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In the developmant of the most extensivse irrigatlon works in
the world which have been bullt in India and Pakistan, a grsst deszl
of study was given to the working out of the scilsnce of ths deaign
of irrigation canals to gistribute the water, Ths first Juportant
step was made by Kennedy* in 1895, and since that time there has
been a gradual development., Kennedy's equation gave the ve%oﬁigy in
terms of the depth, Lindle introduced the width and Lacey~-™?
developsd the rcelations of the various dimensions involved in terms
of a factor ropresenting the nature ol sedimont involved., He also
related thils rhgtor to particle siza but did not recommend this
relation., DBRBose® presonted an cquation 1n which the size of the
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bed sediment was included. 3lench and King7o8:9 presented relations
involving the nature of the material comprising the bed and the
banks, Many others have added valuable information. Most of these
relations werc developed using data collected in the Punjab and
Uttar Paredesh where the canals carry moderate amounts of sediment,
Probably all of the men who developad these relations recocnized the
fact that the charge might also be a factor in the dosipgn of these
channols, but because of the lack of data on tho sediment transe
ported and the undeveloped state of the laws governling its transe
portation, 1t was vgsy difficult to incorporate those relations in

a formla, Inglis 1051l was the first to produce a formula including
the charge as a factor in stable channel design. His relations,
however, include unevaluated factors, and until these are studied
further, they cannot be used as the basis of design. Very recently
Blench has also developed a set of relatlons including charge as a
factor, but his i1deas have not yet been published,

Judging from the fact that in recent years there has been very
1little discussion of thils subjJect 1n hydraullc engineering literature,
1t seems reasonable tc conclude that, in genaral, the design methods
already developed have Laan reasonably satisfactory in most cases in
India and Pakistan. It mipght not seom worthwhile therefore to make
further studies in this field and thoe question whether or not charge
should be included as a variable micht seem to be an academic one.
The writer believes, however, that such a view 1s far from the truth,
Due to changed conditions, he believes that the question of the
sicnificance of charge has become a very important one. In the
following article an attempt 1s mede to show why this 1s the case.
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Will changing Conditions IMake Charge an Importent Factor?

Becauze of the necessity of providing food for the rapidly
increasing population, irrigation in India promises to expand at a
high rate in the near future, Since in general, the area irrigated
1s approacning the 1limit possible with the natural flow of the
streams, the oxtensive 1lrrigation will require stored water, using
large reservoirs, 1In these roservolrs the sedimont which is now
carried by the streams will be largoly depositod, and clear water
will be roleased from thom, W1ll this clarified water, when
released into tho exlisting irrication systems, act tho same as the
sediment laden water they now carry? /111 stable channel design
formulae which are reasonably satisfactory for the rmddy water
carried under present condition also be satlsfactory for thoe cloar
water released from reservoirs? In other words, will the change in
the charge carried by these canals cause serious trouble in the
existing and prospective canals when storage comes into use. Irrie
gation with reservoir water has been oxtensively carried on in
India, but the principal formulae used in canal design seem to have
beon developed in ths Punjab and Uttar Paredesh where the water 1s
sediment laden. It will roadily be seen that 1f charge 1s an
important factor in canal design, entering in sach a way as to
make the accepted relations unsatisfactory for clear water, exten=
sive trouble may result in existing and future irrigation systems
using or designed for sediment laden water, into which clear water
1s introduced. It 1s thorefore important that the sl gnificance of
charge as a factor in irrigation canal design be determined at the
earliest possible time.

“hat 1s the Evidence of the Importance of Charge?

What !s the evidence of the importance of chargs as a factor
in stable channel design, In general this evidencs can be classle
rfied under fdour neads: (1) Tvidence based on genoral principles,
(2) the action of specific canals, (3) evidence obtalned from
observed behavior of natural stroams, (4) the uss of sediment con-
trollin: devices at canal intakes, and distributary heads.

Since thls Journal 1s wildely read outside of India, before
procoeding to present evidence on this subject it 1s probably
desirable to dofine what 1s meant by a stable irrigation canal and
also charge. For the purposes of thls discussion a stable Irrigsa-
tion channoel can be defined as a canel which does not scour or {ill
with sediment to an objsctlonable degree, By charge 1s meaent the
sediment discharge in unilts of volume or welght of sediment trans=-
ported per unit time.



Evidence of the Importance of Charge Based on General Principles

In zeneral, it may bo said that to be stable, a canal must
transport through it approximately the quantity of sediment which
enters the canal at its upper end, If more sediment is introduced
into the upper end of the section of canal than 1s passed out the
lower end of the section, there 1s a net deposit of material in
that section, and i1f the amounts at the two ends are sufficiently
difrferent, objectional deposit will occur. Similarly, if more sedi-
ment passes out the lower end of the section than onters at the
upper end, scour will take place, and if the differcnce 1s suffic-
iently largo, this will be objJectionable, A requirecment of a stable
channel 1s therefore that it transport through it a quantity of
sediment which 1s near enough to that which is brought into 1t
to prevent objectionavle deposits or scour. Ita stablility therefore
depends on the relation betwoen the charge in the inflowing water
and the charge in the.outflowing water. Charge therefore must be
an important factor.

Evidence from the Action of Canals

Numerous references are found in the irrigation engineering
literature from India to cases where changes in the charge entering
the canals caused chenges in the canal stability, For example,
the beds of the Rice and Northwestern Canals at the Sukkur Barrage,
which were experiencing great difficulty because of sand deposits,
were matserially lowered and the sand difficulty corrected by changes
made in the intake channel which reduced the amount of sediment
entering these canals,l2?

Another example 1s the action at the in{ﬁkeg of the Mithrao
canals taking off from the Nara River,12,13,14,15 To relieve great
difficulties from the deposition of sedimont in the Mithrao Canal,
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chengas in the intake conditions were made to rseduce the gediment
load enterin; the canal, These alterations were so successful that
instead of filling up, the canal began to scour materially. The
load in the Nara River, however, was so greatly increased that dif=-
ficultles resulted in 1t from sediment deposition, and other changes
were made which restored a sufflcliently large part of the load to
the Mithrao canal to correct the trouble in the rara River wilthout
causing difficulty in the Mithrao Canal,

That the change of charge resulting from introducing clear water
into an irrication system which has been using sediment laden water
can cause difficultles 1s shown by the experience in the Imperial
Valley of California, USA. In thils valley 1s located the largest
irrigation project in the United Stetes, having an area of 612,000
acros, The project 1s tcupplied with water from the Colorado River,
which formerly carried e vory heavy sedimont load, much of 1t fine
sande The load was so gireat that ovor a million dollars a year was
oxpended to keep the canals clean, As a result of the construction
of several large dams on the Colorado River, and of an effoctive
sediment removal works at the head of the All Amerlcan Canal which
carrles the Colorado Rlver water to the project, tho supply of sedi=
ment was slmost entirely ocut cff. The cost of malntaining the canals
was materially reduced, but the reductlion of charge caused a flatten-
ing of the canal slopes and degradation of the canal bsds which
necessitated extensive alteratlions of the canal structures and the

construction of many new cGness . 4 .

The following information on the changes which resulted in the
Imperial Valley due to the introduction of clear water into the
canals 1s given by Mr. M. J. Dowd, Consulting Engineer and formerly
Chief Englneer of the Imporial Irrigation District? On tho Eas%
Highline Canal, for the first 15 miles from where it receivos 1ts
supply of water from the all American Canal, originally the steble
gradient of the canal was 0,0003, MNow, with the sedimont free watar,
the stable slope 1s 0,0001, The depth of thls canal 1s now about
10 ft, while with silty water the depth averaged about 5 ft, Thisg
flattening of the gradient of the canal caused a degradation down
the canal, amounting to about 5 ft at the head, 7 ft two miles downe
stream, 3 ft at 14=1/2 miles down and lesser smounts still further
down, As a result of this change of gradient and the dsecradation,
1t was necessary to put into the canal a number of new checlks to
flat{eg ghe cradlent in order to prevent further degradatlion of the
canal bed, -

On the viest “ide 'Maln Cenal, the former stable gradient has
been reducad from 0,00026 to 0,00018, Tho degradation whors this

canal Joilns the All American Canal amounted to about l} ft and
necessitated tho constructlon of a check 1/2 mile dovmstrosm, and
will probably require iths construction of another 12 to 15 miles

downstream. The Central IMain Cenal degraded about 5 ft at 1its
Junction with the All American Canal, which necessitated the con-
struction in it of two checks in the first 7-1/2 mlles. 3Relow the
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7=1/2 mile point the canal ran on a fairly steep ~radient and 1t

was necessary to construct six checks, Practically all of the

small canals and laterals have shown considerable scour, requiring
the construction of numerous grade checks to flatten their gradients.

Undor the old conditions it was necessary to do a great deal of
slulcing into New and Alamo Rivers to wash out the sediment from the
canals, Slulcing is no longer necessary, but the clecar water dise
charged into those stroams 1s causing them to degrade. For example,
on the Alamo River, the lowering at the All American Canal crossing
has been 5 ft, Two miles downstream it is 6 ft and 5 miles down-
strecam 3 ft, For the remainder of 1ts longth the lowering is
2-1/2 to L frt.

Mr, Dowd states: "I fully agree = = = that the amount of scdi=-
mant to be transported 1s an important factor in determining theo
gradient of tho canals, which it 1s necessary to use,"

Effect of Charge on the Equilibrium of Natural Stroams

In many respects canals resemble natural streams, and the laws
governing them are very similar, If charge 1s important in influence
ins the stability of natural streams, it 1s highly probable that 1%
will be important in governing canal stability also. What are some
of the evidences that charge iInfluences the stablility of natural
streams.

One of the most striking illustratione of the influence of charge
on the stability of a river 1s the action of the Iu Kwa River in
Formosa. The charge of this rliver was pgreatly increased due to land-
slides bringing down into the stream large quantities of earth. As a
result of the increase 1n charge which came about because of this
increase in rapidly erodlble material, the bed of this stream rose
very rapldly and so nearly buried a two story water power plant that
only the roof rsmained visible, as shown in Fig. l. Cross sections
at one point showed a rise of about [;0 ft in 3 years.

On the Yuba River in California, USA, the increased charge due
to hydraulic mining of gold from gravel deposits caused a riss in the
river where 1t emergod from the mountains of about L4O ft In L0 yearsld,
and at Sacramento, California, many miles downstream, there was a
rise of about 10-1/2 ft, As a result of the damage done, the dis-
charge of cravel into the stroam from the mines was prchiblted, end
the original conditions have now beon largely restored. A similar
change of grade resulted from ap increase in chargo in the Sserendagh
River in l'alaya, as a result of the dischargs of waste from tin mining

16, Cillbert, Ge Kep, 1917 Ilydraulic mining debris in the Slerra
Nevada, U. S. Geological Survey Professional Paper No. 105,



operations., In this case a rise of 27 ft occurred in 12 years.

If those rises in the stream bottom have occurred in natural streams,
due to an increase in the sediment load, why will not similar charges
occuy in irrigation canals under similar circumstances, with a sube
stantial increase in sedimsnt load,

In the foregoing three cases, a largs rise in the river bed has
resulted from an increase 1in charge. A decrease in charge often
rosults in a lowering of the bed of the stream, as 1s shown by the
degradation of the streem bed which frequently follows the construce
tion of a dam on a movable bed stream., Among the striking examples
of this action are (1) the fallure of the Islam 3arrage on the
cutlej River in India, due to a degrading of about 6.5 ft, (2) the
lowering of 5 ft at the Ferozebors Barrage and 6.2 It at the
Suleimanke Barrage on the same stream, (3) the lowering of 9 ft
below the Fte. Sumns:r Dem on the Pecos River ln New Mexico, USA,
which nocessitated 1ts roplacement (Figure 2), (L) the lowering of
a maximum of 19 ft below the barrier built to retain the hydraulic
mining debris of the Yuba River, (5) the lowering of 7 ft below the
Prairie du Sac Dam on the Wilsconsin River in Wisconsin, U<A, and
(6) about 5 ft at the Texoma Dam on the Red River in Texas and
Oklahoma, U<A. '

Below threoe of the major dams on the Lower Colorado River 1in
southwestern United <tates extensive bed lowering has .taken place.
This has reached 16 ft below Iloover (Boulder) Dam, 9 ft below
Parker Dam and about 7 ft below Imperial Dam. Figure 3 shows a
temporary weir built 55 miles below the Parker Dam, to prevent
lowering of the river at this point from stopping the diversion of
water into a large irrigation canal. The lowering at thls point,
due to the reductlion of charpge caused by the Parker llam, 1s about
6 fte A permanent new dam is being bullt at great cost to replace
this welr,

An Intercesting case of instability of the grade of a natural
stroam due to a reduction in charge has occurred on Cherry Crsek in
Denver, Colorado, U%A. Herse several plants to securc sand from ths
creok cxcavated large holes 1n the ved, 1nto which the sodiment
brought down from upstream deposlited. Thls rosulted 1in a large
reductlon 1n the charge of the water flowlng In tho stroam downstream
from tho holes and a rapid lowering of the bed for the filve mlles
occurred, Thls extended dovmstream from the sand planis to the
Junctlion of Cherry Croek with tho South Platte Rlver, cxcept wliero
tho lowsring was prevented by rock lod—es or artificlal slills. A
whole series of low overfall dams havo been bullt to control ths
lowering to prevent the undorminlng of the walls and revetmonts
alongz thils stream, which passzes for mogt of thls dlstance through
the heart of the clty. Fipurc l; shows one of these grade conirol
structures, whero the lowering has reached 1l ft.



If all these bed lowering have taken place 1n natural stroams
with a reduction of the sediment load, why will not 1like changes
occur undor similar reductions of sediment load in irrigation canals?

The Use of Sediment Controlllng Devices at Canal Intakes and
Dist IEutany,Heaas

In probably every country throughout the world, where irrigation
is practices, devices have been installed at or near the headworks
of the canals to remove some of the sediment from the water entering
the canal. This practice is very extensive and has grown up because
it was found that without these devices many canals tended to fill
up with sediment, while 1i1f such devices are installed, the deposits
are reduced or entirely eliminated. Literature dealing with irriga-
tion and power canals 1s replete with statements that those devices
were installed to reduce or eliminate the deposit of secdiment in the
canals. In nost cases, thero can bo no question that these dovices
accomplish, at least to some oxtent, the nurposo for which they arc
built., Tho construction of hoadworks to roduce the inflow of sedi=
ment into canals 1s gstandard practlice where water 1s taken from
strcams carrying moderate or heavy loads of sediment, but the argu-
ment that this practice prasents for consldering charge as a factor
in stable channel design has not been civen as much welght as 1its
importance deserves.

As irrigation in Indla developed, devices were produced by which
it was possible to automatically make an equitable distribution of
the water between tho various distributaries of the irrigation system.
Somewhat later the idea developed of distrlibuting the sediment brought
down among the various distributaries alsoe This was done becauss 1t
was found that 1f sediment distribution was not considered in the
design of distributary heads, some canals would draw too large a pro=
portion of the sediment load and undesirable deposits would occur in
them, At the present time in some areas sediment selective heoads ars
extensively used in the canal systems,

Is not the development and extensive ugse of* these devlces to con-
trol the charge of sediment entering canals in {tself a proof that the
load of sediment carried 1s an important factor in canal stabilitye.

If the sedlment load taken into canals was of no ilmportance in thcir
stablility,; why would all the trouble be taken to devolop, and operate
such devices?

Effects of a Reductlon in Charpe

From the precoding discussion i1t will Le scen that the cfflfect
in existing canals of India of the roduction of charge which will
result from the construction of reservolrs, will be a desradation of
the canal beds, nacessitating the construction of drops to roducs
the gradlients to values at which theze canals will be stable, This



will be an exponsive procedure, but cannot bec avoldede In soms casesy
advantage can be taken of the flatter slopes to gencrate power at
the canal drops, which will; to some extent, offset the cost of the
new structures, On new projects using reservolr water, designed for
the flatter slopes indicated, considerable advantagea can be reallaed,
Command of the irrigated land will be possible with s7orter canals,
If the slope of the land 1s stceper than these flattened gradients,
powsr can be generated. The effect of the flatter slopes in reduc=
ing velocitles will be largely offset by the Incrsased velocitles
resulting from the grocater flow depths which can be used, If
- however, the new projects are designed with the formulae which have
been used in the past for sediment carrylng water, the effects will
be the same as those mentioned above for existing canals,

Developmont of Adequate Design Methods Keeded

The past studles of stable channels 1n India and Pakistan
resulted in an orderly progress in the sclence, which has beon very
successful for the conditions which have existed 1n the past. Those
who havo contrlbuted tc thls dewvelopment have evory reason to bLe
prowd of thelr accomplichments, The writor belicves howaver that
tho methods developed will not be satisfactory for the new clear
water conditions, NNew design procedures will also be needed for
conditions whare the amount of sediment 1s reducced, vut not sntirely
eliminated. YMathods of design for clear watig conditions have
recently been developed 1In the United States*/s A limited amount
of further study in thls area 1s under way. The development of
methods for the cases whera the sediment load willl be reduced but
not eliminated, necessitates a lknowledge of the laws governing scdi-
ment transportation. In this fleld active work 1s being carrled on
by three governmental agencles and five educatlonal institutions in
the United States., Considerable progress 1s belng made, but much
further work 1s hipghly desirable, both in India and the Uniltead
States, 1n order that the needs of completsly adequate methodz for
the design of canals to carry sediment loads may be =atisfied.
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