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Chapter I 

INT ODUCTICN 

'any important problems must be solved by 

engineers when designing channels in erodible ieterial 

and unfortunately their oomplete solution requires more 

knowledge of the subjeot than now exi'sta. The primary 

purpose of the designing work is to obtain a stable 

channel \'Vhioh will havo the least initial coot and least 

maintainanoe oost. For a channel to be stable, the 

hydraulie featuree and the eharaoteristios of the bed 

material and the material in aus_pension must have a 

combined er eot that will cause neither silting nor 

scouring. To this end• British · ,ng1neers have done very 

intensive study in oonneetion ~11th large irrigation 

onnals in India. TlieL .. solutions, however• have not 

applied so rnll in th<~ regions other than those where the 

data ware obtained. A generalized analysis of stable 

channels is reported in this manuscript . 

The oroblem ------
In hat .aya may the problerne ot stable 

channels in erodible muterial be solved more 
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satisfactorily? Tis uestion may be subdivided into 

several items as follows: 

1. ,tnat have proviou.a workers done in this 

field? 

2. '.Vhat a::i. .. e the important faotors involved, and 

which of' these factors have previous investigators 

neglected? 

3. What are the proper methods of attacking 

this problem? 

4. C n the aha.pe of a stable ehannel oroes

seetion be ex ressed mathematically? 

5. Do t he available data verify the results 

of theoretical an dimensional analyses? 

6. ·"1 lat conclusions and recommendations may 

be made as a l"esul.t of this study? 

It is t .e pu.r ose of this manuscript to summa ... 

rize the information now available on the subject of 

atablo channels and analyze the problem 1'rom both the 

theoretical and dimensional point of view. :ro the extent 

that the limited available data will permit, these 

evelopments are teated experirnentally. 
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Chapter lI 

Although in this ohapter the oitation of the 

literatu1~e ere essentially in ohronologi~al f>rder. each 

author developed his own series of formulas for de8ign 

of stable channels and _published them at different times 

as the research progressed. He.nee the ohronologieal 

preaontation is based upon the time o:f' the first 

important contribution of a given author. ihe English 

system of units is used in all equations unless othar ... 

wise stat.ad. 

As will he noticed, pioneering studies of 

etable ohE:i,n.iiels have been .made by 13ri tiah engineers 1n 

lndia although some have been made in Egypt. Interest 

in this probler,1 in the United Statea ha.a developed only 

within the last thirt1 years. 

Kennedy (14) uaine the <iata of the Upper Bari 

Doab Oanal in India, empirically derived the following 

equation for ste:ble channels in 1895: 

Ve = o.84 m ,.o.64 (2.1) 

in v,hioh VO is the cri tioal veloc1 ty which vill ju.st 

9 



10 
keep the channel f~ee from either s1ltinB or aoou:ring, y 

ia the ater de th of tho channel exoluaive of side slopes 

(moat of the c annels were 1 .. eotangul. r in oroes-section) 1 

and m is a. ooeffiaient. A standard for the coefficient 

m of l..O for sandy ilt was adopted, L;oarser sand h d 

values o~ 1.1 to 1.2 and finer sand o.a to 0.9. 

Kennedy determined the slo.pea ot the channels 

by e.oeuming a value of N tor ·~uttett' a equation which is 

in tu:rn upplied to Chezy*s e·u tion. lie suggested N be 

0.02 tor la.rg canals and 0.0225 for small enn ls. 

oo (28) in 1917 roposed the use t definite 

l" tioe o ·, depth to idth, based on an analysis of data 

from the lower Cheneb Cnna1·system. In 19217, he puolish

ed his gene1 .. ul equations: 

in whioh D 

log D : 0.434 log ¥ a 

V0 = log · a D = l.4Z4 log a 

S • l / log 2 • 1000 a 

is the avera e depth of water. 

{2.2) 

{2.3} 

(2.4) 

is the 

mean width of ater, V0 is the non.silt ng, non-acour1ng 

mean velocity, .J. is the rate of discharge or 1a D V
0

, 

and Sis the ater surface fall in 1000 feet di tance or 

1,000 s. 

\Jooda belie ed that the sediment <Ulrry1ng 

capaoity of a shallow channel is greater than for a deep 

chunnel nd dopena.s on {Vs - vb) , here v8 is the 
D 

surface velooity and vb is tho bottom velooity. 
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In 1919, Lindley (23) published the following 

equations developed from 786 observations made on 2700 

miles of channels 1n Jheng and Lyallpur, Indiac 

V
0

: 0.96 y0. 5'7 

Ve: 0.59 Y0.355 

B • ~.a 71.61 

in which B 1& th bed width of channel 1n feet. 

(2 •. 6) 

Kutterta equation was used to oomp~te the velocity of flow. 

Believing that the ratio of bed width to depth plays an 

important part in determining stable• sections,. he put 

forward the theory that nthe dimensions; width, depth, 

and gradient, of a channel to earry n given supply lo ded 

with a given silt oharge, were all fixed by nnture.u 

Mo1eswo:rth and Yenidunia (20:129) developed the 

following general equation 1n 1922 from a careful exam1 ~ 

nation of large number or stable Egyptian cans.ls. 

y: (9060 s • 0.725 B) (2.8) 

In 1923 Buckley (i) developed a modification of 

•q• (2.9) for channels of depths less then 5.26 feet 

{l.e meters). 
2 

y: 0.0025 (100000 s + ~) B 
1.62 

Ae reported by Lacey (16), Buckley lc£tflr derived e?'! 

equation from measurements of the ile at Beliedai 

(2.9) 

V. ~ R0.85 60.72 _ (2.10) 

in whioh R is the hydraulic radius. 



s eported l>y Lacey {16) , ... hillips loo 

developed a equation for the i ile t Beleida. 

V :: 2.oa {RSj 

12 

'rom 1926 to 1946 Griffith (8, 9• 10, 11} 

established hie o sic law and ol imed that ohanges in the 

crose-$eet1on of a channel, hioh resulted from changos 

in the prevailing hyar,1ullo conditions, could be mnthe

ma tieally oalculated by referonae to t!1ia basic law. His 

ork ~as based on the Kutter and hazy equations and did 

not use the existing annul data. In his latEiet aper (8) • 

published in 1946• he used the d ta of the .. issouri ltiver 

to check his e~u.atione. ~ie ork can be summarized as 

follows: 

1., fr'he basio law of o<:1.uilibriw.n of the bed 

at any point in the oro ~ eeetion 1: 

V • m y{0.5 " 3.331f} (2.1 .. } 

in which v is the merin voloei ty i.n a vert ioal line 

through the point u.nde1• consider tion. y is the water 

depth ot t 1a point, m is the gen ra.l sediment f.~otor, 

nd N is the 1utter ooeff.'icient or roughness. 

2. The g neral equation for the equilibrium 

of a oroos-section ia 
(0 5 ' 7.~~3N) V =kmD ""' -- (2.1~) 

in whioh V is tho r'ean velooi ty of the oro:Js ... setJtion 

under oonsideratton, D ls the mean depth ot the cross-

section, and k 1 t ratio of V/v
8 

were va is the 



mean velooity in the 1ertioal of me n depth. The 

following valu :s of .k: 1ere given: 

For reotangular crose-aeot1on 
For trian&"ll.lar croas-aaotion 
For semi-ell1ptloa.l oi·osa-seotion 

k: 1.0 
k • 1.1;1 
k = l.055 

3. The general equation for the equilibrium 

ot croas-seations is of simils.r type: 

V. • D(0.5 -' 3.33N) 
Ill (2.l 

4. The e~"U.ation relating the sediraent :faotor 

to the se(lirnent conoent1" tion is: 

C, :; 

{ 2.15} 

in v.rhich o ia tlln sediment oonoentration o:f ed load in 

parts per 10.000 by weight of water. and Z 1B a 

sediment coe!ficient (fr tine sand z = 7.5). 

in whieth 

The equations f r l .. egime aections: -

o.3A 0.314 •0.314 R :: ......,_...i___,.__, ____ • 
( 1000 s) o • 22 -l3-.-0-6-a5-.-2"""'2-· _, -

p: 
48.7t, Nm 1,.t0. 4"1 7 

80.!33' 

( 2.16) 

{2.17) 

(2. l ) 

(2.19) 

R is the hydrau11a radius, -p ... is tho wetted 

p rimeter, Nm i8 Manning's coefficient or roughness, and 

G is the rate of disoh·rge of b d load 1n pounds per 



second. 

>uring the x,riod 1929 to 194' 1aoey (16. 17, 

18, 19) published sevoral important .u pers based on data 

from maJor irrigation c·nals in dia • 

. d: is final equa tiona may be summarized s 

follo ~ : 

1. The 1 ... elii tion bet een veloeity nc1 hydraulic 

radius: 

v = 1.151 0 or f • o.75 v2/R (2.20) 

in which f i.. the silt factor. 

2. The relation between diooharge and wetted 

perimeter; 

J? : 2.668 N or P/R = 7.11 V { 2.21) 

in hioh "/R is ushape .f'actorn. 

3. The :f'lo .v equation: 

V : 16 (nl/2 a}l/3 (2.22) 
2 

Subati tu ti lg .. iq. {!:!.BO) into q, (2.2·): 

( 2 .2~} 

in which 

N
8

: 0.0225 tl/4 

where Na ia the absolute rugosity. defined byte 

grad tlon of the sedlrae!lt and as a function of average 

sediment diameter. 

• •elation of silt factor to b~d material 

diameter: 
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(2.25) 

in which d is them an diam ter of bed mater! l in 

millimeters. 

In L oey's recent interoretation ot hi$ t eory 

(16}, her -e hasized his beli f t 1at his e uationa are 

applioe.ble ·bo all active ohan.nela in e.lluviwn in general, 

ir:resJ;>e.oti ve of t he )reoise degree of aoou.ring · or oil t

ing, or the variation in sediment charge. He rearranged 

=4• {2.22} to obtain 

VS• 1.60 (Rl/2 S) 4/ 3 (2.26} 

in wh1oh S • 1000 a where s ia the elope of the wate~ 

surfac. cey called Eq. (2.2 ) the 11normal alluvial 

e uationn and pointed out two significant parameters in 

this equation: 

1st arameter, (VS) .. directly proportional to 

terminal settling velocity of sediment particles and 

eap1tom1zing the i'orce tending to restore the particles 

to the bed. 

2nd parameter, (n1/ 2s) ... a :f'unction of sediment 

size. sediment density, and sediment discht'rge and 

eapitomiz1ng the forces tendin~ to propel them forward. 

The upper limit of Eq. ( 2.2 ) :ill be 6aohed 

r1l1e11 the ori tioal veloei ty oocurs v = /9D • l9R 

From Eq. {2.26), he obtained: 

VS• g2/ - •096 • 25v 

l/2 s = g3/2/4.0 6 = 43.5 

(2,27) 

(2.2 ll ) 



The lov;er limit of ( V S} is due to the 

ooheslon of very f:t.na sediment . 

In oonneotion with Laoey 1a ork, ottomley {2) 

equated Manning's uation to L oey'a Eq (2.2~) to !ind 

an expression o:t 1anning' s coeff oient of roughn~)ss in 

terms of the observed elope: 

1fi 

nm • o.00928 sm1 / 6 (2.29) 

in Whioh Sm = 1 .ooo ,000 s 

l?or Na, L eey re-arranged Eq. ( 2. 2'2) as: 

v: [(16)9/8 / (Vs)l/8 J u3/4 sl/2 

1ich oom'b tnes with ::q, ( 2.25) to give: 

or 

11 :: 0,0596 (V e}l/S a 

N : 0.025. (V S)l/S a 
.Aa a sum,ary of his work. Lacey stated the 

(2.30} 

followins oonoluaions~ 

1. A st ble ehannel is one that ia active 
and neither silting nor aoou.l."ing. 

2. regime channel is a ate ble channel 
transporting a refsii:ae aed lme.nt di~ohnrge. 

3. regime aediment disohnrge is the 
minimum tr:ilna_ported oedin ant load consifltent 
with a f 11y active bed. 

4. For every regime ohannel tbere is. for 
a given bed sediment grade , a fixed value for 
the product of the mean velocity and the slope. 

5. The ;produot ( V S) is in all regime 
ohiannels a criterion of the oilt grade , and is 
roportional to the terminal velocity of the 

silt ~a ·ticlea. This product is at all times 
an inaication of the order of bed material. 



6. 'he normal alluvi l e<,1uation ta.kea the i'onn: 

(VS}: 1.60 { l/Z 3) 4 / 3 (2.2~) 

It may be re-arranged as: 

V; 1.42 (V S)l/4 l/2 ( 2.31) 

whioh is the equation for th velocity of bed load 
propulsion. - rking v lue of (VS} may be 
assigned to any channel. 

7, lll active channels in alluvium, free fro~ 
If shook11

, whether silting or aoo,xring 01· su.bJ eot to 
an exeess oil t oh rgo • conform with tho normal 
eq~tion •. 

a. The degree of ailting or ricouring, and the 
intensity of tl1e sediment discharge, are ir plici t 
in the v luea of V, , and S which a normal 
channel adopts hen ·hese voluoo are associated 
1th actual r ade or sediment exposed on the bed, 

9. It any active ohan.nel is subjected to 
nshook" by the nresenoe of maJo:r- .irregularities 
of th$ banka or bad. the otteotive hydraulio 
mean depth is reduced, t he slope inoreasod, the 
velocity di.m.1riished, und tbe depth increa ed. 
Tnere is no change in the bed. sediment f'rade, or 
in the value of (VJ) previously recorded. 

10. Aa to the shape of the channel, it has 
been found th t the · etted perirnoter gives as 
good a co:r1·elation aa the width. And the wetted 
perimeters o.f.' similar lluvial channels va1 .. y as 
t he eH1ua1.~e roots of the discharge. {16;46-7) 

Chatley ( 3 , 4) publ1 ed two ·-er es o.f art i cles 

in London in 1938. the gener 1 topio of tho first aeries 

waa: 0 Ri \rer .flo problems" am the second series, '' IU ver 

control problems." He baaed his developments on Cheey'e 

e1uat:1.on, modifying it uocording to tho lastue relation 

between boundary resistance and the Reynold number. 
o.o'l V = _! R0 .71 a 

11 
(2.32) 



in t1hieh 1 is an arbitr· ry oocf.i..ioient o:r roughn ss, 

1nvolvin the sh pe tnctor r ' of the bed material, the 

density of fluid P , the co ff1cient of 1-ubbing 
I friction M • nd the kina~~tio 1sco ity of the flui( 

18 

v • In general , N1 is am•ller t!$n Kutter's N. He 

compared ;q. (2,32) 1th hanning'o equation: 

V - l R2/3 al/2 - T D 

m 
and Porohheim.er ' s equation; 

V : l RO• 7 s O • 5 

The above e~-~tiona, including ~q . (2. 32) • a e all in 

metrio units. 

C tl analyzed the shape ot t e oh annel by 

three se.ve.'" te methods , '1.1hesc were l,jhezy'a equation, 

! nnin 's equation, and i'Ll• (2.32).. Hi third quntion 

gave 

... -rr ( t") l,71 l.,14 . 
' - 411 "T 

in hia Y ia the apeoific eight of fluid, is the 

width of the wnter surf oe, and 'T is the traot 1ve force 

per unit rea alont the river bed . His assumptions were: 

(a) Eq . 0!.32) hol ds true, (b) DuBoy' s idea of constant 

tractive resist~nce at equilibrium is true, i.e.~= YD&, 

(o) The slo e of the channel bed e uals the hydraulic 

gradient . (d) Dtecharge ~ is determined by drainage 

area and l"'U.no:ft factors. (e) The hydrau. io radius R 

equals the mean depth D. (t} The soil atrueture is 



uniform. 

ln 1943 , King (l,15) developed a series of 

equations from the data ot or.male in Punjab and Sind, 

India. In all equations he \lsed. th.a ef'f'ective d pth D 

and the ,ater ourface idth ~ inst ad of th hydrau.11o 

radiua R and the wetted perimeter P. Ho pointed out: 

The friction coeffic:f ent, which in pipes 
is the actual coefficient at any point, 
is in the case of ahanuela an ave-4, ... age 
coef'fiCi.f:int • or alte1·uat1 vely may be 
considered as a max1mWJ value distributed 
over an ver ga perimeter less then the 
wetted perime~er and rester than the bed 

id h. i:i·his average po imeter is ass-tuned 
to e~ual the surface width H. { 15; 52) 

Hence, he used 1 /D as tl e 0 hydreulio she.pe" 

and V2/D as the nturbulenoe ariterionn in eompa:rison 

'11th .48.cey'a P./R _ and v2/R. 
King'a :final e-uations :ro.r designing c als are: 

1. The regime oheok equation: 

V :; SO .. l /7 ( ~ 8 ) 4 /7 :;: ~ l /7 ( DS) 4 /7 
2 

<2.a4} 

in wl' ich W is the v,:ldtl of water su1•:race I and D is the 

et!ectiva depth or -• 
w 

2. The channel dimel1..:.ions in terms of S and 

V = 31/'3 ,t3f.li:4 

D = ~ ~5/21 0 •4/9 

if • ! sl/9 ~23/42 
3 

(2.35) 

{2.36) 

(2.37) 



• • 
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3. The ahannol di .--1ona iu terms of f nd 

V =; f3/10 ~11/70 

D = ~ ~ll/35 r - 2/ J 

5 
· : 15rl/l0 37 /70 

r 

(2 . 38) 

(2.39) 

(2.40) 

in hieh f corresponds to .... ac,ey' a '' silt :taotorn except 

that Ki11g used f : v2 /D,, 

4. Slop.e in terms of f and \;,,: 

S _ 7 f9/l0 -6/35 
"'15 

5. Th turbulence e u tion: 

f: ll dl0/21 •l/21 
4 

(2.41) 

(2. 2) 

111 hich d is the . ean di meter of aeclim nt. 

where F -

6. D1mensionles~ equ t1ona: 

F 2/S 2.23~ ;_l/3 

i, : 0.124 °!l/3 

: ~ = 3,.7 3 !wl/4 

F2 = z. 'IV dl0/2l 1/10 

is th.e ... roude number or V - ' {ii> 
! is the 

{2.43) 

(2.44) 

( 2.46} 

(2.46} 

,eynolds nwnber or -E), nd J!;.y ia the Reynolds nu.m·ber 

vw with ·• a a len tl. paraneter or V 
I.n 1940 Straub ( 25} derived the eq11at:to.ns for 

wide ehannols •lh ro side effects a. a .negligible and .R 

may be eonsidere equal to D. He baGed h · s · .. ork on the 



21 
tollo ing two e uations: 

J) B t . . G --:- !r ( T _r:i.2 ) . u 01 s equation: = .. :,. ? r ... a 

Stickler and G11bert•s equation: V = K n2/ 3 
2
1/ 2 

in which O ia the rate of bed load disehnrg wer unit 

idth, To is the critical unit tr ctive foroe at wh1oh 

bed movement beg1na, and X is the sediment pa1·n.mete1~, an 

experimentti.l coefficient. 1l1a equ..~tion is: 

G: (2.4'!) 

1here q = DV is the disoh rge per unit width ot <;,hannel 

and qc ia the d1schargo unde1• eritioul cond,, tiona. In 

1946 he (26} applied the principle of Eq. (2.47) to the 

suspended sediment d1 soharge ot the ;:iisaou.ri I iver paat 

Kansas City as: 

(2.48} 

in whieh. G is the rate of stlspended sediment discharge 

in tons per seoond, and Q. is the rate of water dis arg 

in thousands of oubio :feet per aeoond. 

" further equ.a tion paralleling Eq. ( 2,.4"/) for 

the case of oonstant diaoharge was derived; 

G: X q2/3 }:_l/4 v7/3 (V?/3 ... Vo7/3) 

(2 . 49} 

Under equilibrium cond:tiona, the average amount of 

sediment transported pel" unit volume of' ~·ater must be the 

same at all nect1ons o. the canal, 1.e. Q = Y.' (a 
q 



constant}. Henee, when Vo - o 

K' = v14/3 

. eor us 

. ·- n5/9 

or 
(2.50) 

in hioh m is a coefficient of the Kennedy .. ty e equation 

and o ·n be 001 tputed fro a numl1er of a.rameters defining 

the sediment nd hydraul1e charact ristios of the atream. 

In other ·iords, the value o:f m is a £u.net1on of the 

sedimetlt transportation araoteristics, the sediment 

load, the water discharge, and the roughnes of the 

channel. 

Althou Lane (20} d:td not develo any equations, 

an 1m ortant and ole r rtisausaion of the principle in

volved in the design of att1ble ohannels in erodl.ble 

material wae brought out in his paper in connection iith 

the design of the All•Amerioan Canal in 1937. He 

summarized the factors af:f'eet1ng the stable ohannel 

shape as follows: 

(a) Hydraulic i"faetors (slope, roughness, hydroulio 
radius ox• (le_pth • mean veloe1 ty, velooi ty distri
bution, and temperature}; (b) channel shape ( .v1dth, 
depth, and s1de aloes); (o) nature of material 
trnneported (aize, shape, s~eoifie gravity, 
dispersion, ~uantity, and a1Y and sub-~· de 
n1aterial); and. (d} misoe \ laneou (alignment, 
tu1iformity of flo , nd a ing). (20:131) 
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In 1947 Fai {7) published his study of stable 

channel.a in t h Chinese ,journal, Hydraulic :'ng1neer1ng, 

He derived an equation for the shape of stable ohannels 

in oohe.sive erodible mat~rial muthemat1oally under the 

main assumption that the resisting force ot the p~rt1olee 

is oonatant along the c1roumference of the ohannal 

o:ross-soct1on. 
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Chapter II! 

GZH ANALYSIS OF THE PROBLEM: 

Summary and analysis El. orevioua work 

The pioneering work on stable channel flo 1 was 

started oy Yen.nedy. Since his initial v,ork was done, the 

same type of equation has been proposed by various 

investigators in a large number of .speeia.l applications. 

In general• it should be noted, however, that ouch an 

equation (V • myn) gives an expression only tor the 

oritioal veloc1ty, indieating that it in.area es with the 

depth. Kennedy gave a limiting eritioal velocity hioh 

aorresponds to depths of about 10 :reet. Ir1 fact. this 

limiting 01.-itical velocity de_pends largely upon the 

material whioh composes the bank and be<l of the c aru,el. 

floods, ..1indley, and the l:;,gyptian invostig tors 

introduce the relat1onshin between volooi ty • bed · 1dth, 

hydraulic radius. and elope in addition to ¥ nnedy 1 a 

ty_pe of relation. They still gave no sugf>Stion, however, 

that these relations m1e.ht be influenced try the quantity 

or ·the quality of the sediment. 

The most ela lJOl.'· te \-,ork in th is f iold • as 

aeey's, althou King's work was direotly in parallel. 
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While both of them gave the relationahi_p between channel 

dime11sione and velocity and introd.uood the effect of the 

size of sediment , neither of them considered the quantity 

of sediment tranoported. Lacey used the wetted erimeter 
.. 
• and the hydraulic radius R instead of the ater 

depth y of the Kennedy-type equations. King strongly 

opposed Lacey . He pointed out that tho idea of 11/R 
meaau.ring nbydraulio ehape 1t was at variance with -the real 

canal shape where the side s are quite differ~nt from the 

bed in nature ae ell as in appearance. He cited that 

introducing R originated from ,ipo flow studiea where 

1 = R = I• For th reason men ioned in Chapter II, he 

used water sur aoe ,.. idth W and D • A aa effeot.ive 
i 

de.pth of water. 

Because Laoey nnd King gave various equations 

wh.ioh are helpful in the design of stable channels, a 

oomoarison of their work is given: 

l. Similarity of "regime test 1 equat:lon: 

From Laoey's ~q. (2.22) 

V : 16 {R2s) 1/3 

or 
f .: oonst. v2 /R = Const. (n1 /2o) 2/ 3 

1!'rom King's Eq. (2.34) 

V :: 80 ,,l/7 (Ds) 4 / 7 

If R in Laeey' a equation ie replaced by D 



v = Const. r2/ 9 n2/ 3 s1l3 

: Const. (W/D) 1/ 7 D5l1 s417 

w1ich is in al.most the same form as King's. 

criteria 

2. bi ilarity of "f": 

From Lacey's E. (2.22) 

f.: Const. ! 2 = Const. (R1/ 2 s) 2/ 5 
R 

$'ram X:ing1 s ?.:q. (2.34) 

f :: j;2 • Const. ~2/ 7 nl/7 s8
/

7 

3. im1lar1ty of roughness und turbulence 

.:':rom Laoey 1 a l!:q. (2.23), and Eq . (2.24) 

V _ Const. n3/ ~l/2 
... r!J,ir· ... 

From King's ~g. (2.43) 

2 1 :: 2.23'7 Rl/'3 

or 
v2 

oonst. s • (VD)l/3 n- .. 
01' 

y = aonst. rl/6 n7 /o sl/2 

4. Simil r1 ty of olope equatione: Lacey 

transfe red his equ tion to the form of the ?Unjab 

Research Institute oquutio.11 and obtained the following 

form: ( 1 7 : ,.;4 ) 

Lacey's oquntion 

s = r 5/ 3 /1844. 3 ...,1 / 6 

King's Eq. (2.41) 

s :: J_ f'~/10 / 6/35 
15 

2ti 



The f values oa100.l0.ted from the bove 

e __ uation of .a,cey's we ... e not O'H1. istent ith the f 

values celou.lated from q. ( 2. 22). The :fo:r.rner varied aa 

a ower of the latel' ciround 0.5 to 0.6. This variation 

v2 was removed by Ying's equations beeauae ia compa-
D 

rable to r. 
Because King's equations were develo ed from a 

more fundamental method of a.naly:ais, his equations a.re 

probably more 1•elia' le for application to designing 

stable channels. The primary defect of ling' a mrk. 

however , ta that he developed r3t1oh a great number of 

different types of equations. 

One should. keep in mind the mutually dependent 

nature of those faetors which control the stable 

conditions and underst nd the limitations o! the equations 

whioh he uses. 

All of the above me 1tioned investigators 

developed their equations from the data of existing 

canals. The following ones derived thei r equations 

mat. ematioally. 

Dasing his work on the Kutter and Chezy 

equations. Gri~fith started with a basic law whlab was 

1ni tiated by himself. l.e develo ed the velocity equation 

as a type aimilU:t' to Kennedy 's but the varia t1on of m 

and n follo ed a definite law. Gri:f'fith also oorre

lated 1;he concentrntio11 of bed load with the co efficient 



m and the rate of disoharge or bed load with the slope 

a and water discharge ... Although some of these 

relations may be qu.estlo.nable. he nevarthelesa was 

ap_proaohing the problem. in the advonood direction of 

1•ea:ea.roh tn this tiel<l . 

Cha.tley and Straub both started :from Du.Boy's 

equation. Chatley introduoed the Blasius relation 

between traotive force and the effect ot Reynolds nu.mbe;r.,, 

while Stt-$:11b used the reaul t of Striokler and Gilbert ·• s 

studil!Hh Equations of both authors a:re for w:tde channels, 

but Straub oonside:red only u.nit width of channel while 

Chatley gave the 1:•eltd;ion between width W • slope a, 

and discharge ~. Because for wide channels the hydraulic 

radius ia practioally equal to the average depth. 

Chatley•a width equation we.a tmneoeasa.ry. Furthermore, 

the significance of the ohannel width depen<lS upo.n the 

characteristics of t,.1e channel mater1a1 ...... 1n some eases 

the width is not important while in other oasea it is 

quite important. In the wide channels specifically 

studied by Ohatley • the w1d th of ohttnnel is com:para ti vel1 

unimportant. 

Straub ts work rvas more progi.-en~ ive. He is the 

only one among all the authors to put the conotitntration 

of the sediment into the equation., Unfortu.m.1 taly, 

however-, he simply stated that the coefficient m ia 

a function of the sediment trananortation charaoteristios. 
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tbe sediment load, the water dieoharge, and the roughness 

of tho ohannel--no suggestion w ~ made as to ho r to 

determine this complex fu.n.ction. 

J..iane n,ade a detailed analysis of this problem 

und stimulated nterest in further stu ies in this field. 

Dimensio~ ~na.lysis 

To make a dimensional anslysia of this problem, 

it is neoeseary to study the various :f'aoto1"s hioh 

control the ohar...nel flow. Th oe :factors may be divided 

into three !l'."oups: 

Flow and channel eharaoter1st1os: 

1. V mean velooity of the flo 

2. s hydraulic gradient or the flow 

ater surface width 

4. D average depth of channel, D = ! 
\1 

B. Fluid charticteristios: 

1. p density of the fluid 

2. Ar interface difference of epocifio 

weight 

3, .A,(, viaoosity of fluid 

c. Sediment charaotoristioa: 

1. d' mean diamoter of sediment transported 
., 
N• cf' standard deviation or sizes of 

sediment transported 

3. d mean diamoter of bed material 

4. (j' standard deviation of sizes of bed 
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material 

5- Ps density of sediment 

G. G rate of diaoharge of sediment 

7. t' shape factor of sediment 
, 

a. to a faetor of cohesion of sediment 

Other v riables hich are n t listed int e 

tore oing, t mentioned by Lane (20) in hin work on the 

design of the ... \11 merioan Canal, x·e roughness, velooity 

dist1~1 btltion, tern_peratu.1 .. e, and ohanuel aging. These re 

not incluned for the following reasons: 

1. oughness may be considered as a result of 

the combined effect of the size of bed r··.ateri 1 and bed 

load ·• w1d the oonoentrat:ton of bad load and suapended 

load togethe-l" with the flov1 and charmel charaete:riatica. 

2. Velocity diatribution depends 'Primarily 

upon the nature of tte turbul.e-nee of the low. The 

turbulenoe in turn depends upon the variables listed so 

that it becomes n additional depe11dent variable whieh 

must not be inaluded. 

3. Tem erature influencee only the viscosity 

of tLe fluid. Therefore it should not be included. 

4. ging o~ the ohanrel results ins rt.ng of 

the bod naterial and depositing of a colloidal coating 

which mukca the cnsnnel s1 oother. This 1.•cfleots the 

combined ef ect of ef , f' • and fc' 1hioh have 

lready been listed. 



The moat general rel tionshi.P of all the 

variables may be expresae as follows; 

31. 

.J. t I ,·, • ~<w. n, d, <f , a. , ..r , :r, f 0 , v. G, P . fs , Ar . ,u. . s}•O 

fhen D, V, and p re chosen as repeating 

v 1riablea the following . ·unotion of dimensionless 

parameters is obtained: 

~( \'f i ~ d' :r' f: 1 t" , _£ ..d R F s ) :: 0 (~ .• l) 
, 'Ji, J.J• .u, V, u, • a 'D PV" , f' , -• -• 

in whioh H is the Reynold number V D P /.AJ ,, and F is -
the .t,'roude number V / /~D = V / /iii) • 

From 'q. (3.1) it is evident that the problem 

is a oom le:x one. Portuna.t ly. h .ever, the donsit of 

sediment varies over e narrow range. li'urthermo ... e, the 

form of the particles ia mostly rounded without sharp 

angles. due to the attrition while rolling along with the 

fluid. Therefore, with these oone1derationa Eq. (:-;.l} oan 

be •1 olified to: 
I ct,

2
( .. d ~ d 

1J, 15, '::i, ,r, ( 3. 2) 

Still fur·ther eimplif' !cation may be acoomplish

ed by assuming that there 1a a definite relation between 

the aharaaterietics of bed material and the sediment 
d d

• 
transported by the fluid, i.e. either - and ._,.. or ~ 

D D J.J 

and ~ re dependent var bles in q. {3.2). Hance 

•'q. ( 5. 2) may be written as: 

s): Q (3.3) 

• 



lthough Eq. (3.3) is still a hopelessly 

complex function for experimental invest .gation, it is 

possible tor-strict the problem to partleu.lar oasee as 

discussed in Chapter VI. 
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Chapter IV 

the investigation of the m1ape of the stable 

channel c.roaa ... section was at rt d dth Lane's idea, as 

he stated: 

The slope or the bank •nu.st be auffleiently flat 
so tn t the component a.long it, of the :foroe of 
g1" vity, ~hen combined with the :foroe of the 
wuter, is insuffioient to dislodge the articles 
(20:135). 

T· o oases mt\ t ..,fl oonoiderod, (a) for tho non ... oohea1ve 

m ter1 l nd (~) for the aoheaive material: 

Shane fer non-cohesive material 

Oon :der a sin le article Ji of Fig. l. When 

the forc es aetin on this particle re in equilibrium. 

the resultant of the tr ot1ve ore by ater and. the 

downward sliding forae of pra·irlty hould be bt>lanoed by 

the rasistin~ :force of t o particle. 1. e •: 

t 2 -1 { w a in d ) 2 :::: r2 (4 .. 1} 

in which w 1a t .. e weight of the n r•ticle in w ter, r 

is the re~ist1ng force ot the particle ag inst rovenent, 

and t is the trnotive force of flowing water on the 

article. 
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ssume 

in hioh t 

t • l 
'J Yo 

j_s the traetJ:ve :force on a • ingle part tole 

at the lowest point of the ehann l; and y
0 

is the 

maximam depth of ~tr. 

Further ssu.me- that when y • o, d • e the 

angle of -repose o:f: aaturated pa..:•tioles, and t :; o, 

From L:q . (4.l): 

(. ain e) 2 • rt2 

3 -~J 

(4,3) 

in which rt is the tractive force on a particle in the 

bank at water au.rface level. 

When 

d i= 0 lUld t • to 

From .:q. (4,,1) to 2 - 2 (4.4) ... ~ . 
From the theory of the boundar1 layer. it ia 

well known that there is a lamin&r sublayer existing 

above the sw;>:faee ot an hydrodynnmleally smooth boundary. 

even though the flo\v is tu.rbule.nt, Beoauee moat 

alluvial iriigation c~nals may be considered s~ooth, it 

may be aseu.med tl1at ull the articles of the bed d bank 

are tthirt this lumina.r sublayer. Therefore, surface 

drag and deform~tion drag dominate rather than form drag 

as the uater flows over the oertioles . A sob~metio 

diagram o ·, the forces n"'olved is shown in .:.'ig. 2. .,hen 

t: .ae forces are in equilibrium, 



- ' = K t n e to - tan 8 

ooor in ,0 t he d fro the e per i ents by 

bite ( 27}, 1 b t een 0.3 d o. • Ther. or • 
as ing r - 1/3, ... 

to - 1 tan 

~rom .a ( .4} 2 2 {! t n e) 2 
• to : ro - 3 

or 
r - 1 o-- t n 8 (4. 

5 
If it 1a further ed th t r v rien lie rly 1th 

the e th, eo .Jig. 3• at po int 

r - rt .. (ro - rt) z 
1o 

=: l in e .J ( 1/3 t n e - sin 9) 

--

• q. (4. 6) no 
2 and ivided by t 0 , 

sionles to yield 

[ 1 • ( 2, 
l 

1 J 1 ] sine 
ooe e Yo 

ay be subotitut din ~• ( .1) 

sot at very term bcoo es dimen-

3(i 

) 

~ 

Yo 

t2 
-2 to 

2 

[1 ~ ( ...-, -c-; o-e -1) Yo] 
Fro 'q. (4.2) nd q . (, .v): 

0 

( sin d )
2 

[ 1 .J ( 
2 ( zor~ ~ ? 

-
1H0 ] 9 ta .. .1. e = 9 eo 

..., 

the efore 

Sin d : Si 



and 

or 

then 

d 
X ;: ten ol 

d (x/y0 ) 

a {y/yo) = 1 / 1 ... s1n2ot 
tan cJ.. • { ' .n ol 

(4. 7) 

d(i) 
d ( to)• 

/ 1 _ • 1n 2 e [ 1 ~ ( 3 c! 8 'e - l J j 
O

] [ l - ~ J 
sU: e }[1 ,4 ( 3 ,oo: e -1)~0] fl -~J 

finally 

J =J'/. oso2 8 __ 1 d(f 
0

) 

[u ( i ooa e - 1 J t ] [ 1 - f 
0

] ( 4 , 8 i 

B gr hical inteb-ration 1 the results of ~q. 

{4.8} are presented in fable 1 and in Fig. 4. 

The following stucly was initi&ted 1n 1947 by 

Fai ( 7 j. Tl e main aaau.nmtion whic he made to simplify 

the mathematical ,,ork wa to oon!:tidcr r • ·:;:he reaistin~ 

force ot the particle a ainst scouring, a constant 

along the cireum erenoe of tho croas-seotion. The 

fnllo ing develo ment show that thi a a ssu.mpt ion is 

evidently not true fol' .non ... oohea1ve material: 

Co bin1llf! ~qs. (4.3) and (4.5} nd letting 



w sin 8 • l /3 w tan 8 

which means 

cos e = 1/3 

or a must equal 70t0 • Tl1erefore • the foregoing 

aeau.mption holds only for 6: 70i
0

• 

For cohesive material, however, 

r = f
0 

4 ft 
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here t
0 

is the oo asive f'o:r-c between rt:tclaa and 

fr is t rn frictional force between particles.. Due to 

the me e~ knowledge of the cohesion of soil particles 

r becomes an unknown quantity. T' erefore as an a,pprox-
I 

imation it may be assumed that r is constant along 

the _perimeter of the ohannol. 

vhen 

and 

•hen 

nd 

or 

equation: 

From ~q. (4.1) it may be seen that: 

y;: o, ol a e. t • o, 

sin 6: r {4.9} 

y: Y'o• c:J. = o, t : o, 
2 2 t 0 :: r 

Dividing Eq. (4.1) by ~q. (4 10), 

t 2 2 2 ( lo) = _r --_,_(.,_r_·2-1n_, cl_) __ ·· 

( ~ )2 = (r[w}2 - ts.,1n2c>:J 
11 0 (r /w) 2 

(4.10) 

Substituting •'qs. (4.2} and (4.9) into the above 

( fc;)2 a ! sin 6) 2 - ( sin cl ) 2 

(sin 8)2 
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or 
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sin ol = sin 6 J l ... (y/:,0 ) 2 (4.11) 

Finally, substituting ~q. (4.11) into ~q. (4.7): 

(4.12) 

This equ tion may be integrated gr hie lly. 

The results of which are presented in Tableland Fig. 4. 
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Ae ind ieated in the preeeding two ohapters , 

ex:oerimento.1 data are needed to establish the general 

tu.nation given in Eq. (3.3} and to determine the validity 

o.f the theo:retioal equation$ which have been derivecl . 

Dimensionle as 1''unations 

The moat lo,;ict,l method of utilizing ex er1-

mental data would be to analyse th(rn1 aooord1ng ta the 

dimens1onloas parameters in Eq. (3 . 3). Unfc,rtunately, 

however, the data on exjsting c nals are incomplete so 

that it is not posalble to compute all of the ,I>a:r•ameters . 

The 111:t'e>t•tnation most generally missing 1s the temperature 

of the water and the size and oonoent1•at1on of the sedi

ment. Therefore, it has been necessary in this study to 

use only the data for water that is essentially clear 

a.nd to eatimate the tempera tw:•o baeetl u:pon weather 

records. 

Two kinds of bed material may give water that is 

neai~ly olea1,, namely, those with particles ooarse enough 

that the r10,~1 ing water oonnot dl sturb them and those with 

oompaot graded sedir.1ont coa tod with settled oolloid of 



high cementing value. i!ono of the d ta were used .for 

coarse material in existing canals, beonuse suffioient 

in:format:lon w s not available on the dtrncr1pt1on of the 

bed m teri .. 1. iurthermore • the coarse · terial is 

uaually aocompanied by fine mater! l due to deoomposi tion 

and d1e1ntegrat ion. 

rn view of the foregoing, the data of canals 

used n tli aualys1a are from ~anals of cemented fine 

material 1th almost olear Yater, The gener l 

dimensional analyals gives Eq. (3.3): 

t(; • !• ;• :f~, ~vi '!•!, a) • o 

Under the above .i.entioned condition, D::-3 : o and f; 
is always a high voluo ad may- be neglected. Then, 

Eq. (3.3) oan be ttednacd to: 

(5.l) 

For hi ,hly oohea1ve material, the nearly-olear 

water oan hurdly ol an, e the width of the channel and the 

avera e water depth. Hence I is lar ,ely artificial n 
rather than oontrolled by flowin wat r and it i;i1•.ob bly 

does not re resent the shape o:f' the ohannel. Thi.a 

ata.te1 ent 1.s conststent with the results of the theoreti

cal channel f:r~ape derived in ...,hap ter IV. 'Ih t is, the 

curves of •'1 • 4 for oohe i ve material show t.:12 t flat 

portlon of tu1c:,ertain le gth is allmya present in the 

central part of the channel. '.J.'herefore, in this case 



1i is eo aiderod to be insignificant. 

becomes: 

q. (5.1) then 

in a for 

{5. ) 

, • (5.2) r pre ents the fu.notion l rel tionship 

s o plet as can be obt nod by dimensional 

DBlyais ond logic l reasoning. It i therefor 

neoess ry to investi te av ilable theoretical relation

s 1 s vhioh .i 1 u.rther develop the tu.notion . 

r Vity 

largely 

Because o en channel flow is rimar:tly a 

henomenon, and b c use the velocity varies 

at o sq a e root of the channel sloe • 
' -

nd s may be combined into one D rameter as :,.I fs• 
Furt er proof ot the v lidity of auoh step is found in 

the 1ezy e ation e.rran ·1ed or wide eh.annela: 

V : C (5s 

or 

J~' = C 

So that F - l,j 

rs -!F 
enoe, q. ( v.2) may be ritten as: 

( 6.4) 

or 
A.{ .2 d 1:1' J - O 't'(}.. _, le. • 1J t 11 - ( 5.5) 

~v ldently, thio funo"tion expresses the variation ot tho 

resistanoe coeff ici:nt ith the ~aynolds number nd the 



bed z terial. 

ecaus flow in open ch nn ls is a boundary 

layer _phenomenc:m, 1 t ia to be a."'tpeoted that the results 

of _p revious in"/astisators should be apnlioable to this 

l)J'.'IO blem. It .. ay be recalled that the KArr.1t\n ... Sol.oenherr 

resistance e uation for flow past smooth boundary is 

.J:...: 4.13 log (R Cf} (5.6) 
/oi -

where Cf is th reaistanoe ooeftio1ent. Likew1eo a 

a imilar, and nerha a r. ore common, aqua. tion for ti.Ll"bulent 

flow in smooth u1pes is the equation of Ya1·rruin-.2randtl: 

_! # 2 log (:1 (!) .. 0.8 
[i_ - ( 5. 7} 

there f is t e Da1•oy- eisbaoh resiatnnoe ooeff ioient in -
the equation: 

ht - t l y2 
T -- iR rg 

in w tieh R is tho hydraulic radius of the flow in pipe. 

For flow in open channels thi equ.ation becomes equal to 

the slope a and may be !"ea1•r nged aa 

whioh, if the average depth is set equal to the hydraulic 

~du. i equal to r .1.~' - s, (5.3) so that 

/8 C ---ft Jg -
From Eq. {5.B), Eq. (5.7) oan be ritten as; 

t = 6, 66 log (;!!; /g/C l { o, 292 (5.7a) 



eoause of tho sir.ilarity between flow in closed 

conduits and flo in op·n condu_ta. it ia probabl th t 

• 4• (5.5) can best be rewritten aa; 

~(Jt .£ d (;$) ::: 0 (5.9) 
• 7 -U,g,1>, 

whieh will evidentally take a logarithmio form such as 

C r;:; 
- : Kl loc R ✓£i, t X2 1G . t.> - 0 

(5.10) 

K1 and K2 being constants 1.mioh must be determined ex .. 

er iman tally. The r meters de sorl bing t i1e ed material 

must ,ot at third and tou.rth vari bles. 

To establish tl.e validity o:t this general 

function and to determine the magnitude or tle oonctants 

1n ... q. (5.10) • data were selected :Crom the limited 

infol"mution availablo on stable channels in the United 

St tas-.. namely • data from the St. G1a1r lUver taken from 

the, ork o:C J.. i (22} in his master's thcs·is at the State 

Univerdity of I owa and data on various irrigation canals 

ta.ken from Soobey• s reports {24). ~o determine the 

ro ble v oos ty of the we te1• • the mean ter 

temperaturi:t wo.s estima tee from the mea air temperature 

du:r ing channel-flowing season. 1110.ble 5.. 'll of the 

ele'tte.ntar data ore rran°:ed in Table 2. From Table 2, 

the dimensionless . are.meters er.e computed and ino;ranged 

in fable 3. 

~he oomput d results are plotted in i1g. 5 with 

aemi-logarithmio eoordinates to conform to ~q. (5.10). 



T ble CIF -~ ELS 

;o ,. ...,ank nnd bed G A _y_ _ki_ -5 v' 
materi l c. ,F • .:;. /:+ .;,, .ft. /.S«· +t. +°"'• I f+ . 

++. i I sec-
i-n IQ-$ 

1. ~ain chanL,el above Clay 189,370 65,500 2.90 1948 0.00002 1.46 
e rte, St. Clair Ri ver 

2. sin ehsnnel belo Softer clay 178,000 68,500 2.60 20 5 0.000019 1 .. 46 
Ee.a.rte 

3. South ch nel above Fine 68,000 33,500 2.0~ 1320 0.00002 1.46 
Be.ssatt sediment 

4. outh channcu. belo do 56,500 28,5-00 l.98 944 0.000015 1..46 
..,satt 

5. 1ddle channel , do 3S,800 16,400 l.84 692 ·0.000015 1.46 
st. Clair River 

6. Grand' Canal, Arizona Clay loam 161.8 59.6 2.72 29.0 0.000 38 1.0.s 
'7. L teral 7, Turlock, Co pact 8tmd 15.4 23.0 0.67 21.0 0.00009s 1.21 

Cali!'. 
s. ain, Turlock, C 11f'_. do 36.0 35.2 0.99 2s.o 0.000263 1.21 
9. Ri t and Goss Ditch. Ho vy loam 3.5 s.s 0.91 6.3 0.00034 1.31 

Colo. 
10. Old Barnes Ditch, Colo• Firm earth 9.9 8.5 1.17 9.0 0.000:32 1.31 
11. J rbe u Power Ditch, er y loam 32.3 16.4 1.96 13.6 0.00049 1.21 

Colo. ' 

-12. Louden Ditch, Colo. Corn.pact sand 62.0 37.3 l.66 25.0 0.0003s 1.31 
13. as.a Lateral, Colo . Fine e dlment 40.S 27.4 1.47 14.7 0.00026 1.21 
14. uld r and ''411 te Gr de sediment 5.2 3.21 1.0 1.2 0.001246 1.21 

Roek, Colo . 
15. Billing Land & Irr. Clay lo un 167.6 68.4 2.45 24.0 0.000230 1.21 

Company, ront. 
16. Do tater-al 2,, ont. Sandy loam 6 .37 8.2 o.7s 8.4 0.000175 1.21 
17. Bitter Root Val1ey Irr• Hard pan 95.3 69.8 l.58 2Y.O 0.00020 1.31 

Company, ont 
~ 
~ 



T ble 2.-.... Tf' O. 

,o. C' snr. 1 k and bed Q A __J[_ .11_ J v1 
ter1al C--f-5. .,-_,_:J -ff./:51!r.- /'+. /:+ . I h . -ft~ I S e£.. ,;., ,a·$ 

18. B1tt r Root Vall y Irr. Fin a dim t 92.S 5C.8 1.63 27.0 0.000262 1.31 
co. ont. (diff rent 

reaeh) 
19. Do Do 112.5 61.6 1.85 26.0 0 .. 000215 1.31 
20. Do Graded ed.1• 112.5 56.4 2.00 26.5 0.000312 1.31 

ent 
21. Billin s Land &: Irr. B ton h le 148.7 . 79.2 1.88 26.5 0.000152 1.21 

co., ont. 
22. Do Billings clay 169.5 66.2 2.56 25.0 0.00033 1.21 
23. Do ton sh le 102.2 0.9 2.00 21.5 0.000335 1.21 

24. Do ~011 106.9 6 • .5 2.30 20.0 0.000295 1.21 

25. Farmers' c n l, ebr. co esi 1:e 510.B 139.8 2.22 51.0 0.00017 0.93 

26. Be r Ri e-r Lateral, nnd mo a .i:e63 3.89 1.19 .5 0.00075 1.21 
Ut h 

27. Solv son & Co., Utah Cl sand .o 4.0 1.01 '7.5 0.00056 1.21 

28. Logan Lateral, tah Comp et S&di• 0.56 1.03 0.54 7.2 0.00135 1.21 
ment 

29. Point Lookout c~n 1, Clayey- 10 - 87.3 58.9 · 1. 5.8 o.o 027 1.21 

Utah 
30. Bar River Lat r 1 2, 7.9 5.'74 1.38 " a 0.0000?5 1.21 

Utah 



T ble ~---co 
o. V D=~ 

µ F=_y_ El 13 
B ::VD/JI (3#/£ 

" in ,0-5 - ITT ;.,,, 106 /n ,o" 

1. 2.90 ,S .l 0.00002 o.oa7 19.4 88.0 35.0 
2. 2.60 33.G 0.000019 0.079 18.l 60.0 33.l 
3. 2.03 25.5 0.00002 0.0'71 15.8 55.0 22.1 
4. 1.98 30.5 0.000015 0.06:3 16.2 41 . 0 25.3 
5. 1.84 26.7 0.000015 0.063 16.2 34-.0 21.0 

c. 2.72 .05 0.000 38 1.05 0.336 16.l 5. 3 3.37 
7. 0.67 1.10 0.000098 1.21 0.113 11.4 0.61 0.536 
e. o.99 1.26 0.000263 1.21 0.156 9.6 1.03 1.07 

• O.Sl 0.57 0.00034 1.31 0.214 ll.6 0.4 0.345 
10. 1.17 0.945 0.00032 1.31 0.213 11.9 0.86 0.714 

11. 1.96 1.21 0.00049 1.21 o. 14 14.2 1.96 1.38 
12. 1.66 1.49 0.00038 1.31 0.240 12.3 2.17 1.77 
13. 1.47 1.86 0.00026 1.21 0.191 11.9 2.26 1.90 
14. 1.00 o. 46 0.001246 1.21 0.270 7.65 0.37 0.484 
ir:. 2.45 2.85 0.000230 1.21 o.256 16.8 5.79 3.45 

16. 0.78 0.98 0.000175 1.21 0.1 0 l.0.6 0.63 o. 94 
17. 1.58 2.21 0.00020 1.31 0.189 13.4: 2.58 2.00 
18. 1.63 2.10 0.000262 1.31 0.199 12.3 2.61 2.12 
19. 1.85 2.60 0.000215 1.31 0.202 13.7 3.67 2.68 
20. 2.00 2.13 0.000312 1.31 0.2 2 13.7 3.25 2.37 



nble 3.-- PUT DI .. 
F "T .BL 

V 
l,..J 

F EIIJ 
R 8f3" IE c. D ,5 ,'n ,o-5 ,:,,, 104 

21. 1.88 2 9 0.000152 1.21 0.192 15.6 .6 2.98 
22. 2. 6 2.65 o.ooosz 1.21 0.278 15.3 .60 3.66 
23. .oo 2 .:5'7 0.000335 1.21 0.229 12.5 ... . 92 .14 
2 2.30 2.52 0.000295 1.21 o.266 15.5 4,- 0 2.84 
25. 2.22 .74 0.00017 0.93 o.2s1 18.2 6.55 :5.60 

26 1.19 0.10a 0.00075 1.21 0.250 .l o.a9 o.758 
27. 1.01 0 5S3 0.00056 1.21 o .244 10.z o. 5 0.437 
28. o. 4 0.143 0.00135 1.21 0.252 6 .9 0.06S 0.00913 
2 .... 1. 8' 1. 0 • .9C027 1.21 .204 12.4 1.99 l.60 
30. 1.38 738 0.000875 1.21 o.283 9.6 0.85 0.886 





The avern e u v dra n thro h the data tol s the 

gene~ l form ot Eq. (0.1d nd st bl. h 

so tha 

the oonstanta 

51. 

_£_ :: .66 o _ /B/C - 11.0 (5.11) 
Is 

eoause data are not av il ble on the bed at ri 1, it is 

not )Oasible to d a curves of on tat_ nd the plotting 
D 

ean sho only the variation ot R 1th _Ifs• 
10 oom are " e data it_ the funotion for 

resiotano in pipes, ~• .. • (5.7) i lotted e hon. It 

io to be expected th t t .is equ. tlon ould not gr 

ex ctly 1ith the d t because yhe e t tion i ·or pipes 

mi the data re for open oh nnels. urthermoro , tho 

~q. (5.7) is or mo th ipes heres the data prob bly 

rep .esent oh·nnel t.hich a:re not 100th. J.everthelese , 

it is nnt .orthy that -q . {5. 7) for pips and£< . (5.11) 

re_presen ting the datn a.re 1nrnllel. Evidently, the 

aaO'llm tions rnade in evelo ing 

t1.ted by field data. 

• (6.10) a~e substan-

ec use the <ata _pr bbl represent channels 

tl1 t :re not exactly smooth. it is to be e:r eoted that 

they all fall bove amooth-bound·ry curve ioh ots 

as lo r onvelo e . ~or thi te•son an estimated 

ou.rve __ a dr. m in such toot 11 of the .3oint t 11 bove 

it. 

{ : 5. · 6 lo _ fE /C - 7. 5 (5.12) 
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This eq_ustion for smooth oha,nnels eori·esponds to .Llq. (6. ?) 

for smooth pipes. 

B~:-;ipe .£!_ lli cht:1~4 "~!,;?..S .. f:!"""seot ion 

To olleck the theoret ieal shape of' the cross

sections of stable channels, fJXisting ohannel a.roes ... 

aeotiona were oornpru•od with tho aalcm.la ted e:rosa ... aeotions 

:from .Bq. (4 .a) for non ... cohesi vc rmaterial and Eq. (4.12) 

for eohes1ve material. The anglo 9 was estimated by 

the 1nol1na ti{>n of the ll.pper port ion of the existing 

ohannal oross-seet ton. •1l thot1{¢1 the dete1"mi.na ·tion o:f 

whether tl1e hed mateu~1al is oohoa1ve or non-oohesivo is 

questionable, an estimate wee mud.eon the bssis of the 

meager dnta available., 

'1'he oxlatins eross-$oot1ons w ioh were ohoaen 

for comparison with the theo:i:·et 1eal ones e.1:-e for both 

cohesive and non ... aohesivo l>ed. .material and have ve1•ious 

values of e. ~.or orons-sectiona number l to 4, rthioh 

wer~ mc,astl!•ed in India (1184.), the bed material was 

oho sen as non-cohesive tJtld 8 reng:ed from 300 to 450. 

Cross-sections number 5 to 10 were measured in California 

by ?:r. o . u-. Rohwer, Senior !1•:t•igation Engin,eer , Soil 

Oonservatlon Se:rvioe, u.s.D.Ji.. Of these, numbers 5 and 6 

-.nrre in material that was considered non ... oohesive and 9 

\'.Ul8 45<> • 

Croas-seetio.ns nu.1nbe1• V to 10. however, were 



estimated to be in cH.'hesi ve r:.,atar ial and e -r1as found to 

vary from 60° to 900. Finally, croes-aeotiona nUll'lber 

53 

11 and 12 ,,.ere ea mired by the wr1 ter in 1944 while 

working in Kon8'U, China. 1"o:r these cases the bed mate.rial 

waa assu.rned to be oohesi ve and e waa GOO and 76°. 

Table 4 is a tabulation of the inform,tion on 

the foregoing oa.nul orotH1-seotions" The 8!'aph1oal 

co!:!p r eon of exist .. ng and theoretical orona-oeotiorm 

are i1hown in f:'igs. 6 to 11. For laok nf mo1•~ exa.ot 

information, s r ight lines ,~ere dravm to conneot the 

data point • 

The oloae ierse r£~l agreement ·oetween the 

theor t.:.cnl nnd tho etual cros - cation shu11es su.b-. 

atantintcis the us of <!qs . {4.8) nd ( .• 12} for design 

purpoeen, .... t least as a f il·st t.. proximation. 



Table 4 .--C/iNAL CROSS•SECTIOt.H'! 

.To . 

1. 
2. ~. 
4. 
s. 
6. 

7. 

s . 
9. 

10. 

11. 

12. 

canal 

Rohri Cnnnl, Sind, India 
Do 
Do 
-0 

~ain cnnal, Anderson 
Cottonweed, Calif. 
H1ghl1ne, ·rurlock, 
Calif . 
Higbline, Turlock, 
Calli'. 
1est side main , 

lmper1el, Calif. 
Briggs D1tch, Fresno. 
Callf. 
Briggs Di t eh, F'reSDO, 
Calif. 
Hulu Ditch, Knnsu, 
Chin 
1-re.nchuan Di teh. Kaneu, 
China 

Location of the 
eroes-sectlon 

84.6 clles from int 
118.2 miles from 1nt 
134.3 miles from intake 
154.2 miles from intake 
(}age station 

:2.e 
East 
Head 

1les upstream from 
venue bridge 
nt.e 

Gage station 

Upper gage station 

Jensen Avenue 
statton 
1640 ft. from intake 

.Head gete 

ed 
material 

Fine sand 
:Co 
no 
Do 

Gravelly 
loam 
Sandy 
loam 
Clay lorun 

.Snnd and 
clay 
ine sandy 

lo 
Do 

S:md and 
cltry 
Clay 

Cohos11.te or 
non-cohesive 

on-cohesive 
Do 
l)O 

Do 

Do 
Do 

ohesive 

Do 

Do 
Do 

Do 

Do 

0 

300 
450 
30° 
;;o0 

50 
450 

900 

750 

600 

750 

so0 

750 

C-,7 .... 
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0 2, 
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18 '2. ~1\eo From In1a. e 
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0 3. 
Ro~r1 CC'v.J-1 

\ 3-i\-. 3 ~ l \es fr-om l ntake 
S1nd, lndi°'-

~ 
~ ~---

0 \0 

- - - ~---

'20 30 40 so 

Seo.le ·, n fee+ 

~ Non-col-iesive, 0=30° 

No 4. 
Ro'nri Caned 

\ 5 4. '2.. ~ 1 \es from In+ake 
S,nd

1 
h1dia-

- Non - e,o'nes1v e 
1 

0 = ~0° 

----- Observed cross- sect;or,, - --Tneore+i cO.\ cross- section 
Cit ,-... ..,,. 
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---- ------ ---- --------- - ----.....--------

') 
----' 
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/ 
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\ 
\ 

S ce\!e, in feet 

·-

8 

\:o 7 High\;ne.,
1 

He-0-d S:o.1e 

Tur\oe,k :rr1cwJ• :on D,srr,c+ .., 

Tur\ock, Cal1forn10.. 

) 
\ /J 

'-._----- - ___ // ~------==---------

No. 8. Wes{ Side, Hct1n, Gage S1at;or1 
lmpe,noJ l,ngo..11on D ·1 51r1d 

lmper1a.l; Ca.\1forr,o.. 

C O 1-i e s ·, V (:, } e = 7 5 ° 

Jbs1:::-,..Vt..d Gross-sec..11on, ---T'nrore+1c.o..'. c•0c,' ~>€(.~ ,, CJ1 
00 

r·g 9 -Ccv10.I c..-oss- Sec~ ons., Jos 7 ~ B 



0 '2 4 e 

$co.le in fee+ 

No. 9. Brig<3s Ditd1J Upper Gage Station 
F"r-esno lrriga+ion Di5-trict 
Fancher Creek; Co.!',for-n ia 

No \0 . Briggs Di+d,; Jen.sen Ave Sto.tion 
~resr10 Irr·, go.ti on Dis-trict 
Fa.-icher Creek)Californio. 
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Chapter VI 

DISOU SIO!, 

tit 

Of pa:r.tiouJ.ar ooneern to engineers in this field 

:ts the problem of designing a ohannol that is sate at.all 

times. In other words, a channel that ~111 neither be 

sooured to an undesireable shape no1~ filled u.p by 

settling sedime1rt;,. It should be reme1::bered, howt1v(n.•, that 

the only acoeptable cond i tion is not necessarily actual 

non-soouring and non-silting. thor, if th.e degree ot 

scouring n~ silting stoys within the limits of keeping 

the oha.rmel in good shape. it oan be said to be in a safe 

condition. Although the best condition is when equili

brium is roached, i.e. the ro;-.te of scour equals the rate 

of deposit, it ia not possible to keep this equilibrium 

condition at ell timea beeause no Qhannel c n void 

tluotuations of disoharge. Ther,Jfore • 1 t is best to 

investigate the situation thoroughly and keep the design 

condition provailing as mu.oh of tl1a time as possible . 

Su~~est~g~ tor desi .nin~ 3table ch nnels: 

For determining the eneral oharacteristios of 

flo • Ji'ig. 5 can be quite helpful, al though due to limited 



data, the plot is not complete. By investigating the 

m terial in whioh the ehannel ~ill be constructed and 

comparing it 11th tho information li ted in Table 2. the 

design en ineer ro. y get a general idea about how the 

oond.i. tion und.er oonside,..ation varies · 1th the average 

condi tio.n 1nd1oa ted by f;<i. ( 11) in Fig. 6. ~'his figure 

gives r:ior a ropri te inforuwtton th .n any empirical 

equation derived from average de.ta. 

To determine the cross~aeotional shape of a 

ohannel, Table 1 or Fig. 4 may be uaod. The only 

problem is to determine 8 the angle ot repose of the 

material. If it is possible, determining Q experi

man tally is moa't desirable. Ordinarily, hc;,v,ever, the 

material le not homogeneous and thf) material in the bank 

may not be the same as that in the bed. In fact it may 

be di:t't"icult to determine ,vhethar the r1ater1nl belongs 

to tbe oohesive class or the non-ooheaive class. In the 

end only average oond1tions should. bo u.sed. Therefore 

the shape may beat be np proximated by a trapezoid baaed 

on the ourves n E'i • 4. Buch a trapezoidal shape vill 

at least be more conducive to . a stable oond.ition than 

a shape desi nod by arbitrarily assuming the aide sloes 

o:r the channel. 

In view of this discussion, tho following 

furt er items r-ust also be kept in mind. 
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1. Time--It tckestimo to silt up a obonnel or to 

scour it into an undesireable shape. Likewise, once tho 

equilibrium oondi tion is disturbed, 1 t takes time to bring 

it back to equil ibrium.. ~herefore, non-equilibrium 

conditions whioh <,ause serious sooui•1ng or silting ahould 

be permitted only for n short period. ! ild scour in or 

silting. on the other hand, can be permitted as long as 

no permanent damage 1s done. 

2. .Design di,1chars-e ... -Contra1~y to usual hydra:ulio 

design procedure, the maximum discharge is not the design 

discharge. Instead, the design diseharge is the di 

aharge which permits reasonable scouring and silting with 

equilibriuiu conditions prevailing during most of the 

water-flowing aea on. fhis design diseharge may be oalled 

the dominant diocharge. 

3. Sediment cbaraoterietics-- a pointed out 1n 

vhapter v, had more information on the bed material been 

available it would have been poaeiblo tQ dra:w a. family of 

ourvos on Fig. 5 instead of one curve with a rather large 

ra e of scattered points. It is therefore evident that 

the oharacte1~iat1cs of sedlment would be very l1elntul 1n 

stable channel analysis. In most o3 ae when Lanning's 

equation or Chezy'a equation is used tor design work , it 

ia felt that the ohoioe of the reaiatance ooe:t'ficiont 

Nm or C 1s rather arbitrary, involving considerable 

gu so ork. Nowaday ' s resea1·ch on this ro'blem and the 



general problem o-£ open channel flow is ointed 'ln the 

direction of tt1ng more precise into;rmation than is 

embodied in those former olass1a e,i.ootiona. It is 

logical, then, that t.h1s report should emphl:lsize the 

importance of sediment eharaoteristies. To this end 

ooopcration amon eologists, soil sc1ent1sts. nd 

hydrau110 engineers ia extre ely import nt. 1or example. 

in treating suspended material, tho el.eotro-ehem1cal 

effoot cannot be negleoted and in dealing udt bed 

material, electron ohnrpe of very fine particle is the 

i portant faotor of coheaiveness. 

In at 1dy.tng the qu.a11t1 ty of sedlment transported 

by a. given fluHl, com. on practice has ·eon to divide it 

into two classes _·or convenience of tnvaetigation. namely• 

the sueJended lond .nd the bed loud, or this reaoon, 

var· ous e.;;.uations for these clar s .s have been. developed: 

in modern en ineering litera~.ire. 

Y.alinske (12, 13} used -~hito's (2'7) expert .. 

mental r~su1 ta and the bna10 physical princi_plee of fluid 

dynamios to develo n equation tor the rato of bed-load 

discharge. 'instein (6) eoneluded on the basis of 

observation that a iven s·ze of ,art1ale ~oves in a 

aeries of steps of definite leneth and frequency, and 

that the rate of trans ort depend.a upon the nu.mber of 

pal:'tioles moving at that t .e. He assumed the roba

bility that any one article will be 1n to move in a 
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given unit o'° time to be exprecsible in two '1ayt: (a) in 

terms of the rate of' tr nsport ., the size and relative 

weight of the artiolos, and a time faotor equal to the 

ratio of tbe article diameter to its velooity of fall; 

(b) in terms of the ratio of the r roes e erted by the 

flow to the :r.eeistanoe o'f tho parttele to movement where 

the resistn.noe is pro ort1onal to the in-ime:raed weight of 

the !> rtiole and the ottvatlng force roportiona.l to 

that gi~en by the usual drag equation in terma of the 

fluid velocity at the elevation of the la in r ~ blayer . 

E 1at ing these two fo nns of' the pro bu bili ty rol• tionship , 

iinstein develo ed a general funotion. 

For suspended load• a fu.nda:mantal equation ha.a 

b~en developed by vnrlo,ta investigators from the theory 

of fluid turbulence. 

~heoretioally speaking, any truly co'.t'reot bed

load equation should be ¢a abl of extension to include 

tl e sedimont transported in Stl.Spension. Likewise, any 

truly correot 01.1.apended-load o ation should also iuolu.de 

the ,ed load. Just above the bod, • continual inter

change of M1.atorial is ooaurr1ng between the bed and thE;t 

overlying fluid and in this locality it ia obviouoly 

diffioult to dist1n~ish between th. bed load and sus

pended load. If the function of total sediment trans

ported could bo express din explicit terms, the problem 

of designin ,.., stable ohannela would be much oimpler. 
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~o( ~' i' ~3 • ! , V re ) = o 

Althoug th validity of oh an assumption must be 

est blis d by experi en it ia po aible that in this 

_p rtiou.lar o oth ~ nd 1• 
,. Pv3 

e .. endont 

variables aa 1scussed in the first art of this chapter. 

If such proves to be t u.e then tLc follo •ing funetions 

result: 

(6.3) 

and 

j~3 : <P, 2 ( ~• _, ~/fa ) ( o.4) 

Finally, al t.i:1011g l the exaot atermi a"ion of 

e ,h t those tu.notions depends Ui.>Oll laboritory research, 

t1,e behavior in. existing oanuls remain.a the final 

criterion by r1hich conclusion :t'oundact on ·the elrltively 

si _ple condition .. o the 1-.,borato y mue't :ultimately bo 

teated. 



Cha_p teJ~ VII 

mu, RY 

In the past the p~ blem of stable channels has 

beon studied largely by er!lpiri<.rnl me thoda for iror1ad1ate 

help :tn design work" Lecent.1.y, however• there _ as boen 

a tendency to attempt to ba e the dos1gn o.n the 1a,1s of 

edi :ie11t trun portation a,nd to express the equilibrium. 

condition mathematically. Un:f'or unately, no perfect 

equation has ye·t been forraulated.. It is posaibl that 

an approach to tl·i proble can be d by & oombin t1on 

of rational and experimental methods and that :i.•esults 

can be expressed 'by dimensionless plot. • .As a numM1ry 

or tis report the follo~ing two statements ruay be made. 

1. fhe general flow oharaot~ristios in stable 

eh nnels may be expressed s !unctions of th eynolds 

nw:. ber, tl10 .i.~roude nmn.ber. tlrn 7U te1· surface slo .r)e, and 

tho charactet•istioa of t,he ~,edimont. .,;q. ( 5.11) 

(i8 

represents the avera ,e oondit1on and my be used as a first 

a roximation in deign, Eq. (5.12) is assumed aa a 

lo er envelope for smooth o els. oth equations can 

be plotted as st~aight lines on aerni-logaritlun1c paper 

and are parallel ;,; tth the line l' preaenting the smooth 
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pipe flow aa shown in Fig. 5. 

2. The shape of the stable oha.nnel oroas-seotion may 

bo ex»resaed me.thomntioally. For practical ap 1lioation, 

the curves of ig. 4 are available for immediate use and 

the tedious oompu.tations to obtain values f'rom Eq. (4,8) 

or E<i♦ (<hl2) at•e not required. 
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In the follo ing symbols the -.nglish ayotem of 

units ia usod unless otherwi')e stated. 

o -- aediment concentration 111 parts pet- 10,000 

d r:ieen 8e<li nt di me er in millir:u,to s 

r _,... silt factor in tao~ r.ty e equations 

t -- nray - 1eisbaoi reaiatanoa coefficient -
fa - - cohesive force hetweeu particlea 

f ~ -- frictional· oroe between p6.~ticlea 
J.. 

f' -- a sed ment shR e faetor 

f~ -- a oohes1on factor of sediment 

n~ re.i tanoe loss in feet O- wat&r 

g 

Jc 

m 

--
--
...... 

e,'l'avitetione.l acoeler·nt1on 

th.e rntio of V Iva 

a coefficient in Kennod.v ... type equ.a. iono 

n -- rut ex. onent in i enned -ty e oq at ona 

Cl •- r. ta i' d1t-;o~ Ht' e er- uni 1dth of channel 

r _,... resisting force of a singl pa.rtiole aga.inst 

movement 

rt-· ro isting force of a na_t olo of ,he ohnnnel 

bank at the ate: ~urfaoe 

71 
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r 0 -- re lsting :foroe of s partiole at bottom of the 

c ... an· el 

t -- tractive foroe of :flowine: \i.ater o.n a single 

_}art iclo 

t 0 -- tractive force on a single p rticle a the 

lo est point o the ehannol 

v -• velocity of rater in a ceT'tain region or at 

a .PO.int 

v8 -- mea volooity along tho vertioal of mean 

de th 

w -- .eight of a r.ingl oed!ment particle within 

tho water 

x ...... horizontal oo .... ordina te of oross-seotion 

y w- ;at r depth and vertlonl co-ordinate of 

oro occt1on 

Yo •- m.axiri um water depth 

A 

:a 

C 

.,._ 

--

area of channel oro •- ection 

Wl.dt of channel bed 

Chazy res.iDtar-ce ooeffieient 

Cr mean drag ooefficient 

D -- mean depth f .f r.ater 

G -- weight rate of oed:fmont discharge 

K •- a constant 

L •- len ,tu of p1_pe 

N -- Kutter coefficient of roughness 
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e --- an le of opos of at r tad aterial 

-tJ. -"" dynamic visoosi ty 

-1.,(
1 
-- eoef ici nt ot rub ing friction 

v -- kine atlc viscosity 

P -~ density of fluid 

~ -- 'Cn$1ty of s di nt 

<f ..... ctru:i a:t'd devlrtion of aiz s of oodlmen, 

cp ..... a tu.nation 
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'able 5 .••i I: · 'l"'E P RATURE DUR! "G IRIUGATI ?i SEA., ~ 

[ ·h data of this table re rom 'Summ r1 s ot ol1:ma
tolog1c l d t by e otions, u. s. D. A. '1eath r Bur au 
Bulletin W, 1926. J 

ay June July ug. Sept. _ver-
tation age 

Boulder, olorado t.6. 66 .0 70 , 8 70 . 6 63 .2 65 .4 

Ft. Collins, Colorado 53 . 8 63 ,l 68 .0 67 . 5 59.2 62 .3 

F't. organ, Colorado 6 .4 66 . 6 73.l 71 .0 62 .0 65 . 8 

Rifle, Color do 55 . 4 65 .l 70. 7 89 ,2 61.l 64.3 

Logen, Utah 0 . 4 6'f. .4 71.7 70. 7 61 .2 64.3 

Billings, ontane. 6 .a ei .o 70 . 8 68.9 08 .? 59 .l 

Como, Montano. l,6 59, 6 65.8 63.9 54,5 8 . 4 

cott bluff , b . ---~ -- 81.l 87.6 .......... ----
Sacr ento, C&l1£ . re_,ni 1 lo nu l • ao .o 

nair, C lif . 0 59. 8 

Phoer1x, rlz . Do 69 .5 
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