h e s e  f a c t o r s  must be considered and, in s o f ~  
caees, balanoed against  each other t o  obta in  t h e  combination of factor8 
which w i l l  give a maximum of advantage and a miniwla of d i s a d ~ d ~ e .  
Until i t  i s  possible t o  analyze a l l  of these  factors, in order  that 
they  lay be sakiofactor i ly  balpnced agains t  each  other, a complete 
method of design of canals will not be possible, 

'i'be fundamental p r inc ip le8  involved in t h e  f l o w  f a c to r s  have 
been worked out t o  a rmif ic ient ly  s a t i a f ac to ly  s t a t e  f o r  moat design 
purposes, although a m  progress along t h i s  l i n e  i s  atiU pee ib leo  
The p r a c t i c a l  aspects  mentioned above are known t o  those experienced 
in canal design, but no satisfactory analysis has been developed f o r  
t h e  design of canals f r a  the a t a n d p i n t  of stability, It is with 
theee 8tabilAty factopa that this memorandum dads. Consf darsble 
progress hae been made i n  the analyela of canal side d o p e e  fram t h e  
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'mechanics, and reasonable s a t i s f a c t o r y  W y s i s  of t h i s  part of t h e  
prob3.e~ has been developed. This memox.anduui w i l l ,  therefore ,  be con- 
f i n e d  t o  t h e  development o f  t h e  p r i n c i p l e s  of desibq of canals from 
h e  standpoint  of  freedom of t h e  banks and bed of t h e  tala1 Pram scour  
from excessive v e l o c i t i e s  of t h e  water, and from t h e  i ' i l l i n b  of t h e  
canals by depos i t s  of' sediment brought i n t o  t i le  cana l  by t h e  water.  

t i i s tory  or' t h e  S t a b l e  Channel. iJroblem 

The sc ience  of t h e  design of s t a b l e  channels i n  e r o d i b l e  
ma te r i a l  hus beer, l a r g e l y  developed in India ,  where t h e  woridls  l a r g e s t  
developcnt of modern i r r i g a t i o n  has  t aken  place,  As a r e s u l ~  of t h e  

with cana l s  in t h a t  country, k, G. Kennedy, i n  two publi- 
presented a method of  designing cana l s  f o r  freedom f r a  

acour o r  from f i l l i n g  with sediment, which g r e a t l y  improved the des igns  
which were being made. This was followed by numerous t h e r  papere, t h e  
most ch were a paper by E. S. Lindlsy and a s e r i e e  by 
Cerald Lacey 

29 
which l a t t e r  cover t h e  gradual  development of an 

approach t o  the analysis of t h e  s t a b l e  channel pmblem, which has 
proved t o  be of  g r e a t  value in designing canal8 i z ~  India. 

I 

ed l a r g e l y  on Indian  experience, a r e  
m e  experience i n  Lgypt, which differs 

s considera y from t h a t  i n  Ind ia  has been given by Nolesworth and ?i/ Y e n i d u n i ~ .  

I n  connect ion wi th  t h e  deeign of t h e  All-American Canal on 
t h e  Lower Colorado River, it was found t h a t  t h e  L ~ c e y  r e l a t i o n s  d i d  
:lot work out  when appl ied  t o  t h e  f i n e  sediments of th i s  region,  and 
a f t e r  a thorough study of  t h e  l i t e r a t u r e  of the f i e l d ,  & stateme 
of t h e  general p r i n c i p l e s  of stable channel design was developed % 
which approached t h e  problem from a aoaewhat d i f f e r e n t  angle than  t h a t  
genera l ly  used i n  India.  'The acceler i t t ion of cons t ruc t ion  of t h e  All- 
American Canal p ro jec t  prevented t h e  developin& of t h e s e  p r i n c i p l e s  
i n t o  q u a n t i t a t i v e  r e l a t i o n s  which could be used i n  d e s i ~ .  'The form- 
u l a t i o n  of an immense proGraol of e a r t n  cana l s  by t h e  Euretiu of iieclama- 
t i o n  has reawakened interest in this sub jec t ,  and cons iderable  thou6ht  
has been d v e n  t o  axteming t h e  knowledge of  tr.e p r i n c i p l e s  involved 
and t h e  formulat ion of a denera1 program of s t u d i e s  designed t o  eecure 
t h e  q u a n t i t a t i v e  data necessary t o  expand t h e s e  p r i n c i p l e s  i n t o  formulae 
t a b l e s ,  and diagrams, s u i t a b l e  f o r  t h e  design r>f s t a b l e  channels under 
a wide ranbe of condit ions.  The fol lowint  revport g ives  t h e  =enera1 
p r i n c i p l e s  of stable channel design, as far as they have beell ueveloprtd 
by this study a t  t h e  p resen t  time. It a l s o  inc ludes  a a t a t e m a t  of t h e  

i e f e r  t o  bibl iography st end of th is  repor t .  



t h e s e  p r i n c i p l e s  and a  b r i e f  o u t l i n e  of  t h e  program p r o p o ~ e d  t o  secure 
t h i s  data and ca r ry  out t h e s e  s tudies , ,  

P r i n c i p l e s  o f  Desim o f  S tab le  Channels in Erodible  Mater ia l  

The most. important p r i n c i p l e s  f o r  t h e  design of s t a b l e  channels  
i n  e rod ib le  ma te r i a l ,  a s  doveloped by t h e  angle o f  approach used k t h e  
All-American Canal s+,udies, were prosented in t h e  paper r e p o r t i n g  t h e  
r e s u l t s  of t h o s e  s tudies% Fundamentally, t h e y  a r e  really vory simple 
and can be explained i n  a r e i a t i v e l y  few words, To be s t ab le ,  a canal  
i n  e rod ib le  m a t e r i a l  must not  scour on t h e  s i d e s  o r  b o t t m ,  and d e p o s i t s  
of  sediment must n o t  take place  i n  i t ,  In  order  t h a t  t h e  bottom o r  
s i d e s  may no t  scour,  it i s  necessary t h a t  the  v e l o c i t i e s  at  all po in t s  
on t h e  wetted perimeter  be kept  down t o  va lues  l o w  enough SO t h a t  t h e  
m a t e r i a l  composing t h e  banks and bed a r e  not  moved. I n  o r d e r  t h a t  
sediment d e p o s i t s  may n o t  t ake  p lace  in tho  canal ,  it i s  neceasaxy 
t h a t  t h e  f l o u  cond i t ions  i n  t h e  canal  be such t h a t  t he  sediment intro- 
duced i n t o  it a t  t h e  upper end be ca r r i ed  on through t h e  canal and out  
a t  i t s  lower end, These p r i n c i p l e s ,  therefore ,  involve: 

1. The d i s t r i b u t i o n  o f  ve loc ik ieo  around t h e  perimeter  
o f  channels o f  va r ious  c r o s s  sec t ions ,  

2, The v e l o c i t i e s  necessary  .to move p a r t i c l e s  on t& 
perimeter  of t h e  canal, 

3 0  The laws o f  t r a n s p o r t a t i o n  of  sediment i n  a channel, 

Unfortunately, i n  t h e  pas t ,  t h e  s t v b l e  channel problem has not been 
approached from t h i s  s tandpoin t ,  and t h e r e f o r e  very l i t t l e  d a t a  on 
these  t h r e e  poirits have beer, co l lec ted ,  

Forces Causing Scouz on Carla1 Banks and Bed 

Scour on the  banks and bed of a cana l  t a k e  p lace  when t h e  
p a r t i c l e s  composing t he  gurface of t h e  a ides  and bottom are acted upon 
by forces  s u f f i c i e n t  t o  cause them to mve .  When a p a r t i c l e  i s  r e s t i n g  
on a l e v e l  bottom of a  canal,  t h e  f o r c e  act ing t o  cause motion is t h a t  
due t o  the  motion of t h e  water pas t  t h e  p a r t i c l e .  If scour i s  to be 
p r e ~ e n t ~ e d ,  t h i s  movenent must no t  be r ap id  enough t o  produce f o r c e s  on 
t h e  p a r t i c l e ,  s u f f i c i e n t l y  l a rgo  t o  cause it t o  move. If a p a r t i c l e  
i s  on a s loping  s i d e  of  a canal  i t  i s  ~ c t e d  on, no t  only by t h e  v e l o c i t y  
of  t he  w a t e r ,  but also by t h e  f o r c e  of gravi ty ,  which tends  t o  make i t  
r o l l  down t h i s  s lope ,  The force  t end ing  t o  cause motion In t h i s  d i rec-  
t i o n  i s  the component, in t h e  d i r e c t i o n  o f  t h e  d o p e ,  of  t h e  f o r c e  of  
e r a v i t y  a c t i n g  on t h e  p a r t i c l e ,  If t h e  r e s u l t a n t  of t h e  f o r c e  due t o  
t h e  motion of t h e  water,  and t h e  component of  t h e  fo rce  o f  e r a v i t y  



w i l l  occur,  \ he re  coheaion o f - the  occur,  t h e  f o r c e s  a c t i n g  
must be s u f f i c i e n t  t o  overccrne t h i s  a l so .  

For example, cons ider  a p a r t i c l e  on t h e  perimeter  o f  t h e  
c ross  sec t ion  of a canal  i n  noncohesive materiall, a s  shorn i n  Figure 1. 
If tile bottom of t h e  canal. i s  l e v e l ,  as at A, th2  motion w i l l  occur 
when the water moves p a s t  the p a r t i c l e  wi th  s u f f i c i e n t  v e l o c i t y  t o  
produce a f o r c e  F l a r g e  enough t o  cause it t o  r o l l  1ongi tudinaUy 
down t h e  canal.  I f  t h e  p a r t i c l e  i s  on the  e i d e  of t h e  canal,  a s  at  By 
t h e r e  will a c t  on i t  a f o r c e  F2, due fo t h e  long i tud ina l  motion o f  the  
water flowing down t h e  canal,  and t h e  fo rce  of  gravi ty ,  G, which w i l l  
have a campanent $, a c t i n g  i n  t h e  d i r e c t i o n  of  t h e  s lope  of  t h e  canal 
bank. Motion of  this p a r t i c l e  w i l l  occur when t h e  r e s u l t a n t ,  R, of 
t h e  long i tud ina l  fo rce  F2, and t h e  gravi ty  component C2, i s  s u f f i c i e n t l y  
l a r g e  t o  cause motiono 

Veloc i ty  Di s t r ibu t ion  a t  S ides  and Bed of Canal 

The movement o f  ma te r i a l  on t h o  banks and bed'of s canal ,  
therefore ,  depends upon t h e  s teepness  of t h e  s i d e  s lope and t h e  v e l o c i t y  
d i s t r i b u t i o n  near  t h e  banks and bed. The f o r c e s  due t o  t h e  s lope  of 
the  s i d e s  i s  easy t o  analyze, but t h e  v e l o c i t y  near  t h e  banks and bed 
i s  d i f f i c u l t  t o  determine. The v e l o c i t y  cond i t ions  necessary  t o  caulse 
t h e  motion of a p a r t i c l e  lying on a cana l  bed are very complex, due 
t o t h e  v a r i a t i o n  of v e l o c i t y  with depth above t h e  bed and t h e  rapid 
f l u c t u a t i o n s  of v e l o c i t y  due t o  t h e  turbulence  in t h e  flowing wator. 
The water very nea r  t o  t h e  bed or banks moves slowly, and this v e l o c i t y  
increases r a p i d l y  as  d i s t a n c e  from t h i s  aur face  ificraaees, T h i s  change 
o f  v e l o c i t y  with depth i s  complex, even wit11 a very smooth surface,  and 
with a rough one, it i s  eve11 more so. The s i t u a t i o n  i s  f u r t h e r  compli- 
ca ted  by t h e  e f f e c t  of t h e  turbulence f l u c t u a t i o n s  and t h e  i n e r t i a  of  
t h e  p a r t i c l e .  In  t h e  foregoing discussion,  f o r  s impl i c i ty ,  t h e s e  e f f e c t s  
have been ignored. Although a complete a n a l y s i s  of t h e  condi t ions  
necessery t o  produce motion i s  too  complex t o  c m p l e t e l y  analyze with 
our  present  hydraul ic  knowledge, somo progress  in  t h i s  d i r e c t i o n  can be 
made s i n c e  v a r i a t i o n s  o f  ve loc i ty  a t  va r ious  p o i n t s  on t h e  banks and 
bed of a c a n a l  can be, t o  some extent ,  analyzed. 

Consider, f o r  example, t h e  c r o s s  s e c t i g n  of  a t r apezo ida l  
cana l  k t h  a bottom width 8, a depth D, and a s lope  o f  t h e  s i d e s  of 
1-112 : 1 a 

If t he  cana l  i s  l a r g e  enough so  t h a t  t h e  viscous f o r c e s  a r e  
neg l ig ib l e ,  ( i . e .  a t  h i g h  Reynold's numbers) as would be t h e  case  i n  
prototype canals, t h e  velocity distribution should be t h e  same, when 





a t - a n y  poin t  i n  the c r o s s  sec t ion ,  f o r -  example, at mid-depth in t h e  
c e n t e r  of t h e  channel,  t h e  ve loc i ty  w i l l  always bear  a fixed r e l a t i o n  
t o  t h e  mean v e l o c i t y  of flow. Also t h e  flow pektern should be similar 
o r  propor t ional  f o r  any o t h e r  c roes  aec t ion  with a s i m i l a r  shape. For 
example, i n  all canale having t h e  same r a t i o  of B t o  D and t h e  same s i d e  
s lopes ,  t h e  ve loc i ty  d i s t r i b u t i o n s  would be sin;ilatq and propor t ional  
and t h e  ve loc i ty  a t  any poin t  fn one croes  s e c t i o n  would be s i m i l a r  
t o  t h a t  i n  any o t h e r  poin t  i n  any o t h e r  similar sec t ion  w i t h  t h e  cor- 
responding pos i t i on ,  Thus, i f  we can g e t  t h e  v e l o c i t y  d i e t r i b u t i o n  i n  
any model canal ,  w e  would have t h e  d i s t r i b u t i o n  i n  any canal  o f  
s i m i l a r  c r o s s  sec t ion .  

Observations of  v e l o c i t y  d i s t r i b u t i o n s  i n  many t r apezo ida l  
channels  have shown t h a t  channels with low width t o  depth ratios have 
v e l o c i t i e s  d o n g  t h e  banks r e l a t i v e l y  higher  t h a n  where t h e  i 3 / ~  values 
a r e  high. Also t h a t  where t h e  B/D values a r e  above about 5, f o r  t h e  
same a i d e  s lopes ,  t h e  ve loc i ty  d i s t r i b u t i o n  i s  s i m i l a r ,  and t h e  v e l o c i t y  
d i s t r i b u t i o n  over t h e  c e n t e r  aec t ion ,  beginning a t  about 2-1/2 B/D dis- 
t a n c e  out from t h e  b o t t m  of  t h e  s i d e  alopes, v a r i e s  only with the  depth,  

4 

The foregoing d i scuss ion  has d e a l t  wi.t.h t r apezo ida l  channels,  
bu t  it can be  appl ied  a l s o  t o  o t h e r  shapes of channels. The v e l o c i t y  
d i s t r i b u t i o n  along t h e  s i d e s  and bed of t h e  channel ehould a l s o  be 
similar to t h a t  of a l l  o t h e r  channels having shilr:r crova sec t ions ,  
and i f  we had t h i s  d i s t r i b u t i o n  f o r  a  canal  o f  one c ross  aec t ion ,  
we woyld hsve it fo r  dl similsr canals .  Unfortunately,  very l i t t l e  
d a t a  a r e  a v a i l a b l e  on t h e  v e l o c i t y  d i s t r i b u t i o n  i n  channels ,  and it i a  
very  d i f f i c u l t  t o  measure s a t i a f a c t s r i l g  t h e  v e l o c i t y  d o s e  t o  the  
b~nks and bed. Consequently, l i t t l e  d a t a  are a v a i l a b l e  t o  g i v e  t h e  
v e l o c i t y  d i s t r i b u t i o n  near  the bed and banks o f  cana l s  of any  c m a 8  
sec t ion .  

Shear D i s t r i b u t i o n  on t h e  Canal Bed a d  ijanks 

Since t n e  v e l o c i t y  d i s t r i b u t i o n  would be s i m i l a r  f o r  croes 
s e c t i o n s  01' a W & r  shape, t h e  d i s t r i b u t i o n  01' t h e  t r a c t i v e  f o r c e  o r  
shea r  a t  t h e  canal bed arid banks shoulo a l s o  be similar f o r  simflar 
croes  sections. I n  a greet many s t u d i e s  of t h e  movement o f  ma te r i a l  

%nether o r  not  this i s  t r u e  f o r  v e l o c i t i e s  above 3e langer ' s  
c r i t i c a l .  value (Froude number g r e a t e r  than  1,O) may be con t rove r s i a l ,  
b u t  eueh cases rarely, i f  ever, e n t e r  i n t o  our  pmblcm. 



d u e s  a t - the  mEface where the  movement took place. I n  t he  study of 
s t ab l e  clzannels, therefore, it i s  possible to approach t h e  problem f r a ~ l l  
t h e  standpoint of t r a c t i v e  force  d i s t r ~ b u t i o n  d o n g  the  bmke and bed, 
ae wen  as t he  appro~ch  from t h e  s t a n d p i n t  of velocity distribution,, 

i s  has been previously mentioned, because of t h e  rapid  
chant;e in veloci ty  near t h e  bed o r  banks of a strerun, it is d i f f i c u l t  
t o  oppraiee t he  ve loc i t i e s  acting on the  eol id  pa r t i c l e s  cmpsing theae 
surfaces and therefore  d i f f i c u l t  t o  assign quant i t a t ive  values t o  the 
v d o c i t i e s  aot ine  on these pa r t i c l e s  in a givm case, hlthough t h e  
approach from the  standpoint of t r a c t i v e  force ie s c i e n t i f i c a l l y  l e e s  
exact, it i s  usual lp  easier t o  get  quant i ta t ive  d u e s  f o r  tractive 
force  i n  a given case than it i s  t o  g e t  quan t i t a t ive  values of velocity,  
For t h i s  rsason t he  approach, from the  standpoint of t r a c t i v e  f o r c ~ , ,  Pe 
ueucrlly used in the  anelyais of probleone hvo lv ing  t h e  xaoveawnt of 
coerae ps r t i c las .  Because of t he  extensive fundamental research which 
would be necessary before the  s tab le  channel problem could be solved 
quant i t a t ive ly  frorc t h e  a?proach along t h e  l i n e  of velocity, it was 
decided t o  use t he  t r a c t i v e  force  approach i n  t h i s  analysis  t o  gat a 
useable eolution and t o  perfect  it l a t e r  by bringing in the  velocity 
ac t ing  on t he  par t ic lea ,  as the science of the  subject developed, 

The relations between the  ve loc i t i es  ac t ing  on t he  particlee 
and the  correspondin& tractive fo rce  o r  shear a r e  explained by ~pl inak&/  
and uill therefore  not be discussed here. Since no l i t e r a t u r e  i s  avail- 
able  hiving the distribution of  t r a c t i v e  force on the banks and bed of 
a canal, a study has been made of avanable da t a  t o  determine it, ar far 
as the l imi ted information will permit. Tne method used was t h a t  devel- 
oped (or at leapt broudlt i n t o  t h e  literature of t h i s  country) by 
J o  8. ~ei~hl$A Consider the cross sect ion of ti c h m d  through vhieh 
water i s  flowing, as shown i n  Fibwre 2. AccO~r& t o  t h e  pr inciples  of 
t r a c t i v e  force, f i r s t  developed by i.i. Is ,  du box8 the t o t a l  t r a c t i v e  
force  on the  perimeter of t h i s  canal, f o r  a un i t  length in t he  dlxection 
ol' flow, i s  equal t o  t h e  component of the  weight of the  volume of 
water i n  this u n i t  length of canal, i n  a longitudinal direction,  o r  
the  force which is causinb this volume of water t o  flow dom the c d ;  
as a n  be aeen from t h e  following reasoning. Assuming t ha t  there i a  
no acceleration of t h i s  water volume, the  fo rce  cauaini~ motion met 
be just balanced by t h e  force exerted by the banks and bed of the  
canal on t h e  volume of uoter. This force  i s  t he  trac ' t ive fo r ce  o r  
the  shew. The magnitude of ti;is t r a c t i v e  force  i s  the  cmponent of 
the  wei&t of bite volume oi' water i n  t h e  direction of flow, or this 
weight mult iplied by t he  d o p e  oT the  energy gr8dA-t of t h e  canal* 
If t h e  flow i s  uniform, t h e  energy gradient is equal t o  t h e  canal 
slope, 





secticn to show the velocity d i s t r i b u t i o n  by clt-awini t h e  isovels ( l ines  
of ecuel  vclcclty;, it is also possible $0 divide t h e  cross sec t ion  of 
t n e  flo~;ini \r;;s",r u; intc a ser ies  oi' 3ubnre;ta by orthogolld l i n e a  
s t a r t i n k  ;>er?rsl:dicult-i ts the ;,erirnoter of  t h o  wet ted aection and run- 
nil,; ;crpandici*lar  to tilt isovels, cndi;~d in the po iz t  of m&um 
vr?bcit; ' .  Si?~ct> t h e  i h e s  are perpendicular to the i lnas  of cqud velocity, 
t h e y e  13 no n o t  cxchnnge cP :solnentum 3cr03s t l lai i  ~ l c i  t h e r e f o r e  no net  
shera-, Thc t:*:ictiva far= eixe to thr? viekht of the water ellclosed 
between t h o  iL?cs or i , in? t .h ,  from !,he bottom m d  sides of the c a l d  
I? sxcrtcd on t h a t  ?art of the  b o t i o m  or sides botwean the r o s ~ a c t i v e  
11-?en. Tv ?lanimeterinb; these i~srti~l arcza, and thus determining t h e  
volu~es of water  hvalved, i t  i s  pos i L l u  t o  cornpute the  t r a c t l v e  force 
e r z r t e a  on each of t h e  p a r t s  of t h e  c m n i  p c r h e t a r  and thus establ ish 
t h e  trzctive f o r c e  distrlbtlticn over t h e  bottox and sides cietarrainedo 
The d i s ~ s i t i o n  of t he  tractive force due t o  the volume of water lying 
above t h e  lncus of ~ n a x h w  velocities in thc verticals is n contro- 
vers i  J. ns t te r ,  The fines perpcnciicular to the i s o v e l s  hi t h i s  region 
extcnc! to t h e  water surface. There is c;ood reason to believe, however, 
t h a t  onl:t' r- sm, l l  ~xwt of the  trcctive r'orca represented by tho area 
~bovc? t h e  locus or' w h u n  velocitiee would be exerted on the 'air 
nbovs thr? w?itcr surfhee,  a~d t h a t  it would p r o b s b b  be n o w  the t r u t h  
t c  n e ~ l c c t  t h e  e k  drzg entirely, Jn these s t u d i e s  t h i s  hss  been 

~nrl t he  t r ~ c t i v s  fcrces on the b o t ~ o z  due t o  the are:$ below t h e  
lot.:.; of m ~ h ~ s n  v o l o c i t i e s  )lave Leer-! i,?c,-cased 'r;r the  ratio of the 
,.rc? =.tlovc this loctts to the =ea belo:: the locus, 

If sufi ' ic ient  Ini'onr!ati~n uas ~ v s i l z u l e ,  it w0'd.d be possible 
to - lo t  diagruns such as those on F k w e  3, s h o w i q  the dia~ribution 
of  t b  trkctiyn rorce on the bottom a n d  s ides  of n iarge variety of: 
znnpes of trapezoidal channels. 33 these ciiagrar's t h e  magnitudes of 
?i;e t r  ,ctive L'orce c o d d  be c q s c s s e d  LZ t e r m  of percentaaes of the 
tractive force which would occur in an i n f in i t e ly  wide c h m e l  with a 
d e ~ t h  of Flow G equal to the tieptil of i*low over the lev01 bottom of 
ttlc: tr . ;~pezoid, or  to k;i;5 where i i s  t ! ~ a  uni t  wcidk~t of water, 2 - the  
dspth ;; tile elope oi t h o  s n o r u  grruient .  

From t h e  stur-iies made of ~ir:tFiablr? data t!le tr ; lctive force on 
the :3ides of a irzyczoiciai c h s u ~ c i  :~c;s boon found to Valry from aero at 
the water surface to a maximu put u~ aown the s i d e s  and then decreaae 
to t h e  Lotton ~f the side  lope= LhI tho b o t ~ o n  it 7ijries from a i;cLnFmrm 
at Li.c bct:olr o n t e  ei.dc4 slopus to a rwli:uw il tlre center. For canals 
with ~ / i i  v l l u e  ,;renter shm about 5, the  tractive forco r r e a h s  the 
5 z . 1 ,  i r  r lu3 ~ c T c ~ . I I ~  o f  W E ,  kCrOSs the bottaa bs&Ulhg about 
2-1/2 D iistmce out  fron tne  aides. 





trapesoidal ohannel~i it would ba poseibie t o  plot a diagram as shorn 
fn Bigum 4 showing for the bottom d sides of t q e % o i d a l  aharmah 
the aaadmumtraative foroee expreeaed ae peraenttrges of lRDS tor vlriaus 
side lrlopes and ratio8 B/D of ohabn41 bed width t o  florr dryeh, 

Xikcnu an analpla of l i te ra ture  an tractive forcea which r i l l  
jut start motion of bed particles of vqioue sieea, it i o  poeeible to 
draw a curve, ewh se the bottom line of P1gwa 5 ,  ahor?tng the critiual 
traotive fame neoeemry to start; motion on a level  surface far varioua 
sirsee of partialee. By cumbining thaae values w i t h  the forues due t o  
the component of the weight of the partiole d m  th side a%*, are 
previously e q l a i n e d ,  it I s  possible bo deternine the o r i t i d  trsotive 
foraes ahiah w i l l  s t a r t  notion on side elopes of v a r i m  sfeapnesees. 

Pi-gures 4 and 5 a m  f o r  purposes of iUu6tration oalr, and 
ahould not be used for design, as they were not baeed on adequate dblta 
or attdiee for this purpose. 

Byr~bans of the diagrams shonn on these f iguma, when d- 
ffciently perfected, the des.ign of s-tabls, ohanneb in cowme v u l a r  
~serterPa1 for aafiying water coapa~a'cllvaly free of acdhent, can be 
madily aarried eat, k e  0-1 croae seatfons oar1 firat be workod out 
t o  meet the hydraulfc mquixwnenta, and thia canal aeotion acbn then be 
tested t o  d o t e m h e  its safety frolp saour of the W s  and bedo Tho 
valw of VDS can be worked out for the oaaal to be teated and fmra 
P-Qure 4 the ralwcr of AaxLmttn~ ratios of the Smaaflve fame mtbg an 
the  sides and bed of U s  channel to can be daterained frwa f f e  
side slope d B/D values. Lt the value of RDS, when mr2tfpUd by 
these madman n C i o  valuas, exleeads the  s a f e  o r l t i o d  traotive fome 
values for the sim of material in  rUah the  chanrael i s  emaratd, ae 
a h m  in F5gu.m 5,  for the  bad and side slopee used in $he seotipn 
being teafad, saour a m  taka plaae. Pragl the resul fa  of these % a d s ,  
depending on the uiromstancea in each case, if will a t e n  be possible 
t o  tell whether a better omss section could bs ssleotd aud tho . ,  
h o t i o n  in w h i c h  t o  move f m  the taste6 eeatien t o  s e a m  an 
pplprovsaent. 

m a h  
The foregoing dlacusslon has been set up largely on the 

berie of ol trapetoido3. section, but the prinaiplee apply eqtdQ',ta 
aarrals r i t h  awea aeotiona of ang other ahape. To analyze m y  odction 
It is neaessary to knm the velocity or the shear distribution a d  







t o  know p e r f e c t l y  t h e  laws of flowing water ,  which have not ye t  been 
worked out.  However, i t  i s  believed t h a t  mathematical cnnproximations 
and approximate ana log ie s  can be worked out which w i l l  g i v e  solutions 
wi th  s u f f i c i e n t  accuracy f o r  p r a c t i c a l  purposes. 

A first approximation has a l r e a d y  bean worked out f o r  a 
channel of uniform c r o s s  s e c t i o n  i n  which t h e  granular  ma te r i a l  on t h e  
e n t i r e  su r face  o f  t h e  banks and bed is j u s t  on t h e  poin t  of movernent. 
This  has been developed on t h e  assumption t h a t  t h e  t r a c t i v e  fo rce  at  
any point  is  propor t ional  t o  t h e  depth a t  t h a t  poin t .  This i s  an 
approximation which i s  pr0baN.y not far  from t h e  f a c t s  i n  wide channels 
bu t  nay depar t  cons iderable  from the  t r u t h  f o r  narrow ones. 

The developnent o f  this s o l u t i o n  was f i r s t  undertaken by 
Chia-hwa Fau, whose r e s u l t s  were published by t h e  Chinese Socie ty  o f  
Hydraulic h ~ i n e e r s  i n  t h e i r  magazine nHydraulic Engineering, Volume 15, 
No. 1, page 74. This  a n a l y s i s  has been checked and per fec ted  by P. E, 
Swain and H, E. Glover of t h i s  Bureau. This  g ives  the  shape of  c r o s s  s e c t i o n  
f o r  any s i z e  of m a t e r i a l  and long i tud ina l  s lope  o f  canal .  Only one d i scha rge  
would produce t h i s  condi t ion  of impending movement f o r  a given m a t e r i a l  s i z e  
and slope. 

For  n given  s i z e  of m a t e r i d  and long i tud ina l  s lope t h e s e  
assumptions produce, f o r  one espec ia l  discharge,  a c r o s s  s e c t i o n  which 
starts with a s i d e  s lope  a t  t h e  sides equal t o  t h e  angle  of repose of 
t h e  ma te r i a l  i n  which t h e  canal  i s  cons t ruc ted ,  d e c r e a s i !  u n t i l  a t  
t h e  c e n t e r l i n e  t h e  bottom is  l e v e l .  For  d ischarges  l a r g e r  tha.n t h i s  
e spec ia l  discharge,  t h e  c ross  stsction i s  formed by adding a lave1 

, s e c t i o n  t o  t h e  bottom o f  width just  s u f f i c i e n t  to inc raase  t h e  dis-  
charge frm the  e s p e c i a l  discharge t o  the  d e s i r e d  l a r g e r  discharge. 
For dischai-ges Smaller t han  the  e spec ia l  d ischarge ,  t he  sec t ion  is 
obtained by subtracting enoug? of t h e  a r e a  equally out on both s i d e s  

I from t h e  c e n t e r l i n e  of t h e  sec t ion  f o r  t h e  e spac ia l  discharge,  t o  
reduce t h e  e s p e c i a l  discharge t h e  amount necessary t o  produce t h e  

1 des i r ed  smaller  d ischarge ,  

The Rost E f f i c i e n t  Canal Sec t ion  

The importance of t h i s  ao lu t ion  i s  n o t  a t  f i r s t  apparent,  
and r e s t s  i n  t h e  impl ica t ions  of  the cond i t ions  f u l f i l l e d  r a t h e r  t han  
t !~e  condition?. themselves, The f a c t  t h a t  t h e  ma te r i a l  a t  all po in t s  on 
t h e  bed and banks of  t h e  channel is just on the  point  o f  moving, is not 



c m -  be deduced from this condit;ion of impending motlon are very 
imi)ortnrrt. For c=xiple, since the  rnater ial  on t h e  banks and bed at 
all po in t s  i s  just on t h e  paint  of motion, i f  t h e  s ide  s l o p s  a t  any 
point were a I . l t t l c  etcepor thm this so lu t ion  provides, the oli~htly 
increaseci corn~~onertt of gravi ty  down t h i s  slightly eteeper slopo would 
increase t h e  rertultnnt f o r c e  of this gravity component and t h e  long- 
!" l ;dL~l  farce exer ted  bjG t h e  wnter enough t o  cause tho p=t ic les  t o  
mve, The side rillopes of t h e  ctiamel w i t h  a c r o s s  sec t ion  as developed 
by this solution axe t h e r e f o r e  as steep as they can be made and s t i l l  
retain s t a b i l i t y ,  :Us0 the hydraul ic  radius o f  t h i s  portion of t h e  channel 
i s  as grea t  irs is poss ib l e  znd maintain stability, Tho depth of t h e  l e v e l  
bottom, where t h e  channel i:, l a r g e  enough t o  require a l e v e l  bottom, i s  
a l s o  t h e  W w n  depth which t h e  channel can have and maintain stability. 

The hydraulic radius of t h i s  s a c t i o n  of the c a n a l  i s  therefore 
a minimwn, wd t h e  hydraul ic  r ad ius  of the bottom and sicies combined is 
also tl minimmi. Hence for a diven discharge t h e  ve loc i ty  is a n&num 
sad the croeu-sectional a r e a  of t h e  flow i s  a minimum, 

Since tne sides are as  steep as possible, and t h e  depth of t h e  
c e n f a r  sec t ion  a3 .great ns possible ,  the width of the channel at the 
water surf*rce is a minbum. i h c e  the s ide  alopes above t he  watcr o u r -  
face at  t h o  angle of repose of t h e  mater id ,  which is as steep as pos- 
sible with s t a b i l i t y ,  riith t h i s  minimwa Kidth at  t h e  water surf~ce, a 
m i n i n u  of area  of excavation above the w ~ t e r  surface r eau l t c .  The 
co~nbinat ion of a h b u m  area both above and below the water su r face  
therefor9 ~ r o d u c e e  t h e  channel of minimum excavation and the re fo re  
probably minimun, cos t .  

Perfecting of .bdysis  for Nontrspezoidal Shapes 

Because of the importance of this solution in the prac t i ca l  
design of l r r ib ;z t fon  canals ,  it is very  desirable t h a t  t h e  ~ c l u t i o n  bc 
further perfactsol by developing an approximation f o r  t h e  tr~lct.Sve force 
xbLch w i l l  be c loser  t o  t h e  facts t h a n  the aasum?tion that it is propor- 
t i o n a l  t o  t h e  depth. T t i i s  latter asaurc2tion does not  consider t h e  
effect of the highor v e l o c i t y  currents near t h e  c e n t e r  of t h e  ch~nnel 
dragging g.lotiy, the water near t h e  sides. A study t o  obtain a so lu t ion  
taking into account t h e s e  e f f e c t s  is  now being carried or1 by R. E. Clover. 

X study should ,dso be nade of the  latest  f l u i d  mechcznics 
research t o  see what 1i;ht it throws on t h i s  subjec t .  Tho aper by 
G. H. Keulegan on lthrs of Turbulent F l o w  in Open CharmelaM&/ sk~ould 
e apec l rd ly  bo studied.  



d i s t r i bu t i on  might be' spproxFmated with suf f ic ien t  accuracy by '.aeana 
of the  membrane analogy. A rubber sheet s t re tched over an opening 
shaped l i k e  two channel cross sect ions  w i t h  t h e i r  water w i a c a s  
coinciding A I I ~  t h e i r  bottoms on opposite s ides  of t h i s  common l ine ,  
might be used. The i sovcls  could be t raced as  contours, by placing 
an a i r  pressure below the membrane. This would give a dis t r ibu t ion  
i n  which t h e  maximum veloci ty  was a t  t h e  wclter surface i n  t he  center  
of the  channel. Mr. Clover has sugdested t h a t  t h e  point of e&mm 
veloci ty  might be orioved t o  t h e  point  below the  surface which actual  
observations indicated by means of a str- attached a t  both ends 
of the water surface line and shortened u n t i l  t h e  highest point in 
the  mambrsne was located at t he  posit ion corresponding t o  t he  point 
of maximum veloci ty  . 
Design of Canals f o r  1~- Slope 

It i s  often desi red t o  make canals as s teep as possible, 
in order t o  reduce t h e  blight of d m p  s t ruc tures  t o  a minimum. 
Theoretically a stable canal can be made by designing t he  canal  wide 
enough t& reduce t h e  depth suf f ic ien t ly  to produce a velocity so low t h a t  
it wiU not scour t h e  banks or bed. There i s  a prac t i ca l  IMt; howevsr, 
t o  the  width that can be used. This depends upon how closely t h e  c a d  
can b6 constructed and maintained to the exact grade establ ished f o r  ito 
Any departure from t h e  t r u e  grade i s  likely t o  produce grea te r  depth of 
flow at ce r ta in  Locations than expected. These w i l l  r e su l t  in grea te r  
t r a c t i v e  fo rces  than planned and thus g rea te r  a b i l i t y  t o  cause scour* 
If scour i s  started it usually r e s u l t s  i n  stil l  grea te r  depths and 
t r ac t i ve  forces, a t i l l  f u r t he r  increasing the  scour, t h e  movement thus 
increasing pragraseively until it reaches prohibi t ive  magnitudesa 

Althouzh some analysis  of t h i s  condition is  possible, it l a  
largely a prac t ica l  matter which can be determined only by experience. 
A searc?, t o  discover ac tua l  cases of canals where excessive scour under 
thcve condiLions occurred, ehould therefore be made and the  r e s u l t e  
analyaed t o  the  extent poaaible and presented t o  indicate t he  p r ac t i c a l  
limits t o  which such canals could eafely be designedo 

Xffect of Cohosion on Canal Cross Section8 

For t h e  design of canals in cohesive material. it will be 
necessary t o  determine what ve loc i t i e s  or t r a c t i v e  forces on t h e  banks 
and bed varioua types of .cohesiva material w i l l  stand, and d e s i p  the 
canals t o  give values which do not exceed these limits. These limits 
d-11 probably have t o  be aeterlnined ~ I J .  observations on actual  canals. 
Perhaps t h e  resistance to  scour of these mater ia ls  can be r e l a t ed  %O 
t he  penetration values of  the  Proctor needle used in moisture determina- 
tions in earth dan constructionl  



t h a t  the  forces of  coheaion acting on a p a r t i c l e  on t he  sidbo of a 
c m d  are eo much greater  than  the gravity form act ing on it t h a t  t h e  
l a t t e r  can be safely  ignored. The most e f f i c i en t  channels for c lear  
water i n  cohesive mater ia ls  w i l l  therefore probably be these where t h e  
t r ac t i ve  force on bottom and s i d e s  i s  equal. 

Effect of Curvature 

The analysis so far discussed has dea l t  with s t r a igh t  canals, 
but many c m a l s  contain numerous bends arid these increase t h e  tandency 
t o  scour. So far as i s  known, no quant i ta t ive  study of t h i s  phase of t h e  
s table  channel problem has ever been made. It should, however, be 
subject t o  analysis, which could probably beat be done i n  a hydraulic 
laboratory. Tests would be maae of  curves with varioua r a t i o s  of radius  
of curvature t o  bottom width, and various central sngles, The e f fec t  of 
spiralling t h e  curves should also be investigated. The result8 f r o m  
such t e s t s  could be compared w i t h  obeervations on actual  canalbo 

Zffecte of Seepage 

Seepage out of a canal produces forces  tending t o  utabil iee 
material on the  banks and seepage i n t o  a canal has un opposite effect*  
Under cer ta in  conditions these  act ions  have an e f fec t  on t h e  auecepta- 
b i l i t y  af t h e  canal t o  scour. An entdysia of t he se  conditions should 
be made ar~d the pr inciples  involved should be developed ao t h a t  they 
can be ueed in deaign, where they ~ p l y a  

It is probable that  in the caee of c m d s  carry ing  c l ea r  water 
at  high ve loc i t i es  with bed and banks of coarse granular mate r id ,  
seepage a f fec t s  wi l l  not be so important, since t h e  f i n e r  portions of 
the surface layer will be largely  washed away, the res is tance of the  
I - d n d ~ r  of t he  fmrface layer  to  percolation, as compared wi th  deeper 
layers, would be small. However, in fine-grained   late rials and especial ly  
those where the seepage out of a canal tends t o  Ifiter out fine pa r t i c l ee  
from t h e  water which forms an impervious coating over the banks and bed, 
the seepage forces ma> reach coneiderable ~r?e(plitu<ae m d  have an appreciable 
e f fec t  on s t a b i l i t y .  It is  probable that Y t  i s  this effect which causes 
t h e  reeiatance t o  scour in many canals t o  be sapable of reduction by 
"aging.n 

/ 

Secondary Current r 

Under certain conditions of flow in straight channels of 
uniform aross section, all t h e  water does not flow l inear ly  in t h e  
channel, but spiral flows are s a t  up in certain part8 of t h e  cross aec- 
tion. For example, in certain experbent8 in rectanguSar flumes carry- 
ing sediment spiral currents  occurred which cwaed t h e  seditlont t o  f a r m  



A t  prasunt, l i t t l e  i s  know& about these eecondary currents, and their 
e f f ec t  i s  usually probably d l  o r  n o n d e t a n t ,  In s tudies  of sediment 
t ranspor ta t ian ,  however, they should t>e kept in mind and where present .a:- 

ahould be observed, i n  order t h a t  t h e  law8 governing t h a n  be developed 
and their importance i n  aediment t r an spo r t a t i on  appraised* 

Canals Cart~ing Coarse Sediments 

Since a stable canal  ne i the r  f i l ls  with aedimeni or ecours, 
i f  any' sediment en t e r s  such a canal a t  t h e  upper end it must be carried 
on through the canalo The problem of proventing deposit  i n  Lhe canale 
19 therefore  a problem of designing the cerd .8  t o  traneport  the material 
brought i n t o  them, 

In most came t h e  mater ia l  which cauaes t rouble by deposit ing 
i n  the aanals is sand or coarser par t i c les .  Nearly a l l  of t h i s  material 
moves along t h e  bed of the canalo If t h e  t r a c t i v e  force on t h e  bed of 
the canal i s  euff ic ient  t o  cause it d l  t o  move along, them w i l l  be no 
harmhiL deposits. It i s  therefomnecesoar;. t o  know the quantity and 
quality (size) of the sediment introduced i n t o  the canal and the t r a c t i v e  
force  necessary t o  carx-y it down the canal, The c a n a l  must then be 
designed t o  p rov ide ' th i s  t r a a t i ve  force  on the canal h t t o m  without 
producing a t r a c t i v e  force on t h e  s i d s s  greater t,hm the m a t a r i d  of 
which they are composed w i l l  stand, If tho quantity of sediment intro- 
duced i n t o  the  cenal i s  very large, it may not be possible t o  meet these 
conditions, and dasandiq device8 must then be used t o  reduce t h e  ssdi- 
ment load to be carriedc 

To know t h e  t r ac t ive  force neceasarx t o  carry t h e  laaterial 
down t h e  canal, the laws governing sediment t ranepor ta t ion muvt be 
known. Unfortunately, although considerable progreos has been made and 
is being made in developing these  laws, a satiefactory kna*;le&e is not 
now available,  It Kill, therefore ,  be neceesary t o  secure a better 
knowledge of these  laws, and the program proposed includes several  
studiea in this f i e ld .  

Canals Carnin~ Fins Sediment8 

Man$ canals car ry  a coneiderable quantity of fine sediment8 
nhieh collect d o n g  t h e  side8 of the canal and reduce the carrying 
capacity, This type of material i s  usually not EO troublaaome as the 
coarser eedhents, and sornst.hes i s  beneficial, in that it tends t o  
reduce seepage out of the o a n d ,  These side deposits are composed of 
particlea of silt and clay sizes, and have considerable cohesiono A 
study should be made nf the  tractlye force t h i s  material w i l l  stand, 
and it should then be poseible to design c m d a  which wf32 grevant or  
1M.t its formation. 



To uas the  pr inciples  of atable channels Ln the  desi* or 
hydraulic pmj.c t i , i t  vill be necessary t o  develop than i n  a quult i-  
t a t i v e  fom. To do t h i s  a great  deal  of work uill have t o  be done 
in the f i e ld ,  laboratory, l i b r a ry ,  and off ice .  - 

Briefly atatad, the data and s tudies  needed f a l l  i n t o  seven 
paFn diviafons, as follows: 

a. Studies of velocity and shear di~tribut~iorr in c d a .  

b. Studies of t he  effect of bends on veloci ty  and shear 
diat r ibut ion.  

c. Studies oC c r i t i c a l  ve loc i t i es  nnd t r ac t i ve  force8 
in various materide. 

d. Studies of the  laws of sediment transportation. 

e. Investigation of experience i n  Bur- and other 
canals. 

f .  Comparison of design procedures deve lop4  with data 
in l i t e r a t u r e .  

g. Preparation of design formulae, tables ,  and diasrena. 

In each of these  main ditrlsions there  are a number of mb- 
diviriona, m a g  up a l i s t  of over 20 itms. 

Proposed Profcraw of Studies 

To obtain the data  needed t o  develop adequate methods of 
canal design. a program of office s tudies ,  laboratory i nves t i ga thns  
and field surveys and measurements has been drawn up, covering a period 
of about 3-1/2 years. The d e t a i l s  of t h i a  prnp0.d progrm a r e  givm 
in a maorandm ent i t lod  "Proposed Program of Stcdics t o  Develop ~ e t h o d s  
of Design of Stable C h m a l s  in Erodible hiaterial," 5. 'd. Lane, 
January 11, 1950. Although t h i s  ia a l a rge  and sxpcnsive pmgrm,  
the cost  of tho canal8 which may be co'lstructsd is SO gr- t  t h a t  i f  
the program r e s d t s  in s saving of only one percent in t h e  cost  of t h e  
a ~ a l o ,  it Xi11 eave the cost of the s tudies  m y  timea over. 
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