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Ito. Syjn bo]. Definition Djnar siQns 

1. A Area L2  

2. B Bed width L 

3. C, o Coefficients - 
4. D Depth of the channel L 

5. d Diameter of particle L 

6. F Fbr ce F 

?. f Silt factor - 

8. K A numerical. constant - 
9. L Length L 

1Q. m An exponent  

11. N Coefficient of roughness 

12. P Wetted perimeter L 

13. Q Discharge in of s L3/T 

14. q Discharge per unit width L3/T 

15. qa  Critical discharge at which sediment 
movement starts. L2/T 

16. R Hydraulic mean depth L 

1?. S Slope or energy gradient 

18. Ss  Specific gravity of sediment - 
19. V Velocity of flow L/T 
20. VO  Critical velocity LVT 

21. v Velocity of fall of particles L/T 

22. lit Weight of a certain volume of 
material F 

22. w Unit weight of water in *bs/cft F/L2 



24.  41 	W[.2..) d3 Constants  

25.  oC, Side slope  

26.  Viscosity 

27. 
 FT/L 2 

Kinematicviscosity L2/T 
28.  ~ Tractive force per unit area F/L2 
29.  `tL Critical tractive force F/L2 
3D. Jo Density of fluid FT2/L2 
31.  Constant .. 

32.  c Angle of repose in degrees 
33.  <P, 	q)y Constants .. 

Notes+ 
in addition to the above list, s few symbols not 

presented above,have been explained whereever they occur. 



Irrigation is an age old art. td as the intensity and 
distribution of rainfall is such that it is not possible to 

bring the crops to satnrity, water has to be supplied by arti. 
fioial channels drams from some source such as, a perinial 

river or a lake. 2annels are excavated to the required cross 

section and bed slope so as to carry the necessary quantity of 

water for crops. 

It is rather difficult to give the exact date froa 
which irrigation startled: Civilisation developed largely in 
fertile plains and disintegrated after some tine, due tovarious 

reasons,one of the being scarcity of water, till people found 
some method of artificial supply of water by channels from 

some river nearby. In India,irrigation is being practised 

since ancient tines. The Cauvery Delta system was built by 
the Tanjore kings in South India during 2D0 A• D., and it is 
remarkable that this system remained functioning upto early 
nineteenth centaary vheo re-  modelling was done. Daring the 

Moghul period the waters of Yaiana were harnessed to supple-

senat the crop needs in the fertile Punish lads. Similarly in 

other countries like Bgypt,t4esopotaaia, sprain and Eose irrita. 
tion canals existed in olden days. all this shows that the 

ancients had sons knowledge of the laws of flow of water on 
ick they based the design and alignment of channels. 
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rj Since the last csntuary, considerable advances have been 

made in the design of channels as this subject has been engag-

ing the attention of hydraulicians and irrigation engineers. 

From the hydraulic staid.-point, the problee of channel design 

involves two basic aspects; one the discharging capacity of 

the channel and the other is the prevention of deposition or 

erosin of the bed and banks of channel. A stable channel can 

be defined as one which has the required discharging capacity 

to irritate the estiaated area and which neither scours nor 

silts during its routine flow. In other words the cross. 

sectional area of a stabee channel should be sufficient enough 

to carry the required quantity of water and its longitudinal 

slope should be such that it gives the water a velocity at 

which neither deposition of milt occurs nor the erosin of bed 

material takes place. 

✓ There are two different approaches to the problem of 

stable design of channels one is the theoritical and the other 

is es•  emperical. In the foraar approach research has been done 

and is being done by mathematicians and hydroulioians to find 

out the physical forces which cause the solid particles to 

rise from bed and remain in suspension while the water flows. 

In the pert cal approach attempts have been made by irrigation 

engineers of India, Egypt and otber countries to find out some 

eaperical formulas for the design of channels. The formulae 

evolved by these engineers are the result of their long 

eiperience of canal aaintanamce and construction and these 
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formulas are being extensively used in practise. 

It is interesting to note that though the rational app-
roach airs at a complete and exhaustive solution to the pr©blet 

it has not yet been able to provide a definate design procedure. 

Although several solutions have been given by the research 

inters in thka field based on laboratory experiments and some 

field o bservati ca s, none of then has achieved a universal recog-

nition and practical application. On the other bated the eaperieal 

approach has provided a certain procedure of designing canals 

to the practical engineer, bnt these enperical methods lack a 
■athesatical and rational proof. These etperical formula• are 
very widely used is India,Sdypt and some other ooantries,bat 
the American engineers believe that they ate applicable only 

under certain conditions and heave ca not be universally accept. 
ed unless a rational proof ii given. 

Hence the design of stable channels has to be studied in 

the light of both these approaches because both deserve equal 
attention. 

O bI ecti ve: - 

The major objective of the studies reported in this 

thesis is to make an exhaustive and critical study of the 

literature available on the subject and to present it in a more 

simplified manner so as to clarify the sound elrents of pro gresi 
and make then more easily anderstaidable to engineers enraged 
in irrigation corks. Attempt is also made to suggest further 



- lino of action for doing experimental research on the sibject, 
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Since the earliest times engineers have experienced 

difficulties due to sediment carried by the streets and cba. 

nnets. Deposition of sediment raises the stream bed, thereby 

inreasind the flood levels, and inandations,it piles up sedi-

sent in huge quantities behind days, thereby reducing reser. 

voir capacities and their function; it causes the rivers to 

meander and often leave their original course of flow, thus 

devastating vast areas of excellent lmid and it creates a 

variety of other problems for the irrigation engineer. A 

regular ,mod scientific study of this phenomenon has started 

very recently, but it 411 be interesting to review the work 

done in the past on the subject. 

The iinese were probably the first to study the silt 

problems in relation to floods in Yellow River. Pan C.J., a 

river expert in the Ming Dynasty studied the river problems 

fbr about thirty years. Ee observed that a proper way to 

rove silt deposited in the bed of a river- was to concentrate 

the flow of water in the silted portion. 

In the seventeenth eentuary, extensive investigations 

were carried out in Italy. Dagliel ini @Ad Frizi were the two 

pioneers in this field. They stated their rules of sediment 

tra ep©rtation,in. terms of discharge and slope. They observe 
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that as the streams approached the sea their slopes becape fla-

tter and that the size of sediment became ssaaller. Gaglielmial 

concluded that the sediment became araller in the course of flow 

because the larger stones and boulders in the mountain torrents 

were fractured and 	dorm during their travel to the sea 

Until they became sand which existed at the river mouth. Be 

gave two principles; the greater the quantity of water a river 

carries the less will be its flow. 

in sear 1776 Chegy, a trench engineer derived a formula 

for flow of water from the consideration of the resistance of 

channels to flow ebicb ina simplified form is expressed as 

from the limited delta available at that time Cheay believed 

C to be a constant. Later investigations,bowever,:bowed that 

C was not a constant, but varies with the charactersties of the 
channel. This was a very important advance is the field of 

channel design and eves today the Cbezy# a formula is extensively 
used. 	 V_ G fRS 	- 	- 	i  

Mapy engineers started w©rking to find out the value of 

C in the Cbezy' s fomula. Barcey and Basin is France,Th aiphrey 

and Abbot in America and MAY others made valuable research f t 

finding a correct formula to ascertain a correct value of C. 

The fo=Ula presented by Genguillet and Kutter, the ti Swiss 

engineers deserves ins consideration as it can be applied 

under varying conditions of flow. They evolved the following 
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fb~ula in 1870. 	-►•~~,~ ~- S 1i. 1.8 ~~ 	
- - 2. 

In this formula N is the roughnessfactor,ginerally knoea as the 

rugo si ty co effi ai in t which can be given various values for var-

ious grades of roughness of channels. This formula Is slightly 

complicated to evaluate but the author's claim to have derived 

it after collecting all the correct data of velocities, discharges 

hydraulic mean depth and surface slopes etc of the natural and 

artific#al channels available In those days. 

In 3890 Manninds gave his formula for C in the (iezy's 

formula as 	C 	1 • $ $ 58 ~6 - 	- - - - 3 

where N has the same values as that in Kutter' a lbraula. Proa 

this the velocity fbaula can be conveniently written as 
v _ I•$f358 c'3 s - _ 	_ _ 4. 

The Mannings formula avoids all laborious calculations of the 

ratter' s formula. 

Basin published his tbraula for the constant C in 3897 

with the assumption that C depends on I and is independent of 

slope. 	C _ 15'7• 	_ 	_ - _ 	- _ ~-  
~t 'I 'lam 

ehere n is again a c©offi©ieit of roughness in the values ar$ 

given in table 2. 

These foftulas have been extensively used in the design of 

channels but they are defieivat as they axe not having any refer- 

once to milt grade or silt charge which the crater 'carries in earth. 
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ern irrigation ahaflnels. The result was that the channels design-

ed on these formulae silted very badly and large amounts of 

money had to be spent every year for silt clearance. 

Towards the theortical design the earliest quantitative 

studies were made by Dabaut in 1786 to determine the velocities 

of water which would cause the trannular material in open 

channels to move. Re observed that a velocity of one foot per 

second was enough . to produce send waves in a bottom where grains 

were large enough to be eadily visible. 

.Dupait stated that the transportation of sediment in 

suspension was due to excess of velocity on the upper side of 

the particle as compared with that of the lover side. Nis idea 

was that an object floating in a stream travels faster than 

water sorrounding it and therefore it mould tend to go towards 
the faster moving water. Since the velocities in a streau 

ordinar)ly decrease from the surface towards the bottom, the 
particle in moving towards the region of higher velocities 
would tend to move upwards. Be, also observed that the concen- 
tration of sediment at the bottom was greater than that near 
the surface. 

In 3879 IiBooys presented his drag theory which has been 
widely accepted as the basis of bed load movement. .me advaptate 
of DiBoys drag principle was that it tarnished an elementary 
approach to the problem of bed load movaneat. In brief his 

observations can be stated as that thet• is a critical tractive 
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force for each kind of material at which the movement just starts, 

The ssgnitude of critical tractive force depends Upon the size of 

mat$rial, this being larger for larger sizes and aaller for iall' 

or sines. For the tractive force less than the critical no move. 

sent takes place aAd the ai*oant of material moved would be prow 

portional to the excess of the tractive force acting over the 

critical vatse. 

In India, the studies of stable Cannel design developed 

because of the difficulties encountered in the large irrigation 

canals as a result of sediment deposits. The large rivers from 

the IIlaalayas spread over the entire northern India and provide 

facilities of irrigation. Since the second half of the last 

cen teary extensive irrigation development started under the 

N guidance of British engineers. The waters coming from mountains 

are heavily charged vith sediment and in some of the projects 

great expenditure is 'involved because of the silting of resevolys 

mid canals. 

In 2895 the first study of non_ siltin g cmisj m sections 

was made by Kennedy, then bzecutive liidineer on the Upper Bari 

Doab canals,PunJab. Be selected over thirty reaches 4th. 
ciminels in this canal system which were stable and were mother 

silting nor scouring. He stated that for every discharge, there 

exists a velocity in the channel at which there is niether silk 

lug nor scouring to which he termed as critical velocity. He gave 
a foEula relating velocity and depth of the channel. Be recd-. 

gissd that the grade of salad played an important part in the 



relationship and regarded the silt of Upper Bari 17bab canals as 

the standard. For other places he Introduced a factor kno n as 

the critical velocity ratio which is the ratio of the actual 

velocity and the Kennedy's critical velocity. Kennedy s formula 

was significant advance in the design of channels and all 

irrigation channels were designed with the critical velocity in 

view. He also printed hydraulic diagrams which were extensively 

used in northern parts of India. Although Kennedy's irk is very 

useful and provided some basis of design it suffers from many 

draybacks, which we shall take up later in the tlllo4ng 

chapters. 

Kennedy should be considered as a pioneer with regard to 

the enperical channel design as be provided with a defina$e 

method of approach and we see that during the same period many 

irrigation engineers in India started thinking in terms of 

checking the Kennedy' a equation for their ova regions. we have 

the work of Garrett,~bods,Lindley followed by Lacey. In ]913 
Garrett published a set of hydraulic diatr*s for the design of 

chapels which were widely used for designing channels. 

In 1917 W,ods found that by Kennedy' s diagrams many 

alternative designs were possible for one critical velocity 

watch put the practical engineer in a fix as to use which 

combination of bed width and depth. Es analysed the data of 

many existing canals and suggested a table of ratios of bed 
width and depth. Later in 192' he presented a few equations 
giving relations in the different elenents of the channel as 



bed wi dtti, d ep th, velocity and slope. 

In 1919 Lindley found that Kennedy' s equation was not 

universally acceptable because both the sonstants varied from 

place to place. He also observed that only one equation was not 

enough to determine a regime -channel section and hence sugges-

ted his equations giving relations in bed width and depth, 

velocity and depth and velocity and bed width. Lindley's work 

can be considered as an advance over Kennedy but it also suffers 

with some draw-backs a# the Kennedy's wrk, But the data collec-

ted by Lindley was of great statistical importance. 

In 1930 Garald Lacey presented his theory of regime 

channels which is a treat advance in the present studies of 

stable chapel desigf. According to Lacey regime flow in cha-

nnels connotes physical stability, a balance between silting 

and scouring and a dynamic equillibrium of forces generating 

and maintaining the channel cross section and drediant. He 

stated that regime conditions will be established ihen a cha-
nnel flows in t unlimited Incoherent alluviem and when the 

discharge and silt grade are constant and the channel is abso-

lutely free to move in any lateral direction.. The Lacey' $ 

concept of regime is infact applicable only whaa the channel 

is neglected like a river in plains,but some of the conditions 

of initial regime can be obtAined in the channels excavated 

in alluvial soils. He has given a number of equations relating 

the different elements of channels which require an exhaustiv 
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ss*aay. A critical study of Lacey' s i'k has been presented in 

chapter IV. 

The above mentioned fork towards finding an eeperioal 

solution of stable channels was done in India %bile engineers 

and byrdraglicians were busy in finding the rational formula fbr 

channel desigh in other countries like France,Italy sAd United 

States. 

The year 1923 brought a very rapid change in the sediment 

transportation studies. The progress was due to the use of by 
draolic models in the investigation of hydraulic structures. 

In hydraulic models it f s easy to relate the laws of the model 

to that of the prototype but no such laws exist for movable bad 

models. A desire to obtain these laws brought about numeeeus 

laboratory experiments; among these are the studies of Sehaffer- 

nack,MeDbugal,Lraeer and Mavis. Studies on large scale models 

were also made by Mayor Peter, Favre and einstein at the Swiss 

Federal Institute of Technology. In 1933,0'Brieo applied the 

theories developed in studying the mixing of atmosphere to the 

problen of sediment transportation in suspension and points out 

some relations. O'Brien consladed that no *of the equations of 

critical tractive force were sufficiently reliable for use in 

channel design. 

About the some time Kremer conducted a series of expert-

meats and concluded that for moderate slope the critical tractive 

force for a given material is nearly constant, end the movability 
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of the material is affected by the grain size and denseness of 
the mixture; that the tractive force varies directly with the 
slope and that well graded course mixtures reduce the tepdancy 
of excessive rApples. 

Sehaffernack observed that the individual grains of 

material showed their first sipi of motion by vibrating or 

oscillating without actually being carried dm wi by the water. 

The individual grains roll out of their positions when water 

acquires a bottom velocity approximately twice as that at which 

the vibration or oscillation becomes apparent. Grains of sand 

Md tossed into the flowing water up-strew frbn the send bed 

were kept in motion across the bed at a velocity less than that 

required to cause Individual trains,initially at rest, to be 
moved from Ike sand bed. These particles tossed into the flowing 
water were kept in motion at a velocity approximately SD% great-
er than the velocity required to cause vibration. is experiments 

indicated that after the critical bottom velocity has been acce-

ded the capacity is directly proportional to the square of the 
bottom velocity* 

Extensive studies of sediment transportation in stress 
has been done by l .Straub of United States. He proposed a 
theory of sediment transportation based on the hypothesis that 
the amount or material moved is the fiction of the tr ap spo r tin t 
force and that it is definable by the hydraulic characterstics 

of the strew. 
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This is a brief ramie of the wmeked done on the subject 
both onperical said theortical upto the year 1930. Ia the last 
two decades considerable advances have been made all over. The 

~/ eDrk of Lie.$.W.,eud others is U.s.A.,wa.rk of mite C.M. in 
U.I.and the it of Inglis C.C,,Kalbotra and Boss in India have 
all been progressing. It is carious to note that still it has 
not been possible to arrive at some definate procedsre of dew 
signing stable channels ithieb could be universally accepted. 
The cap between the theortical and eaperioal work still exists 
w~iieh looks to be difficult to bridge. 
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Sediments moved by the flowing water is classified accor-

ding to the physical process by which it is moved as dontact 

load, Aaepended load and Saltation load. Particles of sediment 
iii are carried by water donot move in straight lines but 

move in various directions. The stream flow is always turbulent 
and the degree of turbele~ce depends upon the roughness of banks 
and bed of the channel and the velocity of flow. 

Gbntact lead is the material rolled or slid along the 
to 

bed in contineoas contact with the bed. VaeLthe turbulance of 

water,tbe velocity causing the sediment to move is not constant' 

and therefore whenever the magnitude of this velocity is eaffi. 

Giant enough to exert a force on the particles to overcome the 

inertia motion is produced. In an experimental flame the motion 

of contact load can be seen very clearly. 

Suspended load 1. the material wbict is moving in eats• 

p ea sion and which is maintained in sa sp erg sion by the component 

of upward currInt of turbulent watdr or by colloidal suspension. 

Strong upward currents may act on a =all particle placing and 

maintaining it in suspension until the currents lessen and the 

force of gravity attradts the particle to the stream bed. The 

maller particles of colloidal dimensions are moved upwards 

and in the general direction of flow by the impulse force app-

lied by the molecules of water on the particles. Due to the 

extremely all settling rate of aller particles,thq may be 



O 
struck by a number of consteRtly upward moving particles of 

water to sustain in contine©ua suspension. 

Saltation load is the material boucingi along the bed 

or moved directly or indirectly by the impact of the bouncing 

particles. A all mount of material in the form of particles 

moving near the stream bed may intermittently ,strike the bed 

and bounce upward or as a result of the 1mpact,tbe striking 

particles may force other particles upward into the flowing 

water forr a tesporary period. 

Except in very high velocities or very turbulent water, 

material of gravel and larger sizes move almo t entirely as 

contact load. Under many conditions most of the sand sizes move 
both as contact l*ad and as suspended load. Each of the type of 
mcvseeat follows a different law but in any stream all types 
may be in progress at the se time. Materials moving as 
contact load, the saltation load and coarse part of the suspended 

-load moving near the bottom are ordinarily named as 'bed load'. 

The physical laws which govern the transportation of 

sediment in water have not been fully developed and therefore 

only a partial analysis of this phenomena is possible. The laws 

of bed load and suspended load mo veaeat have been evolved to a 

certain extent but very little has been done to quantitatively 

evaluate the moveieat of saltation load in water. lien measur. 

ins sediment load carried by a stress it. is not possible to 
separate suspended load and saltation load as they are Intl 

■ ately sized together. 
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Movement o f Hed Lo 

d study of the movessnt of non-cohesive material along 

the bed of a straight unifoa flume subjected to the action of 

flowing water will show that with a certain depth of flow, when 

the velocity of flow increases to a certain value, some particles 

of sand presumably those protruding out of the bed, commence 

intermittent movement by rolling and sliding along the bed with 

further increase in the velocity. of flow particles rolling and 

sliding along the bed increase in number. Depending upon the 

physical ch aractersti cs of the bed material such as size compo-

sition shape etc and with the increase in the rate of bed mater-

iel movement, the original aaooth bed gradually assumes acs un-

dulating fora ©on si atin g of ripples with a gentle slope on the 

windward side and a steep slope on the leeward side. 

At this point to questions enter the discussion of bed 

load aovinent. One is the law governing the conmenc®eot of the 

bed material aoveaaeat and the other is the law relating to the 

rate of bed load transportation. Startfng with the bed material 

at rest and with the increase of lbrces of currdsts acting on 

it the movenent of sediment takes places rather gradually. The 

critical stage of movement is therefore defined differently by 

different author: as initial movenent or general movement etc. 

A more reasonable way mould be to plot the rate of transportation 

against tractive force and to extrapolate the rate of transpor-

tation to zero. The corresponding tractive force will give the 

critical state of movaseat. 
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To evaluate the relat ions of bed load mov*ent, IiBoy's 

theory of tractive force is very useful. Jbr unora flow the 

force of running water exerted at the bed of a channel is Vnoin 

as the tractive force. The tractive force is equal to the pro-& 

duct of the specific weight of water,hydraulic mean depth and 

the slope. 	1 _ W c S - -- - 	. 	- G 

Krey observed that the resistance of sediment to motions is 

proportional to the di*eter of the sediment particles 4 and 

the specific wei ih t of sediment in water 	o (55 - i) 	. Pbr criti. 

cal tractive force IKrey suggested the following relation. 

_- - - -- 	7 - 

khere C is a dimensionless constant!  The equation could be put 

in tbi a way also 

. 	_ 	,_ .w ass  ........ 
Shields conducted several experiments and based on his obser-

vations stated that C as suggested by Krey is not a constant 

but a variable. He Instead suggested the follo i equation. 
.Lr 

V 
To derive this he first assumed that the force exerted by the 

flow of water upon the sediment particles could be expressed 

in terms of drag as 	I 	
2 

F = C A w / 
here C is the drag coefficient ich Ia usually a function of 

Rynold' s number, shape of the particles, the velocity of flow and 

the diameter of particles. Be else assumed that the resistance 

of particles to motion dependd upon the roughness of the bed 
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and the Immersed weight of particles. Shield's equation takes 

a simple form in case of a level bed comprising of pew titles 

o f uni fo al size. 	
i] - 

 

Fig (c) shouts the form of the function as determined by Shield' s 

for a considerable range of each of the different variables. It 

is necessary to note here that Shield's experiments were limited 

to particles of uniform size only and if the material were non-

uniform then the curve takes an altogether different form. 

The reAde within hick the Shield's tbrmula is applicable 

is important in the application of experimental results., Fbr 

practical purposes function may be assumed to be constant and 
hence with the specific gravity of gravel and sandy silt taken 

as tagc 2.65, the critical tractive force uonld then vary directly 

with the first foyer of the diameter d of sediment particles. 

For practical use Lane has suggested a set of 	- OL 

relations which are shoed In fig ( 2 ). It Will be noted that 
values tentatively rsoommemded by Lane for clear water in fine, 

non-cohesive material are very much higher than those used in a 

laboratory but usually have a little binding material which 

greatly increases the resistance to motion„ 

The tractive force expression `t = L R S gives only the 
mean tractive force over the perimeter of a cross section without 
defining the distribution along the perimeter. Fbr sections with 
large ratio of Width to depth, the hydraulic mean depth R approac. 



ches the mean depth and therefore h1= L-)1)5 . This again riven 

the mean tractive force of the section and cannot be interpreted 

to mean that the distribution of tractive force is proportional. 

to the depth within the cross section. 

The actual distribution of tractive force depends upon 

the distribution of velocity gradient within the cross section 

as_ given by  

b long as the sheer force distribution in a channel along the 

perimeter and along the depth is not definately defined it is 

rather difficult to arrive at any conclusion. Much wDrk has been 

done on the flow of water in rough and nooth pipes by Karman 

Parandtl and Nikoradse but a final toraula giving the Velocity 

in rough pipes with turbulent flow has not yet been arrived at. 
These are the discrepeniies tkich ocsse in our way in the theore. 
tical *Valuation of bed load fo ula. 

This is the situation of flow in straight pipes but the 
channels shich are changing directions the theoretical approach 
becomes rather difficult and so we are forced to look to the 
emperical approach. 

The problem of practical importance in channels is the 

effect of meandering on the critical tractive force. In a Winding 

channel the noranl . stribution of velocity is distorted and the 

point of ma4mue velocity shifts toxatds the concave beAk. The 
development of cross currents greatly increase the tractibe force 

in a stria. Lane has tentatively suggested a reduction of criti- 



(Unifoi sand) 

( 	) 

(uniform sand large 
size) 

(Sand mixture) 

cal tractive force for differeit degrees of sinuosity of channel 
which are given in the table 3. 

in the tractive force of a strews exceeds the critical 
value certain quantity of sediment is set in motion. The first 
equation of sediment transportation was given by DaBoy' s in 
w+ich he assseed the rate of sediment transportation was pro• 
portiorial to the excess of the prevailing tractive force over 
the criti,&l value required to initiate the movaeent. 

c 
_ c't Ct 'L) 	II 

where 9,,is the rats of transportation is volume of sediment per 
unit 4dtb,Cs is the coefficient depending upon the character of-
sediment. Straub summarized the results of various investigators. 
and gave the value of Cs and 1 for various sixes of sediment 
havinj a specific gravity of 2.65, 1iic i are given In table `3t7u 

Investigators in different countries have done work on 
the bed load transportation and have evolved the following 
to flRolaes.. 
Gtt an t Y.L. 	c,  

Schoklitddl ~, 	A Ste` C-3 
mayor Petrr ° 	( C S 3 _ 	372-  
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McEbutall 	`~, 	C  
O'Brien 	~ 	C V/ r r, 
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U.8. Waterway$ 	 rn, 
Bsp. Station 	 Cr[ --vs 

As there are so many relations for sediment transportation 
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it is rather Confusing as to which Should be taken as practi• 

*ally useful. Johnson compared the formulae listed above by 

plotting the s*e data according to different formulae. By 

means of statistical ana4ysis  of various plotted graphs,he 

found that all the formulae were correct to the same extent 

and so he concluded that the choice of equation could be made 

on the basis of convenience in measuring the variables inaol-

ved in tai. The maximum 1con ver ed by the various authors was 

of the order of 0.03 a3/sec per meter width of channel or 

0.3 cft per see per foot width of cannel. 

b"hieldt has given one dimensionly homogenous equation 

fcr sedii nt of Uniform size as follovss- 
cç 

 

Einstein has developed a new function for bed load. In 

his method he has assumed that any one particle that mould 

begin to move in a given unit time could be expressed in terms 

of rate of transport, the ie size and the relative wei$ t of the 

particle and a time factor equal to the ratio of the particle 

diameter to its velocity of fall. The same poobability was 
expressed again in terms of the ratio of forces exerted by the 

flow to the resisteace of the particle to motion. The forms of 
probability relationships were then equated to yield a geteral 

function 

- 	 's 
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einstein investigated the torn of the indicated function 
by plotting the edperimeatal .meaenrnenis against y- as ordinate 
and cp as absai sa. The plot is presented in Sig ( 3 ) . Jbr sedi-
neat of uniform grain also the fact that results from the various 
workers follows a curse is r* arkable since the aerial used 
in these esperinenta varied from 2B.6 to 0.315 m.a.in diameter 
and the diptb of flow varied from 0.6 to 3.6 ft. 

Banter Rase plotted the esperinental data of a 91 
againsti~ and tried to reduce tt to a single linear function. 
The fiction as per abase becomes 	3 

It is seen by the above , study that the formulae are 
based on experiments in the laboratory. Bow far these can be 
applicable to the natural streams is again a probles as highly 

MCA 
mathematical espresiona are seldom by practical engineers. 

Out of the *eny formulae derived,Ein stein' s formula is 

a new approach. He claims that his laboratory results agree to 

a great extent to the field measuraseats. Partber researck on 

the lines of Einstein 411 surely result in some better formula 

which can have a wide application. 

.A 
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Movement of suspended load is an ddvanced stage of the 
bed load movdent whsn particles in saltation are caught by the 
upward component of the turbulent velocity and are kept in sus. 
pension. Therefore sedinent transportation in suspension Is 
always accoapaRied by bed load hove* nt and if the suspended 
load is derived fig the material of the river bed,it is very 
difficult to di ffernti ate between the t* in the region near 
the bed vier• the sediment particles are also in saltation. 

The problen of calculating the suspended load consists 
of firstly to oiari fy the load in a stream s id secondly to cs- 
relate it with the bed load to Calculate the total load. Uptil 
now only the first part has been achieved to some extent but 
progress in calculating the total _load has not reached a satin. 
factory stage. 

The approach to the neasarsawtt of suspended load is 
based on the mechanics of turbulent flow of fluids. If the con. 
oratration of sediment at some height above the bed is denoted 
by C, expressed in weight of sediment per unit volume of fluid 
and the settling velo of ty v, the rate at which the materials 
settle through a unit area at a height vill be balanced by the 
rate of upward sovaent die to turbulent mixing and therefore 

JC 

There $ is known as the exchange c©efficient,having tht dimensions 
of velocity times length. The value o fLas is not constant 



throughout the section and can be determined from novaent trans - 
ter and velocity distribution by the formula 

rr 
where V is the velocity at a distsce ! from the bottom. So Ca, 

is the eoncaatration at a distance a from the bed thaa the eq - 

tion 	C Z - =-  L . Z : v - Ca.  
gives the relative c ne.itration. K is the o©astiAt for tnrbi.. 

lut flow %hick is about 0.4 ibr clear fluids. As the above 

equation rives only a relative concutration,it is not possible 

to calculate the total transport of sedla ut. To make this possi. 

ble the value c f Ca at as elevation a should be known.  

It can be seat that as Z becomes anall indicating sedi. 

att t with anall velocity of fall or the flow with greater trac-

tive foree, the concentration and distribution tends to be more 

uniform over the entire depth. 

VaRoni V.A. Carried out eaperiew is to check up the above 
equation. Jbr d. o•►G m.s.aid Z=~.o3experimental results compared 
well with the theory. A detailed report of his experiments can 

be sets in Paper No.2267 of TreAsaetions of ASCE. Venoni has 

observed that the distribution of the relative concentration of 

&e suspended load has the form of the above equat4on but does 

not agree quantitatively with it i.e. the value of exponent Z 

ti vas by theory does not agree with Zl, th a exponent that fib the 

experimental resalta. fen the suspended sediment is fine Z1 is 

less thsp. Z which means that the relative concentration is more 
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unitbraly distributed and has a greeter average value. The dia. 
agreement between the calculated and measured distribution should 
be due to the action of turbulent fluctuations In suspending 

sediment and the slip between the fluid and the sediment as the 
sediment gets accelerated. Pbr fine materials the coefficient 

of sediment transfer zt~tis tends to axceed the coefficient 
of moveaentum transfer and vice versa. Suspended load reduces 
the resistance to flow thus causing sediment laden water to 

flow faster than the clear water. In the laboratory and aver• 
age suspended load of 1.2 gr * s per liter reduced the friction 

as much as 20% and correspondingly the Manings roughness co-
efficient was reduced as much as 10%. 

The above conclusion can be related to three effects 
that occurs in the flow in the presence of sediment. One is 
that the sediment appears to ka donp out the turbulence in such 
a way that the mozaeotem transfer is reduced. Second one is that 
the turbulence icb is not a factor in the transfer of momentum, 
contributes to the transfer of sediment snd the third one is 
the slip between the fluid and the sediment tends to make the 
sediment transfer confficieut less than momentum transfer co-
efficient. 

The increase in v elan ci ty due to addition of sediment to 
clear water does not give rise to aji increased sediment trans• 
porting cap aci tr since it is accompanied by a redaction in tar. 

balance. Suspended load tends to cause the flow to become uneven-
ly distributed. These are the observations of Venom which cap 



serve as a guidance to the research workers. 

Lane and Kalinekb presented an equation giving relation 

between sediment concentration above the bed in a stream in terns 

of the composition of bed material as f©llo ors: 

~ ➢s 	` b 
whereo C Is the concentration of sediment just above the stream 

bottom and Cb is the percentage of particles of the total stream 

bed material having a fall velocity V'. Measurements taken on 

the Mississippi, the Missouri and the Colorado Rivers in United 

States indicate a definate relation between the two functions 

within the range of values of the abstract number 	from 0.02 

to ,1.o. This has an important meaning in this respect that rapid 

change of concentration of sediment of larger sizes takes place 
near the bottom. 

Thus we see that the to 	ula gives only the distribution 

of odiment and it cannot be used to calculate the total sediment 

load In suspension. In this part such work needs be done to 

ax evaluate a rational formula for suspended load which has not 

been done uptiI now. There is also difficulty in separating the 

bed load and the suspended load %hich makes the problem more 

complicated to measure the two loads. However, it is practl . 

cable to measure the total load passing at a certain section 

of a stream by the different types of sediment samplers. Samplers 

of different patterns have been devioed by different people but 

as sampling of sediment forms a subject by itself it will not be 

proper to dialate from the present discussion to dediment amp- 
lint. 



iinstien developed a method for calculating total load 

transported in a stream. Eis approach to ►i problem rests on 

two principles n~iely the restriction of bed load to the bed 

layer and corelatint of suspended load concentration at the 

surface of the bed layer to the concentration or the rate of 

transport of bed load. The corelation of suspended load to bed 

load fmplies that the fbi~er i s, as a result of mixing, derived 
from the later and consequently from the stream bed itself. 
Thus fine particles of any sed1m in t load ehich donut appear to 
the composition of river bed material will not be aamca included 
in the c potation. For practical purposes, in sti en suggested 
that one may exclude the finest ]p% by weight of the river bed 
material since these donot usually represent a structuial part 

of the bed but only loosely fill the pares between the large 
particles. 

For any given bed material and under certain prevailing 
tractive force of a stream the rate of bed load transportation 

can be ascertained by means of any suitable bed load foi ula• 

Then the concentration of the suspended load of flow at a di s-

tence just above the bed layer should be corelated with the 

rate of bed load t*~R sportation. W.tb this kao value of 

doncentration at a di stance equal to the thickness of the 
bed layer from the river the distribution of the suspended load 
can be calculated along the entire depth. The total suspended 

load can be obtSned by integrating the product of tc curves 



along the depth namely the sediment distribution and the velocity 

distribution carve. The total suspended load st►es added to the 

bed load will be the total sediment transported by the strean 

under prevailing conditions of flow and composition of bed 
material. 

The method can be eiplalned like this. The distance of 
travel of small masses of fluid is co 	only kae as nixing 
length. The mixing l ngth becomes Wailer as the bed or any  ill 
is approached. The flow at the bed layer in which the miming 
length is so mail that suspension becomes impossible has been 
found by Einstein to be above 2 drain di ajs eter s thick. This is 

designated as the bed layer. Assuming that the bed load material 

moves with the average. velocity of Ub within the bed layer having 

a thickness of 2d,the average concentration of the fraction of 

bed load within certain interval of the total bed load express» 

ad in weight of setaest per unit volume of mixture is  L a C'a 

where 'his  the total bed load transportation expressed in wei#bt 
per unit time and unit width of the channel and L the traction 
of bed toad-of certain size. 

The concentration of suspended load corresponding to the 

size interval also expressed in weISht per unit vjume mixture 

is related to the average concentration of bed load by the 
simple relation 	L % q, 

C II 

where Al is assumed to be constant. The velocity is not kr3oi, 

assuming I, to be directly proportional to the sheer velocity 



e 
at the bed the above expression can be wcrittli as 

c 0. - _ A 2-  Lc OvQ  
The diaeesionleea oon ts-A A must be de sssined eiperimamtly. 
According to Zinsteint  the average value of AZ basfd on special 
set of 26 esperimeats using differeat sspd mixtures eats be 

take as Az  = 	. itth this knWea talus the total suspeided 

Load over the entire depth tb r _ various size intervals at the 
bed can be calculated. 2 

Einstein' s approach of eorelatiad bed load with suspended 
load is a eitait .cant advance In sediment transportation studies. 
Farther in on Einstein's lines looks to be prose. sing. 
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• in earthern channel excavated in ccberent alluvium is 

said to be stable . sbaa there is practically no scouring of its 

bed and banks and there is no deposition of sediment in flaw, 

iea considered over a long period. The stability of a channel 

depends upon two factors; one is the resistance of the material 

composing the channel against the erosive po w8r of flow and the 

other is the capacity of flow to carry a certain quantity of 

sedimec t lead without significant deposition. 

In general the unstable channels can be classified into 

three catatories; (i) those where only scour o canrs (ii) those 

where only deposition takes place and (iii) those in which both 

scour and deposition occur. The first class of channels usually 

carry water with little or no sediment. The second class of 

channels are ordinarily tbund where heavy sedlasa,t loads are 

transported with their banks and bed of a material which is 

highly resistant to scour. The third class of channels are 

those where both scour &d depo si ti©n occurs; they carry heavy 

sedlmeat loads and are excavated in easily erodible material. 

The first pioneer mark done towards the design of non-

silting channels was by Kennedy R. G. , based on his observations 

on various cti eels in the Upper Bari ibab canals,Peniab. He 

selected over thirty reaches on this canal systt which were 

stable from maintenance point of view. These canals did not 
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bave, either silting or scour trouble for the past thirty years. 

He made observations of the velocity and depth on these reaches 

and tried to corelate under certain conditions. 

Be observed that sediment in the flowing canal is kept 

in suspension solely by the vertical component of the constant 

I eddies which can be always observed over the full width In 

any stream, boiling up gently towards the surface. These eddles 

rise on account of the roughness of the bed #Ad nark up against 
S t()t e~ 

the depth of the channels. From the sights also Some eddies 

occur but they are horizontal for a greater part and hones of 

no silt transporting power. 8o the silt transporting power In 

a stream is proportional to the width of the stream and not the 

total perimeter. A regime canal:according to Kennedy:is that 

where neither silting nor scouring occurs. 

NO also stated that for every discharge there is a 

certain critical velocity at Iiieh the ch ne1 is non- silting 

and non-  scouring. If the velocity of the channel is less than 

the critical the silting takes place and it it is more than 

the ettttcal, scour of bed and b cs will result. She depth at 

whbch the critical velocity is obtained was termed by Kennedy 

as the critical depth. I. plotted the various data of his obser» 

vationa .fl-d gave a general law of critical velocity as 

where Vo is the critical velocity at depth D and C and s are 

the constants. For the conditions in whi eh Kennedy evolved this 

equation, the values of C and is were found to be 0.84 and 0.64. 



He aim recognised that the grade of silt played as important 

part in this relationship and retarded the silt of the Upper Bari 

Doab canal as standard. His formula can be wittin as 
vo ~. o - g q.D 414 . 

It was soon found Wait Kennedy that the grade of silt 

varied to a great eateat in different regions where the canals 

were oon stru ctdd. Re Aintro du ced the Critical Velocity Ratio 

which is a ratio between the actual mean velocity in a channel 

to the critical velocity calculated by the above formula. C. V.3 

represents a factor which is a measure of variations in the silt 

condition from the standard silt of Upper Bari mab canal. The 

C.Y.B. i.e. V/W was kept near about unity in all designs of 

canals. Kennedy considered that a velocity of tk 3.5'./sec was 

just sufficient •d safe and a slight increase in this ould 

endanger the stability of side slopes. It meant that there was 

a limit to depth as well. 	X 64 

. 	3 
So according to Kennedy a channel cwt be stable at a depth 

of more than 9.3' and a velocity of 3.5'/sec. 

He tried to work out the silt transporting capacity of 

channels on the sa*umption of the sides of channel being verti-

cal. This assumption is not completely wrong as in the case of 

very wilds channels the sides can be considered vertidal. 

Let p be the percentage of silt carried by water. 

The area of cross section 	 B. D 

Discharge at critical velocity 	= Vo.B.D 
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~tnount ,ot silt carried 	 = p. Vo.B. D. 
lssuaing the silt carried to be proportional to the nth power 
of V 

hnount of silt carried = KBVon P 	pVoBD 
Vo 

Ibr Punjab the value of the edponent n was 0.64 and so 
o•6 	s~ Y,, = 	 S (ct )vo ~) 

Tb&t i4 Kennedy concluded that the silt transportiee power depends 
on V05'2 . 

Prom this rx' the amount of silt carried at velocity V 
other than Vo can be calculated like this. 

.. 	x 	= 
i~in the mean velocity of a channel exceeds the critical velocity 
the silt carrying capacity will be more 	t sn the bed can 
resist and scour will occur. The mount of scour will be 

(V/V)] 

and if V is less than Vo deposit will take place. 
rLt4) j V 	 . 

! meth tnlae for the silt carrying capacity were just derived 
but isre not checked in praetite . 

Kennedy carried out no investigations to find out the 
correct slo formula which is so necessary in the design of 
irrigation cb nels. He took the Kutter' s formula and gave the 
value of I equal to 0.0225, as the average value for Punjab 
conditions, He designed a set of hydraulic diagrams kn4'n as 
the Kennedy' s diagrams for designing channels with different 
slopes showing discharges, depths and velocities. It was soon 



found that the value of N was not constant and it Varied greatly 

even with the size and discharge of chapnels. That is hy,be 

himself later suggested the value of 0.02 for large canals and 

a value of 0.025 fbr wall irrigation channels. 

Kemedy' s it can be considered as a pioneer work in the 

field of the design of stable channels. But as all basic w irks 

have some drams -backs it also has got a few points of defect 

which ate to light later and .people critisised his work. The 

author considers his work to be of basic value even though it 

has a few weak points. The data which he collected is very value-

able which Lacey later took to derive different equations 

The first defect of Kennedy' skis that he depended upon 

the Kutter' s formula for slope calculations. In Rutter' s formula, 

the fixing of the value of N Is arbitrary and on the discretion 

of the user. Pbr a particular type of material one might give 

a certain value to N and another person might assign some diffe. 

rent value for the sane material. Thera is nothing definate 

about it and hence $eanedy' s assumption of Rutter' s formula was 

basically afond; consequently all his derivations based on the 
above assumption are not quite correct. This di screpenoey was 

pointed out to him and then he said that a value of h(: 0.02 

should be takes fbr large channels and 0.025 for call channels. 

Its statement that the critical velocity ratio varied according 

to the silt conditions was too vague. 

Secondly in the derivation of the critical velocity 



formula Kennedy assumed that the eddies from sides have no part 

to play in sediment transportation and so he related the velocity 

to depth. But it was not quite correct. 

Thirdly he did not notice the importance of the bed width 

and depth ratio. Thee are,iafact, so many variables and by one 

critical velocity equation a complete design cannot be sought 

unless some relations in different variables are know. Similarly 

he forgot to recognise that slope plays a great role in channels. 

Pbr the same section the critical velocity will not remain non. 

silting and non-scouring if the bed slope is changed. 

Lastly he did not take into account the silt grade and 

silt charge is his observations. The quantity and type of silt 

plays a very important part in channels. 

n{ 1IT4rU' 

In 1913 a set of hydraulic diagram was prepared by Garret 
fig the design of channels. These diagrams are available for any 
d1scharge from one to 12004 ansecsl for any bed slope from 3/300 
to 	/20000t  and for any riiosity coefficient ..from 0.418 to 0.03. 
Though Garret diagram Bono t offer asy silt theory they serve as 

a good tool for design with provisions for follen dug the Kennedy's 

9 Y 	 N   
	ritJ t t 

Next to Kennedy an -orteasive survey of stable channels 

was carried out by Lindley a. S. Ee stated that when an artificb..Et 



channel is used to convey silty Hater, both b s and bed scour 

and fill choRgind depth dsadieat and 4dth Until a certain state 

of balance is attained at hich the channel is said to be in 

regime. These regime dimsasions depend upon discharge, quantity 

and nature of silt and rutosity coefficient of the silted no. 

tion. He believed that rngosity is affected by velocity also 

which determines the size of wavelets into which the silted 

portion is thro si. H e concluded that the different relations 

of bed 4dthydepth and longitudinal slope of a eheamel were 

all fixed by nature to carry a .certain supply of silt Load. 

Lindley' $ observations covered over 2700 miles of ch&pnels 

on an entire canal system. He did not select the so called regime 

sections but instead selected .straight and regular reaches, f[e 

derived the ,folloaint regime equations. 
V = 0, 9Ss 
v = ©,57 g'3SS 	

Z9 
~3 = 3•So D~6~ 	

3o 

'Unlike Kecnnedy Lindley gave three different equations relating 
velocity to dep th1 velo ci ty to bed width and bed 4 dth to depth. 

This was a definate iaprov mat over Kennedy. 

%e data on Which these formulae were based included 

bed Widths, depths and gradient of channels. Lindley did not 

observe the velocities and discharges but employed Katter's 

formula and Chosyl a formula for calculating velocities assuming 

N to be constant having a value of 0,0225. It was the same Rio• 

take which Kennedy did in employing Tatter's formula which allows 



guess w'* in deterain~rid the value of K. Lindley did not c©. 

relate raosity and silt grade nor did he dive any relation 

in width and depth with the discharge. 

Lindley' s werk saano t be con sidered of any great impor-

tance but the data collected by him was of great statistical 

Importance which was later used by Lacey to derive his equations 

in 1930. airing the some period engineers in dbfferent places 

dtarted taking observations on their respective channel sections 

to check the vapidity of Kennedy' a Critical velocity formula• 

it was found that neither C nor a in the Kennedy's formula were 

constant but varied greatly in different parts. 

In Bap t Chaleb K.O. evolved his equation for critical 

velocity as 	^ b . 39 )•
73 

. o,. I owe  
73 

ç 31 

The * of Molesmort ►,Yeeidunia and Buckley is als3 important. 

The former suggested a slope formula as 

D 
and Buckley suggested 	 1. 

000s(~00005-+g) 6 
D-  33 

In table No. 4 the different values of C and m of the velocity 

formula observed at different places are give , ki1th might be 

of some interest. 

in 3927 %bo ds proposed general formulae covering velocity, 
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depth and megk width and slope as under:. 

v ^ r•3'- LogB 	 35 
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These equations cover not only width and depth of channel but 

also cover - discharge and slope. According to the slope tbrmule, 

of hods there can be oat and only one slope for every dives 

discharge at which the thaAnel remained silt stable. 

.taring the same time Bo ttomley W.I. presented his con cep t 

saying that the canal will remain free from silting or scouring o f.... 

if its slope wa4[the sane order of magnitude as that of the 

parent riser. Comments on Bottomley' a concept of slope are not 

available anywhere. It looka,people did not consider it of such 

importance. The author feels it wis jest. a silly idea because 

for the seta slope in the rigor sometime a heavy scours occurs 

and sometimes deposition takes place If the discharge is more 

or less. There does not sees to be any meaping in saying that 

the stability of a channel depends only on slope and all other 

elements Just donut affect. 

c 's rkCnblppj. 

Lacey' s work on stable channels is supposed to be very 

authoritative and systematic even though there is lot of criti- 

cias on it these days from the American engineers. His paper 
civil 

in the Institution ofL tginsers,London,In 1935 afd the Central 

Board of Irrigation publication do. F* are very important in the 

study of stable channels in Alluvign. 



According to Lacey regime flow in silt transporting chann-

els excavated in alluvium connots a physical stability or bale. 

ace between silting end scouring and a d.yraamic equilibrium in 

the forces generating and maintaining the channel cross section 

and gradient. Pbr regime conditions to be established the funda. 

msatal regniremsnts are that the discharge should be constant, 
the channel flowing uniformly in unlimited incoherent alluvium 

of the same character as transported and the silt grade and silt 

charge are a constant. n oc>herent alluvium ,as defined by Iey 
is that loose granular material which can be scoured as readily 

as it can be deposited. lbr true regime the channel should flow 

in an unlimited alluvial. plain of the s*e grade as the material 

transported gird there should be complete freedom for lateral 
movement*.S dy rivers in alluvial pls**s achieve to some extent 

this freedom and by meandering adjust their length and slope. 

A constant discharge transporting silt of a given grade and flow. 

ing in a self transported alluvial plain of the same grade tends 

to assume a gradientwhich is determined by the discharge, the 

silt grade, the mean velocity, hydraulic mean depth and wetted 

perimeter Will tae d towards unique determination. Such a constant 
discharge will also tend to transport a fixed regime silt charge* 

tunnels excavated in the first instance with defective 

slope and somewhat narrow dimensions are free by immediately 

throwing •dof incoherent silt on bed to increase their slope and 
Velocity alld try to attain an initial regime. Qimmels of this 

type attain a working stability. Final regime represents the 

P. 
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condition set up in theory iben all variables are free to vary. 
The first adjustment iich a chazinel,heavily charged eitb silt,, 
will malce qtr is that between the mean velocity andc~pth. The 

ultimate adJus#meat #11 dope .d upon the extent to which the 
wetted perimeter, the slope and the channel length are free to 
vary. In all artificial. channels the length is usually restricted 
and hence an ideal final regime cannot be established. 

Like Kennedy Lacey also believed that the silt is sus. 
pended by the vertical components of eddies but z mm says that 
the channel section is generated at. all points by forces normal 

to the wetted perimeter and therefore Lacey adopts the hydraulic 
mean depth rather than the wetted perimeter as the variable. 

The first thing rIiieb Lacey did was to plot Kennedy' a 
and Lindley's data and got an equation of form 

V0=~,~, 
Ibr Punjab data he got V_ 1. j3.g R►~ 9aid for Madras data he cot 

'So8 V = •791 . He termed the coefficient as the'silt factor' f which 

Was an index of the silt grade « Just to make the relation appear 

simple be introduced a constant K and put f and R under the root 

siga because his plot showed that the power of B should be near 

about half. Thus his equation took the form 

The value of K rhich sited his plotting of dates was given by 

him as 1.17 an hence his first formula derived 7om the Kenned'* 

data was 

37 

r 
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The second ib iula which was derived by Lacey on plotting 

f2& verses V was 	A i2 = 3,g VS7 

By these try equations he got, several other equations as a 

corrollary. The important formula thus obtined was a relation 

in wetted perimeter and discharge as 

By this formula it shall be seen that fora given discharge the 

silt stable perimeter is independent of the type of dedimeat and 

directly varies as the square root of discharge. 

The third important formula evolved by Lacey by plotting 

the satire data was his dmeral regime equation  

and the slope WbxSula as 
5 	a• 00 0 3 97 -- Qf9  

Lacey says that the regime equation of flow should be of great 

practical utility in estimating the maximum discharge in rivers 

flowing incobereat rnateria .. The sane equation can be put in the 

form of Qhezy(s equation  

where const t C will have a Talue of 	~ ~- 	(p4) 

Ne said that there is some aonfUsion about the Use of 
rugosity coefficient N and lot of guess work has to be done to 
assigu a certain value to N. Be introduced Na as an absolute 
rugosity coefficient which could be determined solely by the 
average size and deisity of the incoherent bed material of the 
channel. The standard grade of silt is that Which connots a 
rugosity coefficisat of 0.0225 at a hydraulic mean U depth of 
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one meter. He gave a relation in the absolute rmposity ooeffi«. 

cient and silt factor as 	1/ 

Na, = O225 	 2. 
 

He suggested a flow equation for channels which depart from 

regime as 	 '•3A-S  

From the previous basic equations he derived many other relations 

as under:- 	
o • a o 0 5`+9  

5 =
- 

c# 	.a'47 2. ̀ -7 	y3 	 4s- 

`/ 	`3 
o'7937 Q 	~-~ 

In this war he tried to corelate all the variables of channels. 

.1111 these equations were published in his paper of 193 

rich naturally got lot of criticiaa and then he tried to modi. 

fy the equations Eereever he could not answer his critics. 

Later on he introduced another factor 'Shock' in channels 

due to bands and irregularities and due to the channel condi-

tions. With the shock consideration his flow equation for non- 

regime channels took the shape as i  
v _ 1.3 - S R, 4 C5- s) 	7 — NOW 

for a he suggested the values given in table ( 5). 
a 

We see that in all these Lacey' s formulae silt factor 
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plays a very important part and hence its determination is very 
important. pbr an existing channel it could be determined by the 

equations in which it occurs if we know other elements of chapael, 
But if the channel is in the regime, the value of f got by diffe. 
rent regime formulae should be se. Any variation will indicate 
the extent to which it is out of regime. By averaging the value 

of f! a fairly correct value can be obtained. 

In case the data is not abailable then the Value of f 
cats be got by a tbrmula which rel&tes f to seen diameter of 
particles.  

-' — 	 48 

So this fact is wrth appreciating in Lacey" s work that he has 

tried to eliminate the guess iork to a minimum and has given a 

definate formula which gives the correct value. This is the 
treat advance by Lacey over Kennedy and Lindley' s work. The 
selection of the value of rugosity coefficient is also given 
definately by the lbsuula Na, 	a• o2ZS ~- 	. Unlike Kennedy 
mid Lindley he gave a. regime .slope formula which can serve as a 
guide in deal iui channels. 

The use of Lacey' a equations involves an appreciable 
mount of calculation •m• with chances of error. To eliminate 
such error and to expedite the wcrk,Lacey has provided tram diar 
Eras. In both these diapcims the coordinates are devided logra. 
tbmically to secure a suitable redaction of scale at higher 
values. the first is entitled ledime Dimension Diagram mid is 
provided in two parts one from 4 to 100 cusecs and the other from 



300 to 2D000 cusecs, From this  diagram for any kno xc value of 
discharge Q and silt factor f the values of bed width and depth 
can be obtained on the horizontal and vertical coordinates res 

pectively. These diagrams give values for a channel section 
which is trapizDidal with side slopes as 3/2 to 1. The second 

diagree► which is knoii as the Regime Slope Diatr gives slopes 

for different discharges end silt factor. From these two diagrams 
it Is possible to determine the slope andAdismensioni of any cha 

nnel If the two factors discharge and the silt factor are knoiai. 

Lacey's diagrams for the design of channels are. very extensively 

used In Punjab and Uttar Pradesh. 

In the above paragraphs we have seen the Lacey' a concept 

of regime channels and his method of designing. stable Channels. 

Lacey' a *rk is referred to as a regime theory in India. These 

days there Is a criticism over the use of 'crd theory for Lacey' a 

mo rk. Leli avasky in his recent book 'Fluvial Aydr auli es' says 

that t oug Lacey' s papers on channels in alluvium is one of the 

very Important works on the subjeet,it cannot be considered as 

a theory. He says that there Is a difference between an enperical 

concept and a scientific theory. Lacey' s vD* cannot be called 

his theory because It is just an enperical method of design of 

channels and it is not possible to give a rational proof for his 

The circumstances which led Lacey to evolve the so called 

theory are rather strdAge. At the sad of tbir4d decade of this 

contuary, there were se many alternative methods (So called tbeo- 
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rice) that the irrigation engineer was at a loss to know which 

to choose for his design. There was 3o t eof data on channels y ,  
collected by Kennedy,Lindley and Madras engineers. To get over 

this= Lacey was asked by the U.P.Govermment to put some order into 

the mass aysaable data and produce some standard design proce- 

dure. It should be noted here that Lacey did not produce any 
un-published information on the subject based on tkt his OUR 

observations or research. At the Ceitsal Boa ld of Irrigation, 

Lacey worked for quite a long period to do his assignment. ae 
tried to put Kennedy' a and Lindley's data on the some plot as 

both represented stable channels and attfmpted to fit in some 

formula which satisfied both the field observations. So in brief 

Lacey' s work can be considered as a clever manipulation and 

interpretation of Kennedy' a and Lindley' s observations. Thus 

Kennedy' s and Lindley' s deserves the credit 'which has gone to 

Lacey as it was the real basis for all Lacey's formulae. 

This Is the reason why the present workers an the subject 

refuse to consider. Lacey' a work and his tsperical formulae $s 

SAy new theory. The fact cwt be denied that the word theory 

is used to describe certain system of logical thinking &icb 

reduces a certain observed phenomeanon to rational mechanics. 

In this sense Lacey's concept cannot be called a theory as 

bei ther Lacey himself nor anybody also has been able to provide 

a rational proof for his formulae. The author too feels that 
the use of' theory' for Lacey' s work is not justified and -so 

he has been careful erotsh to call these concepts and emperical 
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relations as certain tools of design or certain methods of design 4 

Lacey' s paper which Is an outstanding achievement in pro-

viding certain definate destda procedure to practical engineers 

but It has not recbived the recognition it deserves. It has many 

pecularities which we will discuss now. 

We know that Lacey evolved his formulae by plotting the 

data of .Kennedy and ,indley and tried to fit in some expression 

in it. It should be possible therefore to fit in some other 

expressions also on the some plot in a more accurate way than 

Lacey did. Fbr instance his plot of regime farmula,Malhotra of 

Punjab tried to fit in the equation  
V = 119.17.8 R. 	S 	49 

which looks to be more suitable for the plot than Lacey' s regime 

equation 	~..1 R 35 • In the some way his plots could be 

interpreted by some other formulae which might be more accurate 

than Lacey' s equations. Secondly the observation of Lindley that 

Lacey arrived at these formulae with exponents in round numbers 

which had atleast the appearance of a rationaal basis, seems to 

be correct. 

Another instance of this is his new theory of shock which 

Lacey presented without any new observational material. He Just 

looked at his previous plots, Mud found that he can produce a 

new theory of shed whioh raplaeed those equations which he 

presented in this previous paper. The original and the modified 

equations are listed belo vs - 
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Dr.Dur st has also cri ti si sed Lacey' s set of formulae. 

He says that it is not sufficieit to devise emperical. formulae 

from the examination of stable channels alone but in order to 

prove their application,it is necessary to show that they did 

not apply to non-regime channels. Another objection raised by 

Hurst that in dealing w .th the observational material it is 

always advisable to operate upon directly recorded figures and 
derived 

not on[ 	dad values. Kennedy had collected the data of depths 

and velocities but not slopes,on the other hand Lindley collec-

ted slopes, hydraulic mean depths but not velocities and dis-

charges. Lacer calculated slopes teem Konedy' a data and calcu.► 

l ated velocities from Lin dl ey' s data and tried to make his plot. 

This might or might not give correct results. iten only observed 

data is the basis of epic, deductions from observed data only 

should be made and not from the derivations of these observed 

material. Thirdly he got, only three equations by plotting 

Ke► nedy' s and Lindley' s data and from these three equations he 

derived so many other equations which is another mistake. That 

is the reason whey a particular dimension of channel calculated 

from a certain formula is different from the one calculated by 

some other formula for the same conditions. 

Nov a word about his regime concept. Regime conditions 
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will be established itien the discharge Is constant, silt dude 

is constant and the channel is free in its lateral movements 

An ideal regime cata only be found in rivers flowing in pUins 

wbi chi are quite free to adpot their ova course of flow. In an 

excavated channel this condition is absolutely Impossible to 

reach. Only the so called Initial regime may be attained by 

channels after a number of years slap se. In that lase all thaw 

nnels excavated in alluvium have got to attain regime conditions 

even it they have defective slopes and sections because as they 

grow old they will adjust themselves towards the regime condition 

That way it is not necessary to maintain irrigation canals at all 

because according to Lacey they Tall ultimately become stable 

one day or other. But in practice we see that the case is diffe- 

ren t. 

The great difference in a river and a channel is that 
a river flows vhereever it likes deg*ding upon its slope but 
a channel has to go along a definate part assigfled by the endinee~ 
So the author feels that to apply regime conditions of rivers to 
channels Is not Vilely correct, Carigjs have -got to be ta?~ea by 
a certain definate route depending upon the. area they.' have to 

	

their 	 _. 
irrigate and one way so many structures are to be constructed 
and so on. 

Now let us exnine his formulae. It has now been widely 
accepted that the constant 2.667 In the formula relating dis.. 

	

charge and perimeter 	p. l• 667 	is not true and its .1alae 
varies from 2.12 to 3.20Q This tows,Lacey's contention that 



in the formula silt has not to play any part,is absolutely wrong. 
This wide variation in the constant should be due to the different 

types of materials found at different places. Secondly the values' 

of the constant cannot be true as it has been derived from the 

ti formulae and not directly observed by. anybody. 

In the above parajraphs it was stated that the formulae 

give conflicting results. If a channel of constant cross section. 
al area with its depth and width changing will give varying hy-
draulic mean depths. The velocity calculated by V ,► 7 
increases with x and consequently there is an increase in dis.• 
charge. But if R increases in the formula p 2-- L'j' discharge 
Q decreases. Since the area has been assumed c onstat, a decrease 
in discharge means a decrease in velocity. Thus while the former 

equation gives increased velocity with a rise in R, the latter 

gives decreased velocity with the rise in R. This is the conflict 

in results for the same data. Not only that. From the formula 

A . 	$ V 	the velo ci ter should be constant for a cons- 
tant sectional area. By this reasoning if Lacey' $ formulae are to 

be employed for calculating the dimensions of a channel each 

dimension should be calculated separately from different formulae. 

Under no case should a value of any dimension be assumed and than 
the remaining calculated with it. 

Lacey' s formulas are applicable only in a certain range 

and any attempt to design channels below that range will give 
oonfusThg Combinations. So for very wall discharges design by 
Lacer' a formulae is not possible. 
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Lacey assumed a fixed section for the particular discharge 

id silt trade. If It is accepted at d if a channel be constructed 

with a uniform moss section but with different slopes then it 

will scour heav ly or shit badly. SD a basic relation in cross 

section and discharge without any reference to slope is abso• 

lately wrung. Lastly the Lacey' s formulae are not dim4natlonly 

- correct. In m, it t, system of dimensions, the dimensions off in 

the formula Y w , 7y1 	will be ~ /T2 but from the fbffiu1a 
'lam 1 the dimensions of f work out as VT rich means 

that the value of f cam t be sane in both the equattoss. If we 
assume the value of f to be constant then the constants 1.17 and 
3.8 must be having some variable factor. In P = Z- 67 fthe dimes-
alone on one side . are L and on the other side the dimensions are 
L/T which does not sees logical, 

One most important thing left out in his observations and 

formulae is the silt charge which plays a very significant role 

in the stable channel shape. It has been the case even With 

K reedy, Lindley slid others  that a qu i tity of solids in motion 

has not received 'the attention that its importance warrants. 
t 

Lacey, later in his paper "A general theory of flow in 

alluvium" in i946, restated the conclusions which he had drain 

in his previous papers, with a physical background. The most 

important advance was the replacement of his original silt 

factor  
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adopting Lee' s suggestion and postulating that particles of silt 

of the same grade and density fall in the restricted depth of a 

mode* at the sate rate as in the greater depths of prototype. 

He produced a Pelation S • v -- I~ 
where v is the terminal velocity of particles falling in still 

water. This was based on his new definition of a regime chaarsnel 

as 'a stable ch #An el transporting the mimimam bed load eon si s-

tent with a fully active bed'. 

In this paper be produced an equation 
sari K  

oa s of whi * was 	4 3 
S v 	- I~•oo~R,•S~ 	 5t 

It can be seen that this was done by Lacey by looking at 

the same old plottings in the light of criticism which he refe-

ived on his previous papers. There is nothing original in this 
paper. 

1iite' a Paper nthLinfluence of trnsDorte4 Q1i4uon 4vers.  

Tbite C.L,of the Imperial C liege of Science,London has 

presented a formula on the basis of dimealional analysis. 

V 	p.7 
C~ ~~~z 	q Rio 	►/~0 	 5i... 

where v is the terminal velocity of tail of particles in water. 

This can be compared with the Lacey' s silt factor formula as 

under:. 	 Z 
V  

-- 	
0.3675 

~ 	7S — 	 it 
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„1brk in thn1ab Research Institute., 

Bose,Malhotra after several Years of painstaking colleo. 

tion and statistical analysis of data derived the following 

formulae using f.p. s.units axcept for d 
V 

P 	2 6 g Q  

9 •g` Q•2~ 	s4 S = 
 

0.0020d~ / 

R. 	— Slq C~ • 2 S 	 55 

where d is the weighted mean diameter of dedimaat in m.m. 

Roth the silt factor f of Lacey and the weighted mean 

diameter d of Boss define the size of the sediment transported 

In a stable channel, it not sediment charge or rate at which 

the sediment is transported. It can be anticipated, therefore, 

that these foiulae are applicable to canals that carry sedi-

ment at approximately the same concentration as the canals in 

India from which these formulae have been derived. 

It is curious to note that the Reseed Institute of 

Punjab has not produced any rational formula based on expert-

mental work but tried to check up the Lacey' s formulae on the 

statistical data of Eennedy and Lindley. This clearly shows 

how Lacey' s work has Impressed all the India research w rkers 

to think only In one line of np erg cal approach. It Is high time 

that atleast Research Institutes take up some basic research on 

daLS problem of channel desi i and try to give a rational solution 

as the Research Institutes of other countries. 
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t rk of Inli ssC. C.. 

Experiments initiated by Inglis at Poona, when he was the 

Director of the Indian Waterways Experimental Statioh,has shows 

that when the grade of material was kept constant the charge 

3aa varied, the expon+n is approximated to the Lacey' s formulae. 

To take case of the sediment charge Inglis introduced a set of 

formulae. The constants involved have not yet been determined. 

Inglis explained further that sediment charge has a snail effect 

on the area of a cbannel,relatively great effect on slope and 

shape and considerable effect on channel width. The formulae 

together with the Lacey' s fonnlae are listed below-- 

IL! .._ 

P 

/~► 	\- 	--y 	A 	Q /t 	$ 
7 

o 7 37 dk f' 	V 	 Q 	) 
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in the foregoing  equations  	C  
mere (,~ is the rate of sediment tr*nsport expressed in vdlame 
per second. 

The set of fonulae pmeited by Inglis is the only one 
developed in India which has taken into consideration the sedi-
me it charge. Unfortunately the consteste involved have not yet 

been determined and the validity of the formulae have not yet 
beam verified by taking actual sediment discharge measurements 
in canals which are considered stable. It is regretful to note 

that the subject of stable channels which vas developed almost 
exclusively in India has beery completely neglected in the race-. 
nt years. Desigas of new canals on the dormulae of Kennedy and 
Lacey are extensively done in India though they dispute among 
the engineers on the selection of the values of constants in-

volved still exists. Considerable practical edperieace is always 
required to choose suitable coefficients for particular fbrmuIas 
to an engineer Eio has to use then. Pbr engineers who are not 
familiar with the conditions on the basis of rich the formulae 

are applied, they are completely at a loss to make proper, f them. 

As regards the above mentioned Inglis' formulae the 
autbor feels that th er acre to Complicated to be used by 
practical irritation engineers and hence it is doubtfu& whether 
people would take notice of then. 

arrgt) of I slier Aas,,,, 

Ispar Das in his recent paper published in March, ]950 



issue of the Central Board Of Irrigation 4ourna1 says that the 

silt factor f of Lacey is very confusing. He says that V varies 

as J* Rf and P varies as f '• He has introduced two coefficient[ 

Ci and C2 and has put the above two formulae of Lacey as under:- 

V 	C., VR 	 6L 

I 	 P 
He has reduced from these the fbllywing relationst- 

CZ .. c3 C 1'3 	 ~~- 
w 	c - ( '- 
c4  

Explaining the physical significance of Cii C2 and C1C2,he says 
that the factor Cl represents the grade and quantity of silt 

carried by the stream. In other words Cl i s a function of the 

detritus in flo4ng water but unlike f it is a measureable ele-

ment. C2 is a function of the nature of the periphery of the 

stream i.e. it represents the nature of the soile surface form-

ing the margin of the stream which is another measureable entity, 

The product C1C2 has been defined by him as silt soil factor. 

This product defines the hydraulic mean depth in terms of the 

discharge and statistical analysis of some reliable data shows 
slope 

th atL&t 	a function of Q and R. It follows that the silt so i t 

factor is Important in not only determining the shape R but 

also in determination of slope. 

I spar Das has presented three sets of curves for his 



three equations to save labour involved in the calculations. 

No comments on I shar Das' formulae se available as these 

have not yet been checked by any practical a gineer,nkether 

his formulae have be checked in any 	for their 

validity. 

It I.s seen from the above study that the formulae mgi.. 

tioned have not yet reached any final stage with regard to their 

use on stable channels. br ulae evolved by Lacey axe not uni- aw''  
versally adopted even in various states of India. The conditions 

in Southern India are entirely different from those of Northern 

India at d hence Lacey' s formulae are not adopted in the Southern 

part of this S b•►Cbntinent. Much vork rggarding the collectio4 
of fresh data from field as well as from experiment s in the 

research laboratories is required for evolving universally 

applicable formulae. India has done appreciable ecrk on the 

subject as seen in this chapter and provides necessary facili. 

ties for further studies in view of the large irrigation system 

in different pets of the country wherefrom a necessary data 

can be collected. 
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$'PPOLDE8IQIING $B  LE Chi N SL 

In the previous chapter, the emperical methods of design-
ing stable channels evolved in India by Kennedy,Lacey and others 

have been discussed in full detail. Although Am these formulae 

provide workable relations for the conditions for %bicb they 

were developed they cannot have a iniversal application as they 

were developed emperically from a very limited range of condi.. 

tions. In United States while the design work on the , l American 
Canals on the Lower Colorado river was in progress, it was found 
that the Lacey's relations did not give satisfactory solutions 

whin applied to the fine sediment of that region. After a thoroug 

study of the available literature a the subject, a stateaemt of 

the general principles of stable channels was prepared by Lane 

LW. at the U. S. Bureau of Reclamation. 

iactors ffep4t 	tiefltable  chsnel Desirn  

In order to develop a rational. desi; t,Lane studied the 
fundemeatals of channel design and systematically analysed the 
factors controlling the shape of a del in erodible material. 
The factors which enter into the stable channel design are as 
follows:- 

1) Hydraulic factors such as slope,rougbness,hydraulic mean 
daptb,mewn velocity, velocity distribution te®parature 
etc. 

2) tunnel shape factors as the bed width, depth and side 
slopes. 
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3) Nature of materials transported, depending updn sizes  
shape, specific gravity, dispersion, quantity and the 

materials of bank and bed. 
4) Miscellgieioas such as alipfeat,non-nniforaity of flow 

end aging. 

To obtain a rational silution it is absolutely necessary 

to consider all the above factors and to determine accurately the 

factors of major importance and neglect those having very minor 
effects. 

Of the hydraulic factors the slope roughness,hydraulio 

meep depth and mean velocity are inter dependent and their re. 

lation is knowwa from the Usual velocity fbrmulae. a ghness of 

banks and bottom, certainly has effect upon the movement of mater-

ial in suspension and by tractton, iii ch has not been fully known, 

yet to some extent they cats be mathematically analysed. The laws 
of movement of bed lead and suspended to ad, too, are not fully knout 

the progress made upto date has been sboi in chapter No. 3 ehich r 

is certainly not of direct importance on the design of channel. l 

Velocity distribution and the mean velocity in a channel section, 

are very important factors,of *hick mean velocity can be calcu-

lated but the velocity distribution has not yet been fully under-

stood for trapimoidal channel sections. The presence of the bound• 
ary layer too cannot be fo rto tt sa, whi th m.arks the problem of velo• 

city distributioh still more complicated. femparature has an 
effebt on viscosity of water and consequently the rate at which 

the solid particles settle. The effect of temperature plays an 



Insignificant role in stable channel shape and deice it would 

not be much hax~ful if it is neglected. Moreover, in all the works 
done uptil now tesparature data has not been collected. 

The shape factors are the dept, width, side slopes and the 
wetted perimeter. It will be necessary to find a section which 
gives minimum perimeter for a given area and discharge. 

The nature of materials transported includes the sediment 
particles as shape, specific gravity, dispersion quantity and sub 

grade material. The size of the particle is of importance though 
shape kay be neglected for practical purposes: as the laboratory. 
experiments show that the rounded particles move with a little 
less velocity than the angular mss. The specific gravity of 
sediment may be taken as uniform because even if it slightly 
varies it 'is of less importance. The study of actual dispersion 
of particles of various sizes in water has not boom made uptil 
now and this Is open to further studies by physicists and chem.. 

fists. The quantity of solids moving is of prime importance and 
though some studies have been made to determine the suspended 
load and the bed load moveeeet,much remains to be done to eiolve 
a universal formula. The bank and the sub grade material has also 
its share in the studies of channel sbp*e and the stable side 
slopes depend upon the angle of repose etc. If the materials 
composing the bed and b kd are resistant to soour,bigher velo. 
cities can be used than if the material is easily erodib&e. 

In the miscellaneous group, we may include canal alipimesat, 
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non-uniformity of flow and aging. Alidiment Is important because 

bank scour is more likely to occur on curves. The age of canal 

is also important because after water has run for sometime in 

a channel, the particles composing the bed arrange tb mselves in 

such a manner th gt they are more difficult to move than when the 

water is first conveyed through the canal. If the water is 

silty this material forms a kind of weak cement which binds the 

bed material together and makes it more resistant.. 

Canals for conveying water for irrigation or power aee 

usually designed to meet three sets of conditions. The first 

Is iei it is desired to have a lowest practical velocity In 

order that the slope be a minimum. This Is done In irrigation 

canals to command more area for a given length and In power 

canal this Is done to obtain greatest feasible head. In the 

second type At Is required to reduce the size of the canal to 

a minimum in order to make the cost as call as possible without 

maXing slope steeper th necessary. In the third condition it 

is sometimes desired to carry the canal on an alignment that has 

a slope as steep as possible in order to reduce the cost of 

drops and falls on the way. 

Gener ._Asnect,s Of. Stable Channe ,s 

The defination of stable chapels as per Lane is " A 

stable channel is an unlined earthern channel for carrying 

water,tbe banks and bed of which are not scoured by moving water 



and in which objectionable deposits of sediment donut occur". 

Sediment has been defined as franeatal material transported by 

suspended in,or deposited by water or accummulated in beds by 

any other natural agets. 

There can be in general three classes of nsk unstable 

channels - (1) Channels where banks and bed are scoured without 

deposits. This will occur vhea the water is either clear or the 

sediment carried is very s All in quantity. (ii) 8hannels where 

deposits occur without much scour. This 411 occur from the 

sediment brought Into the canal with flowing water or scoured 

from the banks bed upstream. (iii) When channels have objection-

able scour and deposits, both present at the same time. Isar pro-

veation of unstability of the first glass an aAakysia of scouring 

action is necessary. Fbr the second case it is necessary to 
a sure that the sediment brought in the canal is carried upto the 

do stream aid. The third case is the combination of both. 

To be stable from hydraulic stand point a caflal in ero-

dible material must not scour on the sides and bottom and objec. 

tionable deposits of sediment should not take place. In order 

that the bottom and sides may not scour, it is necessary that the 

Conditions of flow at all points on the wetted perimeter umm u±ai 

tkaxb*ixkd of the canal be such that the particles composting the 

banks and the bed are not displaced and to prevent sediment 

depcesi 	(the flow should be such that sediment is not ' allowed 

o deposit but it flows till the end of canal, One important point 

in design of channels carrying large sediment is to investigate 
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the hydraulic factors of canal which will have a transporting 

capacity sufficient to carry the material introduced at the upper 

end. 

We shall now try to see as to what forces cause scour on 

canal banks and bed. Scour on the banks and bed takes place when 

particles composing the side and bottom are acted upon by forces 

sufficient to cause than to move. ten a particle is resting on 

a level bed of canal, the force acting to cause motion is that due 

to the motion of water past U. particles. If scour in bed is to 

be prevented the motion of water must not be rapid enough to 

produce forces on the particle sufficiently large to cause it 

to move. If a particle is on a sloping side of a can al, i t Is 

actdd upon not only by the velocity of water but 	by the 

force of gravity which tends to make it roll or slide down the 

slope. The force tending to cause the d©wiward motion is the 

component in the direction of side slope,of the force of gravity 

acting on the particle. If the resultant of the force due to the 

motion of water and component of the force of gravity acting on 

the particle is large enough than the resisting power of partid'lb, 

motion of particle takes place. 

This can be illustrated like this. Consider a particle on 

the perimeter of the cross section of 	aerial Is level, the 

motion 
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of particles at A 411 occur when water moves 	t the particles P 	 P 
with sufticivat velocity to produce a force F,large ersaongh to 

cause it to role or slide longitudinally do wa the canal. At B, 

on sf des, the force of water F2 will act in the longitudinal 

direction and the force of gravity G will have a component G 

in the direction of side slope. Motion at B will occur when the 

resultant F of the longitudinal force P2  and the gravity compo-

neat G is large enough to came motion. 

The movement of material on the banks and bed of canal 

depends upon the steepness of side slopes and the velocity dis-

tribution near the banks. The forces due to the slope of sides 

are easy to analyse but the velocity near the banks is very 

difficult to determine. Secondly the presence of boundry layer 

cannot be ignored %hich makes the problem -still complicated. 
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Tractive force as explained by DiBoys,is the force which 

the water exerts on the perimeter of the canal due to its motion 

and in the direction of motion. It is a force exerted on a eer-

tamn area and not on any single particle. This tractive force 

is equal and opposite to the force exerted by the bed material 

on the fdo4ng water. These fwo forces being equal and opposite 

there is no acceleration to water. If the bed material were not 

to exert any force on water, it cold flow as a frictionless ball 

on an inclined plane. In a channel of constant slope where the 

water is flowing steadily! there is no accela*ation because the 

force causing motion is equal to the force 'preventing motion. 

Tractive force is the component of weight of water in the 

direction of flow. Iu a channel of iafinate width and length 

with uniform slope, the tractive force exerted by the water on 

one square foot of a$ea is the oompomsut of weight cctx ttsdcz 

in the direction of flow. The weight of water is wD and its 

component in the direction of flow will be wDS. 

In trapizoidal canals the tractive force is not anifojflly 

,distributed over the bed and banks but approximate to that shown 

as below 

MMY rC 



In the present studies,Lsue has assumed that the tractive force 

distribution will be similar in all cial.s having the seine B to 

D ratio and the same side slope. So if the tractive force 	.strict. 

bution for one section is known then it can be assumed that the 

distribution will be similar in similar cross sections. After an 

exhaustive study of all available data of velocity distribution 

and the sheer sit force distribution, Lane arrived at certain 

limiting values of tractive force on sides and bottom and plotted 

figures (1-  ). His results indicate that for trapizDidal chatosels 

of the shape. ordinarily used in canals the maximum sheer force 

on the bottom uoul d be close to the value of wDS and on the sides 

the maximum tractive force 411 be 0.76 wDS. 

To arrive at the limiiting values of tractive fbrcef Lane 

not only did laboratory experiments but he also observed the 

canals loCate4 where the Rio Grande leaves the mountains and 

flows out on au alluvial cone. The materials in this section 

deereased in size from the appear outwards and provided canals 

in the materials of a wade range of size. These canals were 

straight, stable and regular in cross sections' and were steep 

enough to give high velocities and tractive forces. They gave 

him a complete. opportunity of observation on prototype canals 

built in graded material. Fifteen different reaches were observed 

by Lane having discharge from 17 cosecs to 1500 cusecs and having 

longitudinal slopes of 4.2' to 51' per mile. The results of these 

observations are plotted in fig 

The effect of side slopes on the limiting tractive force 

■ 
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The particles on the side slopes are subjected to twD forces,one 

is the force of water tending to move the particle down the 

canal in the direction of flow and the other is the force of 
gravity having its component in the direction of side slope 
tending to move the particles down the sloping side. By combin-

ing the tZ) actions the effect of the slope of sides on the 
critical tractive fbrede necessary to cause motion can be calcu-

lated. In thega let W be the weight of a certain volume of 
material located on the surface of a side bank the slope of which 
is b. The force W can be resolved into its normal and tangential 
components N 	W c os pc, and •j = W S1w cc.. These two equa.. 
tions would have supplied a s&lution in still water but the canal. 
is carrying certain discharge and so in addition to T and N we 

have to consider the effect of tractive force ', . It now 
follows that in this case,3f there is bads of equilibrium due to 
tractive tbrce the trajectory of a moving soil particle will not 
be the line of maximum slope falling in the planes perpendicular 

to the canal axis but on inclined route as 0 A . It is obivous 
now that for cmmputing the stability, we must equate the friction 

force N *n• + 	to the resultant 	'~-~ T' 	of the 

tic forces rt and T. Since the tractive force is proportional 
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to the depth D and slope S and since the slope S is constant for 

	

a certain range we will have ' t 	 Wt ,y 	W IS COYS4hr. 

T " =.  

•.. Jc*-2 	2 2 	W LcJoc  

mere ' is the angle of repose of the materials of bed and 

bank and o, is the side slope of bank. 

tow substitute 't., instead of 	riving, the critical 

tractive force and we have 
 2 z 
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This equation holds good for all v aloes of a(.. the side slope. 

if m o o tai 

which meats that the grannular material foxmind the bed of canal 

will remain stable so long as the resaltaut of the tractive force 

and the weiit will remain within limits defined by the angle of 

repo se. 

For practical application Lane tried to determine quanti-

tatively the ratio betveaa the critical tractive force 

for side slopes and critical tractive force on the bed. combin-

ing we have 
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K 	= C oS oC 	_ +GLrI. off, Or -- 

bbr ©onveniatce in desii K has bees worked out as the ratio 

between the critical tractive force on sides to that at the 

bottom. Lane has prepared a diagram giving a graphical represen-

tation of this equation. See fig. ( 5 ) . For example in a 
material whose angle of repose if 35°, the critical tractive 

force which weld move the material on the side of a canal with 

y2  ; I 	side slope will be 0.28 times that which would cause 

motion on a level bed. 

Lane has given another ding-Kr (7 ) which gives the 

angle of repose c/ as a function of the shape at d size of 

particles. By means of these two diagrons the problem of tractive 

force on side slopes, so far as scour is concerned, is completely 

salved. 

Now the problem is to find out the tractive foree on the 

bed. The 	._ basic parameter for immovability of the grains,ft 

opposed to the critical tractive force is the size of the grains 

d. Pbr the gt Ir 	tbzsax purpose of design,Lane has devil-  

ad all the materials In three types fit') which require different 

methods of analysis (1) Coarse and noncohesive material (2) fine 

noncohesive material (3) Cohesive material. Pbr the design of 

canals in coarse noncohesive material,, the action of particles 

railing do is on sides should also be considered In addition to 
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limiting tractive force as the bottom. *are the canal Is cons. 

tructed in cohesive material the particles are prevented from 

rolling due to cohesion. Canals in fine noncoheeive material 

are intermediate between the two. In this case the effect of small 

amounts of cohesive sediment in the water or in the material 

through which, the canal flo ws, becom es important. 

A plot fig. (6) has been prepared showing the limiting 

value of tractive force for disign of channels in coarse and 

noncobesive material baded upon the data of San Luis Valley 

Canals. The line A on the figure represents relation;tractive 

forde in ponds per square foot equals ]/2 the diameter of part.. 

Iles in inches such that 25 per cent of the material is coarser. 

Though the line A represents nearly the true values of tractive 

force in canals, there is not enough factor of safety for use in 

desilp and bone line B is dra n tentatively sue► that the limiting 

tractive force in ponds per square foot equals to 0.4 the dia 

meter in inches for which 25 per cent of the material is larger, 

and line B is recommended for design purpose. One thing should 

be noted that all these relations are meant for only straight 

gm►als an nnuc so these should not be applied to canals with 

bends and curves. Second thing is that the materials analysed 

for fig.( ) has a specific gravity of *zk 2.56. If it is used 

for materials having different specific gravity,the tractive 

forte for a given size as indicated by the diagrms should be 

multiplied by the ratio of the unit weight of the material sul-

merged to the unit weight of material having specific gravity of 



2.56 whet Submerged. In the oases of coarse material, the Mt 
weight 

4thLwitb voids filled with water should be used. 

An example will clasify the matters. ppo se a canal is 

to be built in slightly angular material 25 per cent of which 

is one inch or over in d aveter stud that the canal water section 

has a 20 feet bed width and 5 	feet depth with 2.1 side slope. 

Cb 	t3 	.1 h 

• 

The maximum tractive force on the bottom of canal with 

B/D=2isshowaby (ig.( 4r ) tobe0.89wD8. 

No motion will occur on the bottom if this 0.89 wD8 does 

not exceed the limiting value for the material. 

The limiting value of tractive force for material of 

rich 25 per ctt is over 1 inch in diameter is sboii by fig. 

C 6 ) as 0.4 pounds per square foot. 

The limiting longitudinal slope of canal is therefore 

O1 a3 w. D 



The safe angle of repose of slightly angular material 

of 1" di a i s shows by fig.( 7 ) to be 360. 

For side slopes 2.1 and angle of repose 26' the safe 

tractive' force on side slope is 0.64 of that on the be ttom, or 

that is 	©'6~ x ©- 4 	=- O.9- ~ 11 /sob 

The maxima t tractive force on the sides of a .trapieoidal 

channel with b` 	and side slope 2:1 is from the fig 0.76 A. 
wD5. 

S _ 	a 2l 
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Since the limiting slope for sides Is sealler than that 

for the bottom, the former wDuld control the design and hence a 

slope of 0.00 18 should be adopted in the above case. 

The above method of channel design evolved by LOS is an 

entirely new line of attack to the problem of stable channel 

design. In this solution empericia. goes hand in hard with 

theoretical analysis. The emperical part is confined to the 

assumpti©n that the design of canal is a problem of tractive 

foree, but the calculation of that force and its permissible 

limits is a matter of clear cut theory based on laboratory ex-

periments. This method has been very recently evolved and it has 

not been in practice. Once a few canals are constructed on this 

basis many more things will be eiplored. 
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Lane's approach to the problen of channel design 

i s, indeed, a great advance in stable channels. First of all he has 

studied the entire litarature available on the snbj ect, both 

emperical. aid theoretical and prepared t combined diagram shorn. 

ing relations of bed width and depth for the important emperical 

formulae Cam. Secondly he is probably the first person who has 

tried to analyse and account for all the fundamental factors 

which control the shape of stable channels, and discuss as resat 

extent each of the factors be givei importance. '- 

One factor seems to have reebined unnoticed in the above 

list and that is the effect of seepage into or out of the canal. 

Seepage may have an appreciable effect on the resistance of 

canal banks to scour by flouting water. The seepage out of canals 

produces forces on the particles which tend to hold then dui 

on the bed or on the side slope and thus make them less subject 

to movement by the force of water. Similarly seepage into the 

canal has an opposite effect since it tends to lift the particles 

and thus make them move more readily. So seepage effect,the 

author feels, cannot be ignored in all channels in nonc©hesive 

material. There is no doubt that in the first few days after 

starting a new eanalf tbe finer sediment flowing along with the 

water might fill up the void spaces of slightly bigger size of 

material and thus form a sort of an imperviasa layer on the 

perimeter. But it has been observed that in all canals in allu.r 

vial soils the seepage losses are heavy and so seepage cannot 

be neglected from our discussion. 
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mile analysing the tractive force on the bed and bottom 

Lane says that velocity distribution plays an important part in 

the distribution of tractive force but as its determination is 

rather complicated and=e© he has entirely left it out. There is 

a boundry layer present which also plays ae Important part in 

velocity distribution which has also been completely omitted. 

Again there are eddy currents present in a channel section, 
the vertical components of which try to keep the flowing material 

in suspension. In their papers both Kennedy ad Lacey have men-

tioned that sediment in a flowing canal is kept is suspension 

soley by the vertical components of the constant eddies which can 

always be observed in any channel boiling up gently to the sur- 

face. The eddies rise due to the roughness of the bed and sides 

and work up against the depth of charnel. 90 these eddy currents 
too must be paying a significant part in channel design which 

sums to have slipped Lane's attention. 

The basis of calculating the tractive force on bed and 

side slope needs some changes. The particles on the side slopes 

are not only acted upon by two forceslone, the flow of water and 

the other, the component of weight in the direction of slope which 

tries to slide the particles along the side slope,but there is a 

third force of seepage which 412 try to Beep the particles in 

their position in case of seepage outflow and which will try to 

eapediate the motion in sloping direction in case of seepage 

in flow. hence it is necessary to calculate the pattern of seep-

age in the bed and slope and properly incorporate it in their 
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deti nation of tractive force formulae. 

The calculation of shear force has been done on the assum-

ption that the pattern of tractive force Will be similar in simi-

lar Cross sections of channels. ln.der this assumption all canal 

sections having the sage B to D ratio and the same side slope will 

have the sane tractive force. This assumptionnnot se #a quite 

correct to the author. The tractive force or the shear force 

directly depends upon the velocity distribution in a channel 

cross section. When we admit this fact it is evident that unless 

the velocity pattern is similar in two similar cross sections, 

the tractive force distribution cannot be similar. For velocity 

to be similar the longitudinal or bed slope too should be similar. 

Secondly it i s somakhin g like a medal and a prototype. Studies 

on hydraulic models specially the movable bed models have shfli 

that the esperieents on models give just qualitative results 

&Ad not gqantit&tive. Sometimes the flow pattern becomes entirely 

different, fbr instance on a mall model a particular flow if 

reduced in proportion ciao ges the type of flow altogether i.e. 

a turbulent now becomes a laminer flow which is governed by the 

viscos forces. Hence the author feels that though the assumption 

is good to start with,it has got to be seen in the light of the 

above discussion and suitable coefficients will have to be sugg- 

ested for tractive force in similar cross section depending upon 

the discharge and bed slope. 

Lane has prepared a diagram for the angle of repose of 

different materials. It is not mentioned whether the values have 



76 

been observed in submerged conditions or not because submergence 

will have its effect on the fine non-cohesive material though its 

effect might be less preomineat in materials of bigger size. 

Secondly the angle of repose fora certain size and dieter '  
but in natures  most of soils are found to have particles of 
various sizes and in that bise the angle of repose diagram may 
not hold good. This fact needs an urgent attention otherwise 

Lane' s methods of design may not be applicable in any practical 

case. Thirdly, consideration whether a material is very angular, 

moderately aSgular or slightly angular and very rounded,moderate-

ly rounded and slightly rounded is entirely left to the entire 

discretion of the user which brings in all possible mistakes. 

A material which has been designated by one as slightly angular 

can be called moderately angular by another and thus there is 

no basis of correct judgeneat. 

One more thing about the side slope of a channel. Lane 

considers that the stable channel will have a side slope as per 

the angle of repose of material of which the bank is composed. 

Experience in IndL a,of many eminent channel experts like Kennedy, 

Lindley and Lacey shows that a stable channel assumes a se ►i 

elliptical shape. The channels observed by Kennedy were reported 
to be having practically vertical sides and horrizontal bottoms. 
Lacey has stated that natural silt transporting channels have a 
tendency to assume a semi elliptical shape with major axis hori• 
Zontal and with the ratio of major aids and semi minor axis 
depends upon the nature of silt carried, being greater for coarser 
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material and vice versa. At present the pprocedure of design in 

a new canal system is that though the excavation or embankment 

is done as per the slope to which the soil can stand yet the 

calculation of discharge are done with the assumption of ]/2 to 

1 side slope. It has been observed that the banks ultimately 

assume appNxiJnBtely side slope of a/2 to 1, after they become 

stable or attain what is known as the initial regime. This matter 

should be considered by Lane. 

In the concluding paragraphs his paper Lane has stated 

that the effect of bend is under study. No one has yet taken 

notice of bedds in studying channel shape. Kennedy has selected 

a few straight reaches and so also Lindley. In practice it has 

been observed that there is a great scour on the outer side of 

a curve and silting on the inner side. Scour can be reduced by 

lowering the velocity of flow on curves which can be accomplished 

by using larger canal areas but this would result in an increased 

cost. It will often be economical to allow scour to start and 

then to stop it by protecting the banks at points of scour. The 

author feels that some special sections should be provided at 

b is with the consideration of a likely scour. Some method 

should be found to estimate the scour at bends depending upon 

the curvature discharge and the material in which the canal is 

to be constructed. The section should be such as to take care of 

the proper velocity distribution on bends. Between the section 

at bend and the section on the straight portion some smooth 

transition should be pro vided so as to keep the scour to a mini. 



mum. This should be tried first on small scale and seen its 

possibility of application in practice. 

Lastely we have to consider the case of heavy sediment 

flowing in a Canal. This becomes a theoretical problem of ssdi-

meat transportation. Mach work has been done as we have seen in 

Chapter III but more remains to be done i1ch would give some 

basis of design. We have to find out the 	laws which will 

give conditions of flow such that the sedimeat introduced in 

the canal at the upper end should be carried till the end of the 

canal without any deposition whatsoever at any place. At this 

point we ass able to appreciate the importance of the theoretical 

studies of sediment transportation which might be needed to be 

into duced in a rational design of stable channel. 



l 	

79 

_ 	 u!Mfl 

The only investigator who has attempted toc a closer deft- 

nition of the shape of the sia ble channels is Lacey. =Ue=says 

that natural silt transporting channels have a .tendency to assa-

me a semi-ellipitical section is, confirmed by an inspection of 

a large number of channels in final regime and au a ►ination of 

the cross section of discharge-7si1ts=Ot rivers/well defined stray. 

ight reaches of known stability. 

In as article in the Ceitral Board of Irrigation Journal 

Lacey has tried to give some reasoning on his insistace of elli-

ptical shape. He says that for a given water surface and a Gres 

art$ the section of least work weald be a semi ellipse. A number 

of ©bservatiohs were made by him on actual canals which had 

attained certain stability. He called the ratio of mean depth 

to depth as the shape factor. Mean depth was calculated by him 

by dividing the area by the bed width. This he did because he 

considered the side slope to be of ),/2 to i inclination afld 

hence the channel approximated to a rectangular section. The 

shape factor observed by him varied fro* 0.7 to 0.9. The reason 

for variation was due to the silt distribution and size of 

sediment particles. Ih the figure 

w 

1 
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If W is the width at water surface, D is the depth and B the 

bed width then 	- 

Z a T3n/D where Um = 4/B 

z: (J-k ).D. V/B.D 
2 (.W tB)  2B 

Let Y 	/B 

then Z - ]/2 Y --1/2 

orYe2Z•1 

If Y: 0 than z:  0.5 the shape is tt2ajiaular 

" Y= 1 " Z= 1 	the shape is rectmagular 

But for Z. = 0.7 to 0.9 the shape carts out to semi-elliptical 

approximately. Thus we see that the values of shape factors 

obtained by Lacey on examining the regime canals give the shape 

of semi-ellipse. If the bed material is coarser the elliptical 

section flatte.s and if the bed material is finer the section 

becomes steeper. Sb Lacey concluded that stable channels mould 

be semi elliptical with the major axis horizontal and, the ratio 

of major axis and the semi minor axis is greater or smaller 

depeabding upon the nature of silt carried. Lacey says that it 

should be possible to keep a horizontal bed and yet adopting 

a proper value of Y by varying side slopes to obti n a desired 

value of Z. There is no need of adhereing to a particular side 

slope as it lay change with the changed value of Z. If such a 

canal is constructed there will be some scour on side but no 

scour on the bottom. After a couple of seasons the section should 
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become stable. 

Lane in his paper on"Stable Channels in Erodible Material" 

says that investigations donot support Lacey' s conclusions. A 

convenient way of comparing channel cross sections is by mews 

of ratio which may be called the"fona factor" between the area 

of the channel section uptfl the water surface and the area of 

the enclosing rectangle. Pbr an ellipse this ratio w uld be 

= O.79, for a parabola 0.67, for a triangle 0.5 and for 

a rectangle it would be 1. A study of a large number of cross 

sections of channels has disclosed ratios from 0.55 to 0.92. 

The stable channels observed by Kennedy are reportid to have 

practically vertical sides whereas those see by Lacey were 

seal alliptical. 

Pettis C.R. in the discussion on Lane's paper mentioned 

in the above paragraph says that he had investigated the shape 

of natural stable channel which would best comply with the knoi 

hydraulic conditidns. The evidence indicated that the cross sea• 

tion skim Id be of parabolic she where D varied as Bk. The value 

of k was not less than 2 and not more than 3 and the value best 

suited was 2.5. A semi elliptical shape was not an ideal shape to 

channels. He derived many formulae which have a striking resbnb-
lan ce to those of Lacey' s formulae. He termed the ratio of R/D 

as the form factor which for a parabolic section was 0.715. 

Consequently B: 0.715 d. 

Pettis says that ideal stable river cross section is a 
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2.v curve of typeeD varies as B. It is characterstic of rivers 

that they are subjected to very variable flows. No given cross 

section can be theoretically perfect for more than one value of 

Q. Since there is certain range of stability such a channel will 

be safe for a certain amount of overflow, If the overflows are 

feequeit or high the original shape may be modified slightly to 

meet this condition. TAbon the water falls below full bank stage, 

such a channel will remain within the limits of stabiltty, lbr 

flows at medium stages. At low stages there will be a tendency 

to silt along the sides, which may cause irregularity of flow 

and which may be followed by some scouring. The ideal stable 

channel is one which wuld remain stable for all ordinary condim 

tion s. 

Just what shapes are produced for stable channels by all 

the variety of considerations have note bean determined. The author 

is of opinion that the shape of stable gunnel cannot be correct.. 

ly done in a laboratory because similar conditions cannot be 

reproduced on a model. For the study of the shape of alluvial 

channels, all the present stable channels should be inspected and 
correct cross sections be found out at Various places. Other data 

of climatic conditions and geological conditions too should be 

recorded. Cross sections on the curves a ould be asscertained 

more carefully and a series of eaptions should be taken at smalk 

er interval from the straight reach upto the curved section and 

then from the curved section upto the straight section. This will 

indicate the type and pattern of charges, the section undergoes 
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due to curvature. The author holds a strong view that the cross 

sections on the curves and bends should neither be rectangular 

nor be trapizoidal but should have a section which takes into 

account the likely scour on the curve. From the straight reach 

to the curve a certain anooth transitional sections be provided 

if scour IN to be avoided. He feels that an approximately semi- 

elliptical section will be suitable in straight reaches and a 

parabolic section shculd be best suited on bends. 

The above discussion takes into account the section after 

a certain regime or stability has been attained but when a new 

excavation Is done this sor-t of Ideal section cannot be adopted 

because of many other difficulties. A loose granular material 

would neither stand on semi elliptical section nor on parabolic 

section. It will have to be constructed with the angle of repose 

in view. Ace to original compactness of earth, the sides can be 

given a steeper slope but in enbankment the slopes will never 

stand steeper than the angle of repose. This brings in a rather 
pessimistic view that a definate shape cannot be obtained. 

The problem of channel shape should be attempted with the 

new background of soil. mechanics. Most stable slopes to ehich an 

earth composing of different sizes of material can stand, be ana-
lysed In a soils laboratory. Then the porosity of such a mixture 

of soil and permeability can be knows and with all the above 
soil consierations the shape problen should be attacked. As far 
as the water is concerned the author feels that its surface ti• 

sion, capillarity and adhesion might also be playing a part In 
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the determination of the section. So the problee should be 

studied separately in the laboratory on the soil mechanics 

consideration and in the field by observing the existing stable 

channels both the straight and curved reaches. 
0 

~r*01._!40*ra 
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In the previous chapters we have seen the different method; 

of channel designs and have discussed the metits and demerits 

of each method. Here it is proposed to take up one numerical 

example which 411 be solved by different methods so that it 

will be easy to compare one with the other. 

Suppose we have to construct a channel for a discharge 

of 900 cusecs. The section has to be trapizoidal with side slopes 

1/2 : 1 as usually assumed and let the grade of material be such 

as to have a regosity coefficient of N » 0.0225 and a silt faa• 

to r is 1. 

jWfl 

In Kennedy' s method, we have to assume certain dimensions 

of channel and then see whether it can pass the required dis. 

charge with CVR near about unity. In this case let us assume 

a bad width of 73' and de#th of 5' with a doniitudlnal slope 

of 3/5684. 

0 = (5 + •5 D) D = 3`77 • S sf t 

0 
	

5 + 224 D = 84•1a fE 

a k4 kt- 
P.T % 
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From the Kutter' s formula the value of C works out to 86.66 

with the value of N :0.0225, a: 4.48 and a: V&684. 

V= c J~.s 
= 8566 4.48 xY5684 

2 , 4%S41c. 
G. 	A !V. - 90  

So the section having a bed width of 73' and a water depth of 

6' will be able to pass the required discharge. Pbr this depth 
the Kennedy's pr~tieal velocity will be 

'v' — 0 • $4 D 
2 - 3 5 '/ sec. 

o = 
This .shows that the C.V.R.is near about unity and hence the 
section could be safely adopted. 

Hence the values of the ch e' dimensions as per Kennedy' a 
method are 

= 73' 

: 4'/ 
uJLfl 

In Lacey' s method it is just sufficient to know the dis- 

charge and the silt factor by which all mother elements can be 

calculated, 
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Si33 

5 
__ 	' 0 ' 000 174 or Vsko 

7937 Q 	..  

o e~. )LC4 	V . 	 = YA 	2 47/s. 

Hence by Lacey' s method for the sane data we get the following 

values 	Q 	68,51 

This example oats be very easily and quickly solved by Lacey' s 

diagrams which are very commonly used for the designing of eha" 

run S. 

Lens's Method. 

Fbr solving the above problem by -critical tractive force, 

one diagrom which gives a critical' tractive force for a parti-

cular diameter of particles, will have to be used The other 

diagrams of Lane mentioned in chapter V cannot be used because 

the values of tractive force for the particles size and side 

slopes of the present problem are not shoin therein. 

Now let as assume a slope df 3/5684 and a silt factor 

equal to 1 which will give the particle diameter as 0.333 moat 

From the diagra the critical tractive force for a particle 

size of 0.333 m.m. is given as 0.055 lbs,/sq' . As the tractive 

force is equal to wRS, we have 



_ o• 55 x 6-6 8 4 	 88 
62. 4x 1 

Velocity by the Manning' s formula is 

V ; 1.4ss-g R Sz 

• &, - Q~ 	= 3 52. 

= 7o'2. 

352 

C~ t 2.2q.p 

 

70.1 

C,b 1-L 	c, & atL o ti s ,V ~. 

These values give an area of 354 aft and with a velocity of 

2.66'/sec a discharge of 900 cusses can be easily passed tbough 

the section. 

Hence the values of channel elements as per critical 

tractive force method are 
B 	Wig , 
t 

stein's Method. 

In this method there are many elements to be determined 

or assumed to be used in the expression 

, ~ 	~  

w~tyt 	 6~? 
 

t
j) 
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Fbr 5s equal to 2.64 and kinematic viscosity of water as 0.01 

cut/sec., the values of F cork out to 0.81 which can be safely 

used for xnaftau particle diameter of 12 1 to 10 a.m. From the 

previous equation we have 

4o FA  
- W3 S.

) 
r J I' s C Ss~~ 

~O f F 	Q• Fi 1 W_ C• 4 i b/sl— J 	o . 31• Z'/$1.0. I$A- 
omnCL 	S►~o.11a 
w e—  

?4-Ooo 	/& 	L 

1l 

c4-r cv 	-~ q _ ~N 	̀ 7s 	Lew 5s 	, 
V 

l4t6 N4' °.S- 	-). 
N 

Q 	 D1.33 52.9" 
L /Q~ 	
) -.V  

which expresses the rate of sediment transported is terms of 

depth, slope and mean diameter of sediment. For practical appli-

cation of the formula in design of c is els, the surface width 

is first chosen arbritrarily. Then with know values of q and 

qs and d the two trnkno its D and S can be determined from aqua. 

tins ,& and B. Differe it sets of D and S Will suit differe►t 

values of B from which the most appropriate one can be chosen 

with a view of topographic limitations of slope,minimum exca 

vation etc. 

Let us assume a yidtb of 60' and a bed load volume of 
0.025%. 
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 o' S75 x1o3 e.j 

D= cs

loo 

N 	%x' 67 

EI 
  

3 	as 

... V - L7o/s- 

A =(a--°'sr)D 
-644 s~ 

Q = 

 

3442-7 

As the values assumed for t a B give a satisfactory discharge 
this can be safely assumed for the a annel. hence by einstein' s 
method the different dimensions of channel are as under:. 

V 	2 •'7 ' /S c. 

The above example vorked out by different methods gives 
a comparative picture of all th®se methods. 
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The science of stable channel design has bees developing 

over a long period. The most extensive and pioneer work was done 

in India, where extensive irrigation systems are located. Since 

the past two decades the rk on stable channel studies has 

remained rather standstill in India, though other countries like 

United States are going ahead. The season of this stagnation 

seems to be that the people of India are slightly tradition» 

minded and the methods of Kennedy and Lacey are being used for 

irrigation systems though in some places these methods are show. 

ing absured results. The other reason of stagnation in this 

direction seems to be the introduction of lined channels rahicb 

are extensively being built on almost all modern irrigation 

systems. The lied channels are neither silting nor scouring 

because higher velocities can be allowed to see that silting 

does not take place eAd deposition never occurs. Scouring is 

out of question on a good lining material. But it should not 

be forgotten that lining of channels is prohibitively cost+sly, 

which necessitates the construction of unlined channels. India 

has to build very large irrigation systems in the coming years 

and hence the irrigation engineers, both in the field and in the 

research laboratories should take up the problem of designing 

stible channels in all seriousness. 

91 

The work of stable charnels should start in tw different 
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directions simultaneously. In the research laboratory basic 

research should be taken up to find out the laws of sediment 

transportation. Up ti]. now no work in this direction has been 

done in our country. So keeping in mind the pork done in other 

countries, research engineers should begin their experiments 

on the soil samples available in our country. irk has been 

done on material of uniform grade and size to find out the laws 
of bed load mo veneat. The author Is of the opinion that the 

samples should be such as are available in nature so that thug 

will give a correct picture of actual movesent. 

On the other baud, all the present channels rd icb have 

assumed a certain stability due to age, should be surveyed and 

seen whether they could give any clue to this problem. Data 
un 

of all the essentials should be collected afresh s [like 

Lacey to find the channel behaviour. The data shi id include 

the bed width, depth, slope, discharge, cross sections on straight 

a td curved reaches, sediment characterstics such as grade and 

charge, geological conditions and tEmparature variations etc. 

Un-disturbed samples of soil should be taken from the soils 

where these stable cha=els are existing to see the permeabili-

ty, compaction and other soil properties. 

The -author wishes to suggest the following laboratory 
experiments to be carri*d out which will add to the knowledge 

on the subject to a considerable degree; He feels that exp eri-
meats carried out under controlled conditions in the labor&. 



tories are bound to give more useful information. 

Bzo__eent_br_ Crtt4al Tr~ct1ve Fbrc~~ 

1 series of experiments are required to be carried out 

for the determination of critigal tractige force or the velocity 

at which the movement of bed material starts. Bed material should 

be sbeved and properly graded from very fine silt upto as large 

a size of sand as can possibly be experimented upon in the labo-

ratory flume. Bach grade of material should be tested for its 

critical tractive force. The arrangement in the testing flume 

should be as shoi on page 94. Measured quantity of water should 

be let into the flume which should pass through stilling arran;e» 

meet and over the platform before it meets the bed material that 

is being experimented. The level of water can be controlled by 

mews of a flap `ate towards the end of the flume. Before t the 

water goes out of the flume through the exist it will drop all 

the material carried by it in the sediment cbwi er. The sediment 

chsaber should be such that it could be taken out whenever 

wanted for measuring the quantity of sediment. The velocity of 

water can be controlled by the movement of the flap `ate or 

by Increasing or decreasing the discharge which is measured 

on the notch before hand. Two sets of readings of velocity, 

discharge and sediment loads be taken for each grade of mater.. 

ial. Firstly when the mat= movement of bed material just starts 

with the velocity increasing and secondly when the movement of 
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bed material just stops with the velocity decreasing. 

Ade the experiment is going on a few additional obser.. 

vations should also be taksi which will be of great help. They 

are the measurement of the quantity of bed load and sediment 

load movement, Just at the bed all the material which is in 

motion,is moving as bed load. At points above the bed the quanti. 

ty in suspension goes on incre8sing as the depth of the point of 

observation increases. it beyond a certain depth the quantity 

in suspension again falls. It vould be worth-while invettigating 

the quantity of material carried in suspension at various depths 

starting from as Rear the surface of water and going chin as 

near the bottom as possible. There are various methods of measur. 

ing the suspended load. One simple method is to syphon out sip• 

lea at various depths and to measure the percentage of solids 

pre9*it in each sample. Another method is by passing a be of 

light through different depths of moving water carrying sus.. 

pended &oad and corela#ing the intensity of light of the be 

at different depths with that through the plain water not carry.. 

ing any sedimeit. The integsity of light can be determined by 

a photo-meter or by a photoelectric cell. The differenciation 
of bed load and suspended load can be done in much bettdr way 

by this method. The third method could be of using a sediment 

ssp ler. 

to in tin Oif 	le 	A - 

Determination of the angle of repose for different soils 
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is another important thing in stable channel studies. The angle 

of repose for soils which are completely submerged in water 

btiould be found for different sizes of soils and different mix-

tures of soils that are likely to occur in nature. Lane has 

carried out certain eiperiments on the angle of repose but they 

domnot cover all the required sizes and combinations of size. 

In a laboratory, the measurement of angle of repose should not 

be very difficult. 

,1 r On Lan'   Ieta d, 

The author feels that the work done by Lane at the 

U. s. Bareau of Reclamation on stable channels is of great siii. 

finance although it has a few draw-backs which have been dealt 

fully while discussing the Lsnet s method of channel desii. The 

diagrams given by Lane donot cover the range of Indian condition 

and hence work in that direction will really be prAmuising. The 

studies should include;- 

1. The critical tractive force for different materials 

and different mixtures of material available in nature, 

2. The angle of repose under water, for different mater. 

ials and different mixtures of material.. 

3. Velocity and sheer force distribution in the channels 

in the straight as well as in the curved reaches. The 

effect of curvatures in channels on velocity distri-

bution is very important and has not been studied up.. 

ti d no w. 

4. The effect of boundry layer on the bed load mov®ent. 
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5. Study of scour resistance of clay soils and its re-

lation to the properties of clay involved in structural 

stability. 

6. The effect of seepage on tractive force both on slide 

slopes and bed. 

7. T4e shape of channel in different types of soils. 

The author feels that if study on the above points is 

made some wiversal solution of stable channels can be found out. 

The author has tried to compile an up-to-date information 

on the studies of stable channel design and has tried to suggest 

future line of action in obtaining a perfect solution to the pro, 

blow. He is confid&it that this thesis should serve to guide 

further research. 

*************** 
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